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AIMS AND OBJECTIVES  
 

The prime aim of present PhD work was to explore the application possibility of unique clay 
mineral, named halloysite nanotubes (HNTs) in nanomedicine, including drug delivery. 
Following research objectives facilitated achievement of this aim, such as deep investigation of 
physico-chemical and biological properties of HNTs. Identification of suitable characterization 
techniques for the material evaluation constituted an integral part of the scientific goal. 
Especially, particular attention was devoted to qualitative, as well as quantitative specifications 
of prepared halloysite-based samples. To assess the possibility of halloysite nanoparticles utility 
as a drug nanocarrier, model drugs were incorporated within nanotubes structure. Factors 
affecting the drug loading efficiency were identified and optimized.  Furthermore, the research 
aimed at formation of multifunctional halloysite-based nanovehicles with drug carrying and 
releasing characteristics, as well as targeting and imaging properties.  Provided results allowed 
to rationalize limitations of the nanoparticle and stimulated to come up with solutions to 
overcome those factors and consequently create a highly competitive halloysite nanosystem 
applicable in nanomedicine field of study. Final objective of these PhD studies was to perform 
co-beneficial collaboration between research in academia and in industry for common goal that 
was a raise of knowledge in newly developing halloysite field. Efficient technology transfer 
allowed to bring forward placement of halloysite-based products on the market. 
 
 
 
. 
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SUMMARY OF WORK 
 

Introduction 
 
In the past decade, the investigation of nanoparticles (NPs) usage in medicine has 
revolutionized the universal viewpoint of drug delivery. [1] At present, submicron-sized 
materials are known to have a potential for crossing biological barriers, reducing toxicity and 
side effects of incorporated drugs as well as providing protection for such immobilized 
therapeutics from fast hydrolytic and enzymatic degradation in the body. [2] Nanotechnology 
offers a wide variety of nanoparticles design, considering the needed shape, size, composition 
and functionalization optimized for carried active molecules and targeted organ. [3] Among a 
multitude of nanoparticles under current investigation, halloysite clay stands out as a unique 
material with promising capabilities. [4] It is an inexpensive ceramic mineral, abundant 
worldwide with a relatively low cost of purchase. [5] Halloysite nanotubes (HNTs), as the most 
prevalent morphological form of halloysite clay, constitute of submicron-sized aluminosilicate 
cylinders, where the latter is composed of siloxane bridges, while the inner lumen presents 
aluminum hydroxide groups at most. [6] Variation in HNTs properties between inner and outer 
surfaces such as charge and reactivity endow site-specific modifications towards active 
molecules incorporation. [7] Apart from large external surface, HNTs contain cylindrical and 
empty inner lumens, which serve as another potential site to immobilize almost any molecule 
of interest. [8] In particular, therapeutics can be incorporated within HNTs structure via covalent 
bond, adsorption or electrostatic attraction, to then be released at intended site with long-
term characteristics. [9] This interesting nanoparticle caught scientific attention also due to its 
outstanding biocompatibility as compared to other inorganic materials, such as carbon 
nanotubes. [10]  

 
Present PhD thesis aimed to investigate relatively unknown properties of halloysite 
nanoparticles, as well as to further examine HNTs as potential drug nanocarriers. NPs loading 
and release characteristics were studied using model active molecules: magnesium 
monoperoxyphthalate (MMPP), aspirin and epirubicin. The research was fulfilled with 
formation of complex multi-functional nanoarchitectures, which apart from ability to deliver 
incorporated drugs, showed the potential of controlled and sustain release of therapeutics, 
biocompatible and bioresorbable characteristics as well as potential targeting abilities. Great 
attention was dedicated to characterization of formed halloysite-based nanoarchitectures in 
qualitative as well as quantitative manner.  Investigations performed in this thesis also faced 
the problem of exceeding dimensions of halloysite units, nanoparticles aggregation, poor 
loading capability and dose dumping effect. Subsequently, studies for trying to find a solution 
to these obstacles were undertaken. Fully characterized halloysite nanoconstructs were further 
examined in biological field, employing different cancer cell lines.  
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Studies on pristine halloysite nanotubes 
 
Physico-chemical and biological properties of halloysite nanoparticles were evaluated using 
microscopic techniques, spectroscopic analysis, surface studies regarding charge, porosity and 
wettability. The thermal and time-based examination of pristine halloysite was performed as 
well, showing stability of HNTs alumino-silicate skeletons up to ~400 ℃ and over a long period 
of time (2 years) at room temperature, however with a variable amount of incorporated water 
molecules. Biological performance of HNTs was determined in vitro in multiple cellular systems 
by toxicity, cellular uptake, colocalization and accumulation studies using [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] tetrazolium reduction (MTT) assay and 
set of microscopic techniques. [11] Aiming to deeply characterize halloysite nanoparticles, the 
study proceeded with employment of non-standard techniques, as multiphoton microscopy [12] 

that drove to discovery of novel NPs promising capabilities. It was revealed that halloysite is 
able to convert light to its second harmonic, at twice of the frequency (and therefore half of 
the wavelength) while using high intensity femtosecond pulsed laser. Halloysite Second 
Harmonic Generation (SHG) signal was detected over a broad wavelength range, showed 
stability over a long period of time, polarization properties and quadratic dependence on the 
intensity of incident light. The analysis also pointed out characteristic structure properties of 
the nanoparticle that is lack of the center of symmetry and the high crystalline structure 
organization. Among a wide spectrum of domains where discovered HNTs characteristics can 
be utilized (e.g. optoelectronics, biosensors), we have explored its application in alternative 
label-free bioimaging. The proposed multiphoton method of analysis showed advantages over 
the standard confocal microscopy, since e.g. nanoparticles did not have to be stained prior the 
analysis, thus no possible alterations of HNTs including size, surface chemistry and consequent 
cellular uptake were induced. [13] Therefore, for the first time, halloysite nanotubes were 
exploited as imaging agents, taking advantage of their endogenous properties.   
 
Along the research it was revealed that the length of pristine HNTs and the strong aggregation 
limit their ability to pass intracellular membranes and thus minimize their effectiveness as drug 
nanocarriers. Therefore, efforts were devoted to the development of facile methodology to 
efficiently disperse and shorten HNTs units. Set of characterizations techniques, such as 
Scanning Electron Microscopy (SEM) [14] analysis with size distribution profile and nitrogen 
adsorption Brunauer–Emmett–Teller (BET) [15] method revealed that the applied 
ultrasonication procedure resulted with longest tubes breaking and favored obtaining HNTs 
below 300 nm in length (39.1 % to 76 % of the batch). The number of voids among the pristine 
nanoparticles when packing together (123–43 nm) greatly increased (total pore volume from 
0.23 cm3/g to 0.30 cm3/g), meaning that the nanomaterial was efficiently disaggregated as well. 
In vitro internalization and colocalization studies by Scanning Electron [16] and Multiphoton 
Microscopy [17] demonstrated that the sonicated halloysite were preferentially internalized via 
macropinocytosis within 60 min and accumulated in the perinuclear region within 24 h.  
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Halloysite application in nanomedicine 
 
To study halloysite potential as a carrier for drugs, we set up the preparation and 
characterization of hybrid nanoconstructs with model molecules such as magnesium 
monoperoxyphthalate hexahydrate (MMPP), a negatively charged oxidizing agent, aspirin, an 
anti-inflammatory drug and epirubicin, a chemotherapeutic. Chosen molecules were 
incorporated with 3.5 %wt, 1.1 %wt and 5.1 %wt capacity, respectively for MMPP, aspirin and 
epirubicin. Loading efficiency (LE) improvement was achieved through the choice of the right 
solvent (1), enhancement of electrostatic forces between nanoparticle and the drug, via 
functionalization of HNT surfaces with an active linker (2), as well as NPs structure modification 
leading to increase of inner lumen volume (3). Specifically, the use of water: EtOH (7:3 v/v) as 
a solvent instead of water, increased MMPP loading capacity up to 6.1 %wt. Poor incorporation 
of aspirin was improved by enhancing electrostatic forces between deprotonated aspirin 
molecules and modified HNTs inner walls with amine-rich organosilane. [18] It was also 
demonstrated that by enlarging volume of the NPs cavities, more molecules could be loaded. 
To do that, pristine HNTs were treated with 0.1M aqueous solution of NaOH, which resulted in 
an exfoliation of bilayers located inside the lumen. [19] At the same time, outer surface of the 
halloysite tubules was preserved. As a consequence of the base treatment, halloysite cylinders 
gained more volume in the inner cavity as concluded from Transmission Electron Microscopy 
(TEM) and nitrogen adsorption BET analysis. The actual test on loading capacity using model 
MMPP molecule revealed increased MMPP incorporation from 6.1 % wt to 11.7 %wt. To 
evaluate if the activity of MMPP as an oxidizing agent remained unchanged upon incorporation 
and release from halloysite, and therefore to demonstrate the inactivity of the inorganic 
skeleton towards carried molecule, we tested HNT-MMPP nanoconstruct with selective 
fluorescent 1,3-diphenylisobenzofuran (DPBF) probe. [20]  
 
Among available modifications of halloysite nanoparticles via covalent bond, the surface 
silanization is commonly recognized as one of the most efficient and widespread reaction while 
HNT manipulation. [21] Up to date, the halloysite nanotubes functionalized with silanes have 
been used as a support for versatile applications in diverse scientific domains, including 
enzymes immobilization and biosensing. [22] Willing to explore the halloysite functionalization 
with those active linkers, we have performed grafting reactions with representative 
organosilanes carrying the same backbone, while varying in the content of terminal groups, 
namely (3-aminopropyl)triethoxysilane (APTES), 3-(2-
aminoethylamino)propyldimethoxymethylsilane (AEAPS), (3-mercaptopropyl) 
trimethoxysilane (MPS). [23] Successful HNTs surfaces functionalization with organosilanes was 
demonstrated by means of quantitative thermogravimetric analysis (TGA) [24] that allowed to 
estimate the loading capacity of organosilanes to be of 5.7 %wt for APTES, 7.4 %wt for AEAPS 
and 0.7 %wt for MPS. In addition, particular attention was dedicated to further quantify 
incorporated organosilane (APTES), since only one method has been so far reported, that is the 
destructive thermogravimetric analysis (TGA). For this reason, we set up and optimized a Fmoc-
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based method by performing the following three reactions: (i) synthesis of “APTES-Fmoc” 
molecule [25]; (ii) halloysite functionalization with “APTES-Fmoc”; and (iii) time-dependent Fmoc 
deprotection reaction in piperidine: EtOH (20 %) solution, resulting in dibenzofulvene-
piperidine adduct (DBF-pip) formation [26].  The UV-visible spectroscopic analysis of supernatant 
solutions demonstrated that the DBF-pip deprotection from halloysite support needs 5 h to be 
completed. Therefore, it was evidenced that HNT Fmoc-method showed strong coherence with 
already existing TGA method (± 2 % measurement error) and stood out as a valuable 
complementary technique for quantification of silane grafting on HNTs surface with additional 
low-cost and nondestructive advantages.  
 
The possibility of using halloysite nanotubes as a non-viral gene delivery nanosystem for 
therapeutic treatments was studied as well. [27] Aiming to immobilize plasmid DNA (pDNA) 
based on the Green Fluorescent Protein (GFP) on HNTs support, the layer-by-layer (LbL) 
adsorption technique [28] was applied. Obtained multi-component assembly was characterized 
qualitatively by monitoring variation in nanoparticle physico-chemical properties including 
surface charge, mass weight, presence of functional groups at each step of hybrid formation, 
which confirmed the successful nanoarchitecture formation. In order to additionally 
demonstrate the presence of GFP encoding plasmid (pGFP) on HNTs, the nanoarchitecture was 
treated with the bovine pancreatic deoxyribonuclease (DNase) enzyme, which induced the 
pGFP degradation through hydrolytic cleavage of phosphodiester linkages in DNA backbone. 
[29] Thus, as expected, such nanoform with deposed genetic material varied in physico-chemical 
properties, expressing similar ones of the nanoconstruct without pGFP plasmid attached. The 
biological efficiency of HNTs-pGFP nanosystem was checked by means of Multiphoton 
microscopy. Successful pGFP plasmid transportation into cells was verified by detection of GFP 
expression, which yielded fluorescence emission. The interesting and innovative aspect of this 
case study was the simultaneous observation of GFP expression via fluorescence detection, and 
colocalization of halloysite nanoparticles by their SHG signal. This study proved that halloysite 
can act as an efficient carrier of genetic material, since free pGFP cannot be internalized by 
same cells, due to its large size and significant charge. [30]  
 
Drug-loaded halloysite nanoconstructs (HNT-MMPP, HNT-APTES-aspirin) were also examined 
on the drug release kinetics, demonstrating long-term MMPP leakage taking 18 days and 
aspirin over 60 min.  However, great drug liberation into the solvent of release was observed 
in the first minutes, followed by desired sustained drug release. The initial molecule liberation 
(dose dumping effect) is known to entail local toxicity. [31] Herein, trying to find a solution to 
this problem, the coating of HNTs with the natural collagen polymer was investigated. Two 
strategies for the loading with this biopolymer were studied: (i) formation of a covalent bond 
between collagen and APTES-modified HNTs using glutaraldehyde cross-linker or (ii) non-
covalent adsorption of collagen into pores of NPs. Immobilization of collagen on the surface of 
HNTs was estimated to be 3.7 %wt (i) and 1.8 %wt (ii). Other supplementary characterization 
techniques, such as water contact angle, ζ–potential analysis, Kaiser test, ultraviolet and visible 
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(UV-vis) spectroscopy and Fourier Transform Infrared Spectroscopy (FTIR) were in accordance 
and proved nanoarchitectures formation. For the visualization purpose of HNTs encapsulated 
in collagen shell, the innovative characterization technique was implemented, namely 3D 
Multiphoton microscopy. It revealed that the biopolymer coating blocked the entrances of the 
hollow tubes thus, entrapping the drug in NPs. Mimicking tumor microenvironment (TME), [32] 
the pH and/or enzyme triggered release was performed. LC-Mass analysis [33] revealed that the 
collagen coating slowed down the release of aspirin from HNTs. Studies on cells showed that 
the collagen coating on HNTs is biocompatible and cell viability assay performed on 5637 
urinary bladder and HeLa cervical cancer cell lines demonstrated the sustained release of the 
entrapped epirubicin chemotherapeutic agent in the biological context. 

 
Industrial application of halloysite 
 
During a stage in BASF SE (USA), validation and properties enhancement of halloysite-based 
products potentially manufacturable in the company on an industrial scale were studied. In 
particular, the research was dedicated to aspects such as the pH-dependent dispersion 
behavior of halloysite nanotubes and iron coarse impurities removal from bulk samples. 
Applied methodologies and set of physico-chemical characterization techniques generated and 
revealed decreased percentage of present aggregates, maintained low shear viscosity under 
the threshold value and increased solids loading capacity in final halloysite-based products. 

 
Conclusions 

 
In conclusion, PhD studies here reported contributed to the exploration of halloysite nanotubes 
for their application in the nanomedical and industrial fields. The investigations suggest a facile 
manipulation and functionalization of HNTs, useful for properties modification and improved 
NPs performance. Specifically, the study was directed toward formation of multi-functional 
nanocarriers with controlled drug delivery and release properties, together with targeting and 
imaging abilities. Moreover, the research was completed with halloysite-related technology 
transfer to the BASF SE, for the purpose of knowledge increase in the halloysite-field and 
bringing forward placement of halloysite-based products on the market. The systematic study 
on HNTs characterization and application performed in this PhD thesis will contribute to the 
development of HNTs as a high performance structural and functional material.  
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I. Introduction 
I.1. Nanotechnology  
 
Revolution in technology, which refers to the application of a wholly new dimension of particles 
with properties different from the bulk material, has rapidly triggered the giant development 
step in modern science. [1] Interestingly, human beings have encountered objects at molecular 
and atomic level thousands of years ago, for example when mastering reinforcement of 
ceramic matrixes by adding up tiniest fibers of natural asbestos or when preparing hair dyes 
with small PbS particles in Ancient Egypt. [2] Practical application of nanotechnology was also 
reported in the times of late Bronze Age, when coloration of glass was done by surface plasmon 
excitation of Cu nanoform. [2] The most famous ancient use of nanoobjects refers to Lycurgus 
Cup, a jug made of dichroic glass, displaying different colors due to the presence of Ag-Au 
nanoalloy. [3] In 1857 Faraday reported the first description of nanoform preparation, 
considering the synthesis of Au nanoobjects. [2] The history of modern nanotechnology dates 
back early 60s, when the first-ever discussion on importance of manipulation on a small scale, 
was given by Nobel prize winner, Feynman. [4] Few years later, Taniguchi used the term 
nanotechnology for the first time. [5] First book dedicated to nanotechnology was published in 
1986 [6] and soon after the first nanotechnology journal (called Nanotechnology) was launched 
in 1990. [7] Simultaneous development of characterization techniques (e.g. electron 
microscopes) in 80s, allowed to reveal unique nanometer-sized materials’ properties. [8] 
 
Newly arising field has demanded to be defined, thus National Nanotechnology Initiative 
consequently established the term nanotechnology, to describe manipulation of matter with at 
least one dimension sized from 1 to 100 nanometers (10-9 m), [9] while the term engineered 
nanomaterial (ENM) was proposed by EC Scientific Committee on Emerging and Newly 
Identified Health Risks (SCENIHR) and preserved any material composed of discrete functional 
and structural parts, either internally or at the surface, with one or more dimensions of 100 nm 
or less. [10] Thereafter, a wide spectrum of nanoparticles (NPs), like liposomes, polymeric NPs, 
gold, silver and quantum dots metallic nanoparticles, silica and carbon-based nanomaterials 
were reported to be discovered and subsequently made a breakthrough in science. 
Presentation of the most recognizable NPs with respect to the size of commonly known matters 
is illustrated in Fig.I.1.  
 
Up to date, the potency of nanotechnology to manipulate the environment at the molecular 
level, has allowed to apply prepared nanomaterials in nearly every scientific filed, thus their 
true-life applications in various life sectors. Very quickly, world-leading companies realized the 
potency of nanotechnology, taking advantages of nanoparticles’ interesting properties to 
improve their products’ performance. Until 2014, 1814 nanotechnology-based products were 
commercially available in over 20 countries. [2] For example, the year 2003 dates the 
commercialization of Silver NanoTM antibacterial product containing Ag NP in Samsung washing 
machines and vacuum cleaners. [2] While Mercedez Benz applied superparamagnetic NPs in the 
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production of NP-based clear coat for paints. [2] By the year 2020 nanotechnology is expected 
to expand and hit 3$ trillion across the global economy. [11] 
 

 
 

Fig.I.1. Comparison of representative nanomaterials’ sizes with respect to commonly known matters. Image 
retrieved from https://www.wichlab.com/nanometer-scale-comparison-nanoparticle-size-comparison-

nanotechnology-chart-ruler-2/. 
 
Among different areas, nanotechnologies found a great niche in the biomedical area as NPs can 
be used for drug delivery, bioimaging and theranostics. [12] Nanomedicine is a relatively new 
field of science, which beginning dates back 20th century, when Speiser developed the first 
nanoparticle applied for targeted drug therapy. [13]  [14] Although, the optimization of nanoforms, 
understanding their interactions with biological systems and finally their translation to clinics 
takes years. Challenging are also safety and policy regulations as well as ethical issues 
concerning newly developing field of nanotechnology. [15] Modern nanotechnology tends to 
hybridize with chemotherapy, putting efforts on the development of novel nanoparticle-based 
therapies to overcome limitations of traditional drug delivery. [16] Anticancer treatments using 
common chemotherapeutic agents were limited by inability of drug delivery at sites of interest, 
since molecules diffused and were freely distributed in the body.  [17] Consequently, insufficient 
therapeutics doses at the tumor vicinity [17] and tumor drug resistance [18] prevented from taking 
control over the cancer. Whatsoever, the lack of targeted delivery caused adverse side effects 
in healthy tissues and organs, causing mortality rate increase of patients under 
chemotherapeutic treatment. [19] Many of anticancer drugs were poorly soluble in water, which 
limited their practical application in chemotherapy. While some of therapeutics were easily 
degraded by enzymes in the human body, which made them loose their activity before 
intended cure. [20] [21] [22] Compared to the direct administration of free chemotherapeutic, its 
encapsulation in a nanocarrier offers protection from degradation in the bloodstream, 
enhanced drug stability, decreased toxic side effects as well as improved drugs’ 
pharmacokinetic and pharmacodynamic properties. [23] 
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Modern nanotechnology holds a promise to control over diseases via combined therapy, 
imaging and diagnosis abilities (Fig.I.2.). For instance, it investigates effective approaches of 
 

 
Fig.I.2. Three main group of nanotechnology application in clinical practice. Image courtesy of Avitabile et al. [12] 

 
drug-mediated nanoparticles formulations and their interactions with the biological 
environment, and dedicates research to the origin of contrast signal from imaging 
nanomaterials for clear visualization and diagnostics. [24] Finally, nanotechnology occupies with 
disruption of diseased tissue, by taking advantage of particular nanoparticles’ physical 
properties, such as energy absorption and re-radiation. [12] Thus, it becomes also possible to 
design multi-modal nanoarchitectures, acting as smart imaging agents providing earliest 
detection of abnormalities, with potential of drug carrying and target delivery in the least 
invasive way. The first drug delivery nanosystem approved by Food and Drug Administration 
(FDA) reached the market in 1995. [25] It was named Doxil® and was a nanoconstruct of Stealth® 
liposomes (100 nm) composed of N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-
distearoyl-sn-glycero3-phosphoethanolamine sodium, fully hydrogenated soy 
phosphatidylcholine, and cholesterol with encapsulated Doxorubicin hydrochloride 
chemotherapeutic agent. [26] As follows dextran-coated iron oxide nanoparticles with 20–40 nm 
size dimensions, known by the EU trade name Sinerem® stand as an example of clinically 
approved magnetic resonance imaging (MRI) nanoagents. [27] Scientific literature is also 
abundant in studies of theranostic NPs, such as DOX-loaded thermally cross-linked 
superparamagnetic nanoparticles (SPIONs), where DOX performed a therapeutic action, while 
SPIONs acted as drug-delivery magnetic resonance (MR) contrast agents. [28] Theranostic 
nanoparticles have reached so far preclinical stage of studies and hopefully will soon advance 
to clinical trials. [29] 
 
Based on key properties of nanoparticles, a hold promise is addressed to their use in superior   
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strategies for overcoming challenges of traditional therapy. NPs’ small dimension is believed to 
allow them to pass almost every biological barrier of human body. [30] Nonetheless, unique 
property of large surface area to volume ratio as well as the possibility to tune their physical 
and chemical characteristics according to the target  are ones of many pros that support the 
application of nanotechnology. [31] The uniqueness of nanoobjects relies also on their ability of 
passive targeting. It refers to the preferential accumulation of NPs in neoplastic tissues due to 
Enhanced Permeability and Retention (EPR) phenomenon. [32]  EPR effect was firstly described 
in 1986 by Maeda and Matsumura [33] and up to these days remains relatively controversial 
theory. [34] It explains that due to the nanometer dimensions of particles as well as leaky 
vasculature and impaired lymphatic drainage in neoplastic tissues, nanoforms are able to 
accumulate in tumor tissues more than in normal ones. Abnormal growth of cancer cells 
requires enhanced supply of nutrients and oxygen, delivered by blood vessels, which when 
developing last, are disrupted in form, architecture and fluids/drugs transportation. Thus, such 
leaky blood vessels tend to accumulate nanoparticles in tumor site areas. [35]  
 
The work aimed at nanocarrier development for drug delivery is a complex matter, which starts 
with case-to-case specific synthesis of nanoforms and following characterization of those 
nanoparticles. Among various different parameters that have to be fulfilled by the nanoobject, 
the shape, size and charge have the most significant impact on NPs performance. [17] Advanced 
biomedical research on nanoarchitectures is focused also on taking advantage of nanoparticles’ 
core properties, modifications of their surfaces with active linkers, to finally form complex 
functional nanosystems with desired biological properties (Fig.I.3.). [36] 
 

 
 

Fig.I.3. General overview on manipulations when forming functional nanoparticle system. Retrieved from Tonga 
et al.  [28] 
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Due to small sizes, the nanoparticles exhibit unique properties arising from quantum 
confinement. Core of the NPs constitutes their physical identity, such as being plasmonic, 
superparamagnetic or fluorescent. [37] For example, quantum dots (QDs) are characterized with 
stable intrinsic fluorescence, thus are used as powerful imaging probes for multiplexed and 
quantitative imaging as well as diagnostics. [38] Instead, carbon nanotubes (CNTs) are synthetic 
rolled carbon-rich nanomaterials. Due to their core properties, those NPs are capable of 
temperature increase within tumors as a function of light intensity and CNT dose. Therefore, 
they stand out as an ideal nanomaterial for near-infrared photothermal ablation therapy. [39] 
More to the point, superparamagnetic oxide nanoparticles (SPIONs) consist of an inner 
magnetic particle core (magnetite or Fe3O4, etc.), usually coated by a polymer layer 
(polysaccharide or poly(ethylene glycol), etc.). Core properties of SPIONs, such as inherent 
magnetism, allow their visualization by MR imaging, guidance to target sites by means of an 
external magnetic field or heating to provide hyperthermia for cancer therapy. Thus, SPIONs 
are very powerful non-invasive tool in biomedical imaging and clinical diagnosis. [19] Instead, 
due to Au plasmonic core properties, Au NPs are used for the purpose of photoacoustic 
imaging, photothermal therapy (PTT), photodynamic therapy (PDT) or plasmonic sensing. [37] 
 
Very important aspect regarding nanoparticle-based therapy is how the human body can 
handle uptake and clearance of such foreign matters. Nanoobjects can enter the organisms 
through four main routes: direct injection (a), inhalation (b), oral intake (c) and skin penetration 
(d). [40] When entered systemic circulation, the particle-protein interaction takes place before 
their distribution into organs. Proteins tend to gather from plasma and /or intracellular fluid on 
the surface of all nanomaterials, forming hard corona of compactly bounded proteins and soft 
corona of loosely bonded proteins. Protein corona (PC) modifies the physiological and 
biological identity of NPs. [41] Absorption from blood capillaries allows further nanoparticles 
distribution, through fluid recovery by the lymphatic system and encompassing immunity. 
Fluids are then filtered back into the blood, while the lymph nodes detect foreign objects 
passing through. Macrophages engulf and expel recognized nanoparticles from the body, 
depending on their size and surface characteristics. [42] Size criteria drastically impacts biological 
distribution of nanoobjects in human organs, their toxicity, targeting ability as well as influence 
their efficiency in drug delivery. Nanoparticles <5 nm are filtered out by kidneys, while slightly 
larger ones (100–200 nm) escape filtration by liver and spleen. Large rigid nanoobjects (>200 
nm) significantly accumulate in spleen, lungs and liver. Overall, the optimized size of ideal 
nanoparticle, which balance all the mentioned aspects is approximately 100 nm. [17] 
 
Engineering nanotechnology offers synthesis of nanoparticles with variety of structures, 
including spherical or disk-like ones, nanorods, nanostars, etc. [43] The shape of designed 
nanoparticles directly impacts their cellular uptake as well. Rod-like NPs with >100 nm 
dimensions, characterize with the highest uptake, followed by spheres, cylinders, and cubes. 
Instead, when at the diameter range of <100 nm, spheroidal NPs shows higher uptake than 
rods. Up to date, not much research has been done on non-spheroidal nanoparticles, thus 



PhD thesis_Katarzyna FIDECKA 2016 - 2019 
 

23 

indicating their cell interactions might be more complex. [44] The geometry of nanoparticles 
influences their flow in the blood stream and adhesive properties. Spherical NPs tend to flow 
in the vicinity of the blood vessels, while non-spherical nanogeometries prone to tumble and 
oscillate in veins. Apart spherical nanoforms, other shaped NPs expose enhanced binding ability 
to veins’ surfaces, thus might accumulate more efficiently in tumors. [17] Apart cell membrane 
interactions, the shape of NPs influence the circulation lifetime, macrophage uptake and finally 
biodistribution in organs. [45] The last one shows that spherical nanoforms (20–150 nm) tend to 
accumulate in liver, while tubular ones are entrapped in the liver and spleen. Instead, the disk-
like NPs tend to gather in lungs, liver and spleen. [17] The properties of the nanoparticles’ 
surface, including charge, have to be taken into consideration as well, since they can impact 
opsonization, circulation time, cellular interactions and finally accumulation in organs. For 
example, hydrophobic nanoobjects are more prompted to be bounded to blood components, 
thus cleared out easier from the body and subsequently lost. [42]  
 
Nanotechnology recognizes also an importance of nanoparticles’ surface modification, to 
address aspects such as e.g. the aggregation prevention, stability assurance, and receptor 
binding. [46] Thus, very often the layers of nanoparticles are incorporated with targeting ligands, 
their reactivity is changed, or surface curvature is induced. [47] Two ways of tailoring the external 
layers of nanoparticles exist. First possibility comes down to surface absorption or reaction with 
small molecules. Instead, the second method is based on formation of covalent bond between 
reactive groups, present on the surfaces of NPs and grafted molecules. [42] Surface coatings 
have been shown to also impact biocompatibility and fate of nanoparticles, including cell 
adhesion, uptake, lifetime in the blood stream. [48] Fig.I.4. illustrates the summary of described 
key aspects: size (a) shape (b) and charge (c) that influence biodistribution of nanoparticles in 
human organs. 
 
 

 
 

Fig.I.4. In vivo biodistribution of nanoparticles in organs with respect to size (a), shape (b) and charge (c) 
differences between nanoparticles. Image courtesy of Blanco et al. [17] 
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Ultimately, the issue of nanoparticles’ fate has been raised up and for this reason modern 

nanotechnology seeks for solutions to decrease the toxicity of both soft and hard nanovectors 
once internalized. [49] The degradation or bioaccumulation of nanoparticles highly depend on 
the composition of the nanomaterial. As an example, Ag, ZnO or CdSe nanoforms are known to 
corrode and consequently release metal ions. [37] While naked carbon nanotubes showed to 
accumulate intensively in lungs, spleen and liver. [50] Intensive research on the development of 
novel ideas to overcome raised nanoparticle-related accumulation and toxicity issue have been 
recently started. Up to date, inert and stable against degradation Au NPs were modified with 
thiols, aiming to induce their pull-out from a human body. [37] What is more, silica nanoparticles 
were recently synthetized including in their structure redox-responsive disulfide bounds, which 
induced self-destructive behavior of those nanoforms, consequently avoided bioaccumulation. 

[51] 

 
The cargo delivery and release of therapeutic compounds using nanoparticles can be 
performed by developing nanosystems responsive to tumor microenvironment (TME). [52] 
According to the possibility of nanoparticles decoration with molecular ligands, as antibodies, 
peptides, biological proteins as well as cell-specific ligands, it becomes possible to actively 
target tumor sites and selectively reach abnormal cells by receptor-mediated recognition. In 
addition, novel generation of stimuli-responsive nanoarchitectures can be formed, which 
dramatically change their properties in response to TME factors (Fig.I.5. a). Microenvironment 
of tumors characterizes with abnormal pH, [53] hypoxia, [54] enzymes, [55] redox environment [56] 
and reactive oxygen species (ROS). [57] Interestingly, the extracellular pH of tumor tissues is 
significantly decreased (pH 6.5–6.9) as compared to normal tissues (pH 7.5), since they 
demonstrate higher glycolysis rate for survival energy production. [52] This phenomenon can be 
utilized when designing nanoarchitectures, with for example formed pH-sensitive coatings or 
bonds, that drastically change their physico-chemical properties or are being cleaved at 6.5–
6.9 pH range (Fig.I.5. b). [58] Another feature of solid tumors is hypoxia (50–60 % of overall 
tumors), meaning the oxygen availability decrease due defective vasculare in cancer regions. 

[52]  

 

 
 

Fig.I.5. Different approaches for stimuli-triggered release from nanoparticle-based architectures, taking 
advantage of tumor microenvironment. Image courtesy of Uthaman et al. [52] and Vallet-Regi et al. [58] 

a)           b)     c)             d) 
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Taking advantage of this characteristics, it is possible to design hypoxia-triggered 
nanoconstructs, which could undergo selective bioreduction in hypoxic environment, 
converting nontoxic drugs to cytotoxic. [59] Cancer cells characterize also with elevated level of 
ROS (superoxide anion and hydroxyl radicals, hydrogen peroxide) and consequent 
dysregulation of oxidative/reductive potential, e.g. overexpressing superoxide dismutase (SOD) 
and glutathione (GSH). Described abnormally stands out as a great target to use when 
developing the ROS/redox-activated nanoparticle-based delivery nanosystem (Fig.I.5. c). [52] 
Moreover, tumor cells have alternated expression of specific enzymes, mostly from protease 
and lipase families. Incorporation of substrates specific to those enzymes within the structure 
of nanoforms, allows to take advantage of the enzyme-responsive material (Fig.I.5. d). [52] 
 

I.2. Inorganic nanoparticles and their role in nanotherapy  
 
Current advances in nanotechnology provide a broad spectrum of nanoparticles applicable in 
biotechnological domains. Among them, organic (soft) and inorganic (hard) nanoparticles can 
be distinguished. [60] Soft nanoparticles are composed of organic compounds in the range of 10 
nm to 1 µm, mainly synthetized by procedures based on emulsification, nano-precipitation or 
drying processes. [61] The most widespread organic nanoparticles, comprise liposomes, 
polymeric NPs, dendrimers, nanoemulsions etc., which have been broadly studied in the 
context of pharmacy for nanoparticle-based drug delivery (Fig.I.6.). [62] Many of them have  
 

 
Fig.I.6. The most commonly used types of nanomaterials in nanomedicine. Image retrieved with permission of 

Fornagauera et al. [62] 
 

already passed clinical trials and got approved in the formulations of available on the market 
nanopharmaceuticals, such as e.g. AmBisome®, Doxil®, Abelcet® and Emend®. [63] Even though 
organic nanoparticles express a great number of advantages, they also suffer from some 
significant drawbacks. For example, soft organic nanoparticles tend to demonstrate short shell 
life (e.g. cationic lipids NP), thus being rapidly degraded by the human body. [64] Some are 
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characterized with a limited aqueous solubility and show a premature burst release of 
incorporated drug within their structures (e.g. polymeric nanoparticles). [65] While other organic 
NPs, such as chitosan ones, exhibit poor mechanical and processing properties. [66]  
 
Hard nanoparticles are a unique case study, since they exhibit some superior properties over 
organic ones. Over the last years, inorganic NPs have gained on scientific attention, together 
with the development of characterization techniques, which allowed to expose their particular 
properties valuable in biotechnology and biomedicine. Today, these nanomaterials can be 
synthetized in various ways, while their specifications such as size, shape and physical 
properties controlled and modulated. [67] Commonly highlighted kinds of inorganic 
nanomaterials include carbon nanotubes, quantum dots, gold, silica and magnetic 
nanoparticles, nanodiamonds as well as nanocrystals. New possibilities for multi-functional 
nanosystems’ design have been appearing with progressively developed improvements in 
organic-inorganic nanohybrid formations, e.g. with merged imaging, diagnostic and therapeutic 
activities within the same nanoparticle. Extensive research on inorganic nanoparticles has 
resulted in theranostic gold-coated silica nanoparticle (AuroLase) to reach the Phase I. While 
iron oxide nanoparticles (Ferumoxtran-10) as magnetic resonance enhancement agent, are 
already in advanced stage of Phase IV of clinical trials. Also, the development of silica 
nanoparticles has been growing up, resulting in e.g. Phase 0 clinical studies of Targeted SNP. [68] 
 

Clay minerals  
 
Clay minerals belong to phyllosilicate family, which is one of the oldest earth material used up 
to these days for biomedical purposes. Since early days of humankind, clay minerals were 
mostly employed for blood clotting or as antiseptic materials for skin treatments, for infections 
or wounds healing. [69] At present, FDA classifies natural clays as inactive ingredients. [70] The 
widespread biomedical application of this natural material was possible, due to its key 
parameters, such as size, swelling capacity, good adhesion properties, high surface area, 
colloidal and optimal water dispersibility, characteristic release rate of incorporated drugs as 
well as permanent and structural charge. [70] [71] The name refers to the group of hydrous 
aluminosilicate soils, with similar chemical 
structure, but different arrangement of 
atoms and ions within it (Fig.I.7.). Clay 
minerals are made of hydrous silicates or 
alumino-silicates, with tetrahedral and 
octahedral sheets as building blocks. The 
silica to alumina ratio between clay types 
can vary, as well as different sheets 
arrangement, therefore leading to clay  

 
 

Fig.I.7. Crystallographic structures of clay minerals. Image retrieved from Christidis et al. [72] 
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mineral division into two classes: 1:1, 2:1.  
 
On the contrary to the other subgroup of hydrated minerals, such as zeolites, clays exhibit two-
dimensional framework (2D). [73] 1:1 clay minerals including kaolinite, dickite, halloysite consist 
of one tetrahedral silica sheet joined with one aluminum of octahedral layer, where the top 
oxygen of silica layer occupies the position of the oxygen of the alumina sheet (Fig.I.8.). Layers  
 

 
Fig.I.8. Differences between crystallographic structures of clay minerals. Inspired by: 

http://soilnews.feedsynews.com/clay-mineralogy/?doing_wp_cron=1566219907.9727649688720703125000. 

 
are also hold together due to interaction between hydrogen bonding between octahedral OH 
and tetrahedral oxygen groups. Kaolinite clays are non-expansive, since they do not absorb 
water and do not expand when in contact with it. 2:1 subgroup of clays is made of one 
octahedral sheet placed in between two tetrahedral sheets (e.g. smectite, chlorite, 
vermiculite), where the top oxygen of tetrahedral sheet occupies the position of hydroxyl in 
the octahedral layer. Sandwiched alumina sheet, joint between two silica ones, generate van 
der Waals gap, thus isomorphic substitution of Al3+ with Fe3+, Mg2+, Li+, while Si4+ with Al3+. [74] 
Illite 2:1 group of clays, consists of octahedral layer placed in between two tetrahedral ones of 
silica, placed at the top and at the bottom. Cations of K, Ca, Mg are situated in the hexagonal 
cavities between two bilayers of illite, tightly bonding its structure. They also prevent from 
water absorption within the structure, making illite a non-expanding clay. Vermiculite 2:1 
subgroup is also made of two silica tetrahedral sheets with one octahedral layer placed in 
between, with additional presence of magnesium ions between the layers that balance the 
structure electrically. Isomorphous ion substitution in octahedral and tetrahedral layers 
increase negative charge of vermiculite, thus enhancement of repelling forces between its 
layers.  Structure of vermiculite is rich of water, present in the bonded (surrounding magnesium 
ions) and unbonded form (between units). Herein, vermiculite is classified as a relatively 
expansible mineral, increasing its original volume especially when heated to high temperature 
values. Smectite is another subgroup of 2:1 clays, with 2 tetrahedral sheets that surround a 
central octahedral sheet. It also characterizes with highly aqueous swelling properties. The 
water is adsorbed in between layers at most. Its interlayer can also contain weakly bonded 
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exchangeable cations. Smectite can be dioctahedral or trioctahedral, depending on the number 
and nature of octahedral cations, such as Mg2+ and Al3+. Furthermore, it is exceptionally 
biocompatible material, thus frequently recommended for biomedical applications. [70] Chlorite 
clay consists of 2:1 sandwich structure of tetrahedral-octahedral-tetrahedral (T-O-T) layer. 
Moreover, it contains hydroxide sheet, so called brucite-like ([Mg2Al(OH)6]+1) immobilized in 
the interlayer space. This type of clay does not have expanding capabilities, since no water 
adsorption between its units takes place. Chlorites usually have green tone colors. The 
morphology of reported clay minerals is shown is Figure I.9. The digital images exhibit clay-to-
clay color variety, from white to dull grey to deep orange-red and green-toned ones, indicating 
differences in the content of clay soils including trapped metal ions and impurities. [75] Electron 
microscope photographs demonstrate also crystal differences between clay minerals on a 
submicron level. Kaolinite is made of well-formed pseudohexagonal crystals, while illite of flaky, 
fibrous units. Smectite possess honeycomb texture, while chlorite presents pseudohexagonal 
crystal units. [72] 
 

 
 

Fig.I.9. Morphology of different clay powders and corresponding electron micrographs. SEM images extracted 
from Christidis et al. [72] Powder photos extracted from: https://www.alibaba.com/product-detail/KAOLINITE-

CHINA-CLAY_133816280.html,  https://en.wikipedia.org/wiki/Illite#/media/File:Illite.jpg, 
https://www.groworganic.com/vermiculite-3-5-cu-ft-bag.html, https://www.reade.com/products/smectite-clay-

powder, https://en.wikipedia.org/wiki/Chlorite_group. 

 
Only few related papers were published about nanosized tubular clays up to 1990. Over the 
following years, active research on submicron clay tubules has been focusing on understanding 
their geological and physico-chemical properties. [76] At the early 50s, structures of nanosized 
tubular clays minerals including chrysotile, imogolite and halloysite were identified. Chrysotile 
is made of tridymite (SiO2) and brucite octahedral (Mg(OH)2) layers, where brucite builds up 
the outer surface of the tubule, while tridymite its inner lumen. Instead, imogolite nanotubes 
are composed of single-walled aluminosilicates, where gibbsite-like sheet is curved, and its six 
inner Al are linked to Si monomers inside the tubule. The average imogolite nanotube has 2–3 
nm external diameter and few hundreds of nanometers length. [75] Halloysite nanotubes were 
the research topic of these conducted PhD studies and will be described thoroughly in the 
following chapters.  
 
 

Kaolinite Illite Vermiculite Smectite Chlorite
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I.3. Halloysite clay mineral 
 
Even though the halloysite clay material was used for centuries in China for the production of 
ceramic porcelain, [77] it was firstly analyzed and described by Berthier in 1826, [78] who named 
the mineral in recognition of the Belgium geologist, J. d’Omalius d’Halloy that in the early 19th 
century collected halloysite clay from Angleur, Liège in Belgium. [79] Not within early 2000, 
halloysite has been deeply explored through the invaluable work of Price, Deasy, Antill, Lvov, 
et al. [80] [77]  Due to their work, the nanoparticle finds recently more and more utility in 
multidisciplinary domains. Halloysite is a cheap green clay mineral, abundant it the form of its 
natural deposits. At present, it is supplied worldwide by companies, such as Applies Minerals 
SE, iMinerals SE and Imerys SE. Over the last years, increasing number of academic papers as 
well as industrial patents about halloysite clay nanoparticle has been published (Scheme I.1.). 
This presents an impressive interest attraction of both academic and industrial communities on 
these nanoclay and furthermore suggests continuous demand in the application of HNTs for 
advanced materials preparation providing progress in broadly considered technology. [81] 

 
Scheme I.1. Annual number of scientific papers and patents published within 2000–2018 related to halloysite 

nanotubes. The data analysis was performed in January 2019 using SciFinder database and the term “halloysite”. 
 

I.3.1. Morphology and properties  
 
Halloysite clay mineral is known worldwide as rolled tubules. Indeed, it exists in the dominant 
form of cylindrically-shaped nanoparticles, however interestingly, under the influence of 
geological conditions while its formation, other shapes of halloysite nanoclay were formed 
including spheroidal, platy and semi rolled ones [82] [83] (Scheme I.2.). The key factors that 
influenced formation of alternated halloysite morphologies were related to crystallization 
conditions, chemical composition of a deposit area and effects of dehydration and geological 
occurrences. [84] Spherical halloysite NPs were firstly identified by C. Ward et al. [85] in Permian 
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coals of the Sydney basin, New South Wales. Their formation might have been induced by 
alternation in volcanic glass, ashes and pumices with a high rate of dissolution. The typical 
halloysite spherule ranges 50–500 nm dimension.  [76]  [86] [87] Other halloysite structures, platy 
and partly rolled ones occur much rarer. Platy halloysite was found in Tauriko, New Zealand, 
where the deposit was formed in weathered volcanic tephra, directly below rhyolitic 
ignimbrite. Platy halloysite crystallized there in the form of vermicular stacks of platelets, 
ranging from 1 to 20 μm across and 1.5 to 50 μm in length size. It usually occurs mixed with 
tubular and spheroidal nanoforms. Platy halloysite is known to contain high iron content (~5 % 
Fe2O3). [75] Semi rolled halloysite nanoform seems to take the look of partially rolled elongated 
structures. Churchman et al. were among firsts mentioning about possible occurrence of these 
incompletely twisted halloysite tubules in 1984,  [88] followed by Joussein et al. in 2005 [89] and 
Pasbakhsh et al. in 2013. [90] However, minor information is available about the genesis and 
properties of this halloysite form.  

 
 

Scheme I.2. Different morphologies of halloysite. Microscopy photographs extracted with permission from 
Abdullayev et al.  [86] [91] [92] 

 
Physico-chemical properties of halloysite will be described regarding the dominant tubular 
nanoform. Relatively pure halloysite clay mineral occurs in a form of white stone deposits in 
Dragon Mine in Utah, USA (Fig.I.10. a) that can be easily processed to the fine soft powder 
(Fig.I.10. b). However, some of HNT deposits can be contaminated with trace amounts of metal 
ions, giving rise to color change of the mineral into yellowish or brown. [77] On a submicron level, 
halloysite tubules possess characteristic elongated shape (Fig.I.10. c), with a cylindrical, hollow 
empty lumen (Fig.I.10. d). Halloysite nanotubes characterize with high length-to-diameter (L/D) 

Spheroidal Platy Semi rolledElongated

Halloysite forms
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ratio, [83] however the typical size of halloysite nanoparticles tend to be variable. Luminal 
diameter of HNT unit has on average 10–30 nm, while the outer lumen ranges from 40 to 70 
nm. [93] Typically, the length of its tubule is below 3 µm. [93] Halloysite wall is made of aluminum 
and silicon oxide bilayers, which curved and subsequently rolled into spirals within the 
nanotube.  

 

 
 

Fig.I.10. Halloysite nanotubes crude (a), halloysite processed sample to the fine powder (b). Clay origin: Dragon 
Mine, deposit located in Utah, USA. Crystalline needles of halloysite on a submicron level. 5 𝜇m scale bar. Image 
courtesy of Christidis et al. [72] (c). TEM image of halloysite nanotubes with visible empty lumens. 1 𝜇m scale bar. 

Image courtesy of Vinokurov et al. [95] (d). 
 

On average, 10–15 alumino-silicate bilayers are foliated within each cylinder (Fig.I.11.). [94] This 
way, alumina layer constitutes inner surface of the nanoparticle, while the silica layer is 
positioned at its outer surface (Fig.I.12. a). According to this peculiar multi-layered structure 
characteristics, halloysite nanotubes exhibit unique surface properties. Exterior layer of HNTs 

 
 

Fig.I.11. Rolled bi-layered structure of halloysite nanotubes. Retrieved with permission of Massaro et al. [96] 

 
is made of O-Si-O groups at most, [83] therefore nanoparticle outer layer’s properties are similar 
to SiO2, including characteristic negative charge. Instead, the inner cylinder properties relate to 
Al2O3, thus characterize with positive charge. Opposite charge of HNT outer and inner surfaces 
refers to different dielectric and ionization properties of silicon and aluminum oxides. Due to 
the structure of halloysite nanotubes, only few hydroxyl groups are situated on the exterior 
surface of the nanoparticle, at the edges and surface defects at most. While the major amount 
of OH groups are placed in HNTs inner lumen, therefore making the cavity more reactive with 
respect to the external surface. [97] Halloysite is composed of 3 kinds of AlOH groups, so-called 

a) b) c) d)
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surface Al group, Al group at the edges of the structure and finally Al group between octahedral 
and tetrahedral sheets (Fig.I.12. b). All of them can be dissociated according to solutions’ pH, 
and reactive, except of sterically hindered AlOH placed between octahedral and tetrahedral 
sheets. [75] Other physico-chemical properties of halloysite include high thermal stability, [98] 
specific surface area of 40–100 m2/g (observed and theoretical), [77] pore volume of 1.25 mL/g 

[81] and 10–68 cmol+/kg2 cation exchange capacity. [77] Importantly, halloysite is also an odorless 
nanomaterial. [99] 

 

 
Fig.I.12. Illustration (a) and table description (b) of functional groups in HNTs structure that influence surface 

charge and reactivity of the nanoparticle. Image retrieved from Szpilska et al. [100] 

 

I.3.2. Crystallography 
 
Halloysite belongs to 1:1 clay mineral subgroup with crystal structure built of SiO4 tetrahedral 
and AlO6 octahedral units (Fig.I.13.). Specifications of 1:1 clay mineral crystal structure are 
described in Chapter I.2.1. In tetrahedral sheets, silicon atoms are placed in the center of 
tetrahedron, while oxygen anions in the four corners. Three of those tetrahedron corners with 
oxygen anions (basal oxygens) are shared with adjacent tetrahedral unit, thus arranging a 
hexagonal mesh arrangement while the oxygen in the fourth tetrahedral corner is shared with 
octahedral sheet (apical oxygen). In gibbsite-like octahedral sheets, Al is centered, while 
oxygens are placed in eight corners. Octahedral units are linked laterally with each other, 
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vertically with tetrahedral sheets. Halloysite bilayers are separated by a monolayer of water 
molecules. According to the research of Joussein et al. [75] occurrence of two types of 
interlayered water: hole and associated water was reported. Hole water molecules are 
positioned on the surface of tetrahedral sheet in different orientations, also making hydrogen 
bonds with basal oxygens, whereas associated water has a high degree of mobility at ambient 
temperature. Associated water is lost faster than hole type one. [75] 
 

 
Fig.I.13. Structure of halloysite nanotube with specified crystallographic structure. 

 

Halloysite consists of Bravais monoclinic crystalline unit cells with the following specifications:  
 

HNT-10 Å slides: a= 5.14 Å, b= 8.9 Å, c= 20.7 Å, angle: 𝛽= 99.7 ° 
HNT-7 Å slides: a= 5.14 Å, b= 8.9 Å, c= 14.6 Å, angle: 𝛽= 101.9 ° 

 
Where a direction coincides with the tube long axis, c direction is normal to the alumosilicate 
layer and corresponds to bilayer thickness, while 𝛽 is an angle of the plane a-c. [77] 
 

I.3.3. Chemical composition 
 
Halloysite unit is represented by the repeating Al2Si2O5(OH)4*nH2O formula, where n= 0 or 2. 
Dehydrated form of HNT corresponds to n= 0, thus 7 Å basal spacing (d001). Instead, hydrated 
form of HNT corresponds to n= 2 with d001 of 10 Å. Halloysite is made of SiO2 and Al2O3 at most 
(Table I.1.), however its chemical composition can vary, as a cause of its contamination or 
presence of coexisting minerals in deposits situated in different parts of the world. Halloysite 
crude mostly contains Fe-rich (e.g. hematite or maghemite) or Ti-rich (e.g. anatase and 
maghemite) minerals, physically mixed with halloysite nanotubes. Moreover, the 
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contamination can come down to substitution of Al3+ in its position in the octahedral sheet, by 
the ions such as Fe3+ or Cr3+. Deposits of halloysite clay show also minor presence of magnesium 
and sodium oxides. [76] 
 

Halloysite deposit Chemical content 
SiO2 Al2O3 Fe2O3 TiO2 MgO Na2O 

New Zealand (M. Bay) 50.4 35.5 0.3 0.05 tr tr 
USA (Utah) 43.5 38.8 0.3 0.02 0.12 0.07 

Australia (C. Lake) 45.0 37.5 1.2 0.2 0.2 0.09 
           tr= traces 

 
Table I.1. Chemical content of halloysite batches from different deposits. The table was based on information 

reported by Yuan et al. [75] 

 

I.3.4. Hydration and dehydration 
 
Hydrated halloysite is usually located deep in soils and contains significant amount of water in 
its structure, with interlayer H2O content estimated to be of 12.3 %wt. [101] Presence of 
sandwiched water molecules in between bilayers provides wide basal spacing (10 Å) and affects 
physical properties and chemical reactivity of the mineral. Hendricks & Jefferson et al. as well 
as Brindley et al., suggested that intercalated water is stabilized in the structure of HNT, by 
hydrogen bonds: between each incorporated water molecule (a), oxygens of the siloxane plane 
(b) and hydroxyls of the opposite alumina plane (c). [75] It is possible to remove intercalated 
water from the structure of halloysite, by subjecting HNT-10 Å to dehydration. The process is 
gradual and irreversible, which usually goes through two, 8.6 Å and 7.9 Å intermediate states, 
to finally make the basal spacing to fall to 7.2 Å. [88, 90] Upon dehydration, the tube diameter 
increases even up to 10–15 %. [102] Dehydration process can take place naturally or it can be 
induced by nanomaterial’s treatment. Usually, halloysite deposits placed in the superficial soils 
are at high risk of intercalated water loss in dry seasons, in the natural environment. On the 
other hand, intended exposure of nanoparticles to conditions such as heating, vacuum or dry 
air, trigger induces evaporation of water. Dehydrated HNT-7 Å  has preserved lateral 
dimensions. However, it characterizes also with reduced thickness of its bilayers and increased  
 

 
 

Fig.I.14. Dehydration scheme of HNT-10	Å. Image courtesy of Abdullayev et al.  [77] 
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𝛽 angle, thus slightly unrolled tubules (Fig.I.14.).  [77] Basing on the presence of intercalated 
water and hydration state, one of several halloysite classifications into subgroups has been 
proposed by MacEwan, Churchman and Carr. [77] Therefore, two types of HNTs are commonly 
distinguished, namely HNT-10 Å and HNT-7 Å. [103] 
 
I.3.5. Geology and formation. Geographical- and geological-driven 
morphological diversities 
 
Rapid nucleation of halloysite crystallites was caused mainly by rocks weathering and 
hydrothermal fluids activity in moderately acid hydrothermal solutions that occurred in parts 
of the world, which exhibited warm and wet climate. [104] Thus, nanoparticle major deposits can 
be now found widespread in the world, e.g. in New Zealand, China, Turkey, USA, Australia, 
China and Belgium. [79] The crystallization conditions and geological factors significantly 
influenced halloysite morphology. [78] Specifically, HNT deposit in New Zealand was created by 
weathering and quickly cooled glassy volcanic rocks. In China and USA, halloysite was formed 
from precipitating Al- and Si-rich fluids, originating from volcanic and igneous activity. Whereas, 
rocks erosion in Australia was associated with thick layer of halloysite exposure by acid 
groundwater discharged from underlying sands and other deposits. Turkish halloysite was 
formed by acid sulfate hydrothermal alternation of andesitic tuffs. Whereas, the combined 
sulfide oxidation and groundwater acidification during rocks weathering, triggered HNT mine 
generation in Belgium. [78] [82] [104] Environmental factors while halloysite mines formation, 
affected characteristics of formed nanotubules, including shape and size of tubules, porosity 
and deposits purity. Table I.2. gathers main properties of HNTs from the most considerable   
 

Halloysite 
deposit 

% 
halloysite 

Shape Length 
(nm) 

Inner 
diam. 
(nm) 

Wall 
thickness 

(nm) 

SBET 
(m2/g) 

New 
Zealand 
(M. Bay)  

87 Tubular/spheroidal/platy 
Blocky, shorty 

100–30000 15–70 20–100 22.1 

USA 
(Utah) 

84 Tubular, heterogenous, 
stubby 

50–1500 5–30 5–50 57.3 

Australia 
(C. Lake)  

95 Homogenous, regular 
and tubular 

100–1500 10–50 5–30 74.7 

 
Table I.2. Main characteristics of halloysite deposits from New Zealand, USA and Australia. Retrieved from [82]. 

 
mines in the world: Australia (Camel Lake), New Zealand (Mauri Bay) and USA (Utah). Extensive 
XRD and XRF studies of Pasbakhsh et al., [82] Yuan et al. [76] and Keeling [79] have revealed that 
the most pure sample of halloysite comes from Australia with 95 % of its estimated content. 
HNT batch originating from New Zealand showed a significant contamination with co-minerals 
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quartz/cristobalite (11 %), while American nanoclay apart from nanotubules (84 %), was mixed 
with kaolinite (8 %), gibbsite (3 %) and quartz (3 %).  
 
TEM analysis showed that all of the three deposits predominantly consisted of tubular 
halloysite nanomaterial, however nanoparticles varied in size and shape characteristics 
(Fig.I.15.). New Zealander showed various shapes with major presence of blocky tubules, having 
sharp edges and thick walls (20–100 nm). Batch of halloysite from American mine showed tubes 
size-heterogeneity (50–1500 nm) and relatively thin walls (5–50 nm). While Australian clay 
comprised of the most regular tubules according to length size and thickness of the walls. 
Examined samples of halloysite varied in BET surface area as well. Conducted nitrogen 
adsorption BET analysis recorded the highest SBET for Australian HNTs (74.7 m2/g), while the 
lowest for New Zealander one (22.1 m2/g). [82] 

 

     
 

Fig.I.15. TEM micrographs of halloysite nanotubes from New Zealand (a), USA (b) and Australia (c). Retrieved 
from [79]. 

 
Thus, according to presented variations in HNT properties caused by geological and 
geographical factors, the deep consideration of halloysite properties should be performed prior 
to choosing its origin and further application in research studies, in order to maximize the 
desired functions.  
 

I.3.6. Relation between halloysite and kaolinite. Formation of halloysite 
from kaolinite 
 
Halloysite and kaolinite are two natural clay minerals sharing similarities in structure, 
composition and genesis. Comparing to the halloysite, which significant exploration has started 
from 21st century, the kaolinite is a well-known material with already established great 
industrial importance. [86] Both materials belong to 1:1 class of clay minerals, thus are built from 
stacked aluminosilicate tetrahedral and octahedral sheets. The theoretical chemical 
composition and crystallographic structure of HNT and kaolinite are the same, except of water 
content (Fig.I.16.). Therefore, the unit formula for kaolinite is Al2Si2O5(OH)4, while 
Al2Si2O5(OH)4*nH2O (n= 0 or 2 for dehydrated/hydrated) halloysite. [86] Contamination with iron 
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is a distinguishable property between halloysite and kaolinite as well. HNTs are known to 
contain significantly higher content of Fe2O3 impurities, present as iron-rich minerals (hematite, 
goethite) physically mixed with halloysite clay or as ions (Fe3+) that are able to replace Al3+ in 
the HNT octahedral sheet. Kaolin shows the planar morphology, while halloysite tends to curl 
into 2D rolled cylinder at most. Halloysite needs lower temperatures (<100 ℃) to crystalize, 
 

 
Fig.I.16. Crystallographic structure of kaolinite and hydrated halloysite. Reprinted with permission of Lázaro. [86] 

 
comparing to the formation conditions of kaolinite (100–270 ℃). [86] Investigations of halloysite 
formation claimed that the nanotubes were made from platy kaolinite as a consequence of 
complex events: mismatch between octahedral and tetrahedral sheets (i), interaction between 
interlayer hydroxyl groups in octahedrons (ii) and surface tension of water (iii). [75] It is believed 
that tubular halloysite nanoparticles were made by rolling platy kaolinite layers into spirals, 
accompanied by increase in hydration state and exchange capacity, therefore occurrence of 
surface-chemical reaction (Fig.I.17.). As a consequence of loss of structural rigidity and increase 
of hydration, kaolinite layers preferentially curled around crystallographic direction (b-axis at 
most, a-axis is also possible) at points along the kaolinite crystal, transforming into nanotubes. 
Upon the dimensional misfit between the octahedral and tetrahedral sheets and weak 
interlayer bonding, specifically the excess of the Si-tetrahedral sheet length over the size of Al-
dioctahedral sheet, the whole kaolinite layer was triggered to twist and consequently make the 
edges of the curled form to come close to each other. The rolling could be also affected by the 
content of impure elements such as Fe, which having larger ionic radius than Al, increase 
octahedra by about 6 % and consequently cause the change in matching between tetrahedrons 
and octahedrons. Some theories suggest that the kaolinite bending origins from the change in 
Si/Al ratio, therefore affected OH content or interlayer bonding. The change in Si/Al ratio could 
happen due to non-stoichiometric substitution of elements with impurities, such as Fe. Al, 
having polarizing capabilities that might produce alternations in OH polarization, and 
consequently interlayer OH-OH interaction. The theory says that OH-OH bonds around vacant 
octahedral sites trigger contraction within the layer of surface hydroxyls. Appearance of water 
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molecules in between 1:1 sheet play a dual role, which leads to induce kaolinite spiraling 
overall. Specifically, it makes the interlayer force (hydrogen bonding) weaker, thus making the 
octahedral and tetrahedral sheets approach their normal dimensions. Moreover, it blocks 
tetrahedral rotation by dynamic disorder of hydrogen bonds from H2O molecules. The reasons 
why kaolinite becomes hydrated in nature, in other words how water molecules enter the 
interlayer space remain unclear up to date.  [76] [105] 

 
 

Fig.I.17. Captured kaolinite transformation into rolled halloysite tubes. k stands for kaolinite, h for rolling 
halloysite, while mc (mottled diffraction contrast) signifies straight sections of halloysite, similar to kaolinite (a); 
Schematic explanation of halloysite development from kaolinite (b); Part of kaolinite spiraling into the form of 
halloysite on kaolinite plate (c); Computer simulations. Twisting kaolinite layer in time into halloysite structure 

with a diameter of 27 nm (d). Reproduced with permission of Niu and Prishchenko et al. [76] [105] 
 

Some theories also rationalize that Al non-stoichiometric substitution with Fe, induces higher 
permanent layer charge and enhanced attraction of extraneous ions. Others suggest combined 
activity of water and structural disorder of clay to let the water molecules penetrate its 
morphology. [75] Some reports suggest coexistence of halloysite and kaolinite in the natural 
deposits as well. [106] In nature mixed grain began to curl, where the parts of kaolinite 
transformed into polygonal rods of dehydrated halloysite having planar sides and central void. 
Kaolinite is more stable than halloysite, thus reverse transformation from halloysite to kaolinite 
is possible as well. HNTs can rapidly unroll, driven by factors such as precipitation or freeze-
drying. [86] 
 

a)      b) 
 
 
 
       
      c) 
 
 
 
 
d) 
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I.3.7. Relation between halloysite and carbon nanotubes  
 
Present-day development of green nanotechnology has brought up considerations about 
nanoparticles’ potential environmental and human health risks, related to their synthesis and 
use. [107] Therefore, the replacement of existing toxic nanotechnologies with novel bio-friendly 
alternatives has been called out. Ideally, such eco-nanoparticles should be also inexpensive and 
simply synthesized. This refers to exemplary case of carbon nanotubes, which even though 
characterize with partially successful results, do not fulfill toxicology requirements. [108] Natural 
halloysite nanotubes owing remarkable properties, may stand up as a superior alternative to 
CNTs. Both types of nanoparticles, namely CNTs and HNTs, possess submicron tube-like 
structures, but are made of different building blocks. CNTs consist of carbon-rich graphene, [109] 
while HNTs are made of four major elements: aluminium, silicon, hydrogen and oxygen. [81] 
Unfortunately, the synthesis methods of carbon nanocylinders showed to be sophisticated and 
time-consuming. [109] Moreover, their production is expensive (500 $ per kg). Instead, halloysite 
is a clay of natural resources, therefore not produced via synthetic methods. HNTs are available 
in thousands of tons per year, with the average market price of approximately 4 $ per kg. [110] 
Besides, carbon nanocylinders are known to be hydrophobic, [111] [110] therefore more prompted 
to be cleared out from the human circulation system, due to higher binding affinity to blood 
components. On the contrary, halloysite was revealed to be a hydrophilic nanoparticle  [110] [112]  
with the potential ability to circulate longer in time in a blood stream. [42] Greater surface area 
of HNTs [113] makes this kind of NPs exhibit better efficiency in therapeutic loading and 
subsequent drug release. [81] Many advanced studies demonstrate toxicity of carbon nanotubes 
as a point of worldwide concern, [114] [108] [110] although their fate might depend on batch purity, 
physical properties and chemical nature. [115] Moreover, it has been also implicated that CNTs 
are prompt to accumulate in human organs. [116] Meanwhile, few preliminary in vitro toxicity 
studies convince of halloysite biocompatibility. [117] However, due to incomplete state of the art 
in the newly halloysite field, [110] the HNT-related toxicity levels and effects on the human body 
remain still unrevealed. Mentioned above advantageous properties of halloysite over carbon 
nanotubes, shade a great hope in nanotubes improved biological performance and their 
promising application in biomedical field.  
 

I.3.8. Biomedical highlights 
 
Dynamically growing interest in halloysite clay mineral has led to investigations of 
nanoparticle’s application in various domains. Scheme I.3. a presents a general overview on 
percentage of quantified publications published within 2000–2019 time-range on the subject 
of HNTs, depending on application in technology disciplines. Herein, percentage of articles’ 
number makes evident that halloysite technology can be translated to the field of drug delivery, 
environmental science and catalysis. More specifically, prominent becomes HNTs application 
for water treatment, corrosion prevention or nanocomposites formation. Number of HNT-
related publications within the biomedical field are distributed within biomaterials and 
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bioscaffolds formation, newly growing field of tissue regeneration using HNTs and utility of 
halloysite in improving antibacterial performance of materials (Scheme I.3. b). In the era of 
modern science, eco-friendly materials with natural availability, low price and non-toxic 
characteristics are emerging candidates, which are expected to take advantage over commonly 
used inorganic nanoparticles, such as carbon nanotubes or metal oxides nanoparticles. [118] 
 

 

 
 

Scheme I.3. General trends in halloysite application as regard to technology discipline. Percentage of articles’ 
number published in the field of environmental science, catalysis and drug delivery for halloysite (a). Detailed 
number of publications for halloysite in disciplines’ subgroups (b). Data analysis of publications as of January 

2019, analyzing 2000–2019 time-rang. The Google Scholar database used and the term “halloysite: 
environmental science, catalysis, drug delivery, corrosion, thermal resistance, biomaterials, bioscaffolds, tissue 

regeneration, antibacterial, water treatment”. 
 

One of examples of halloysite nanotubes smart use includes its application in fabrication of 
coatings for high performance circulating tumor cell (CTC) capture from patients’ blood 
(Fig.I.18. a). Such coatings can be prepared by thermal spraying of HNTs dispersion in ethanol 
on a glass support, and further stabilized by functionalization with organosilane. Depending on 
the applied HNTs concentration, the roughness of the coating can be modulated (Fig.I.18. b). 
The coating appeared semi-transparent, able to capture effectively cancer cells due to 
enhanced interactions between nanoparticles and CTCs (Fig.I.19. a and b). Therefore, such 
system can be further used for cancer detection and treatment devices in clinical application. 

[119]  
 
Halloysite was also preliminarily exploited as a material for tablets (Fig.I.20. a above and below), 
capsule fillers (Fig.I.20. b below) and beads fabrication (Fig.I.20. b above), due to its prolonged 
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Fig.I.18. HNT-sprayed coatings for CTC capture (a); Roughness of the surface (root-mean-square roughness (Rq), 

and average roughness (Ra)) as a function of nanoparticles’ concentration (b). Image courtesy of He et al. [119] 

 
 

 
 

Fig.I.19. Capture yield of different model cells on HNTs coatings formed by 2.5 % HNTs dispersion with different 
incubation time (c), SEM images of microstructure topography of MCF-7 on HNT coatings (d). Image courtesy of 

He et al. [119] 

 

ability to release incorporated drugs adjusted 
for days and weeks with tube-end capping as 
well as adequate compression properties. The 
protocol for their formation included 
nanoparticles’ dispersion in organic solvents 
with addition of polymers and light mineral oils, 
to then filtrate the precipitate, extensively wash 
and dry it. [112] 

 
Fig.I.20. 9 mm diameter tablets (a, below) compressed 

from halloysite mixed with 1 % colloidal silica. SEM image of the tablet’s internal structure with visible nanotubes 
(a, above). 500 μm diameter halloysite bead prepared by emulsion solvent evaporation (b, above) and capsules 

filled with these beads (b, below). Image courtesy of Lvov et al. [112] 

a)                       b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a)                       b) 
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Most recent exploration of halloysite nanotubes for biomedical applications present 
nanomaterial utilization in bone tissue regeneration. [120] Due to halloysite biocompatibility, 
functionality and structure, it was possible to form a non-toxic hydrogel with encapsulated 
nanoparticles by photo-polymerization method, which characterized with enhanced 
mechanical, adhesion and proliferation properties (Fig.I.21.). Moreover, the hybrid nanogel was 
capable of upregulating expression of osteogenic differentiation-related genes and 
concomitant protein of human dental pulp stem cells (hDPSCs), this way facilitating subsequent 
bone regeneration in calvarial defects of rats.  
 

 
 

Fig.I.21. The concept of halloysite nanotubes utility for bone tissue engineering applications. Image retrieved from 
Hang et al. [120] 

 

I.3.9. Application as a drug carrier 
 
Extensive exploitation of halloysite nanotubes in the variety of biomedical domains has also 
focused on nanoparticle utility in drug carrying, not just because of its small size, but also due 
to its unique structure and physical properties. The nature and complexity of HNT holds a 
promise to fulfill the most important nanoparticle’s requirements, as safety, target delivery 
with ensured navigation to intended site and finally a total control over the released substance 
from the nanoform. Tubular shape of halloysite with the hollow empty lumen and high 
adsorption abilities, make this nanoparticle capable of being loaded and carry drug loads. 
Furthermore, HNT exhibits site-specific reactivity and charge of its inner and outer layers, thus 
providing possibility to conduct preferential non-covalent (adsorption, electrostatic attraction) 
or covalent functionalization of intraluminal or external surfaces of halloysite. [112] It is worth 
noting, that due to this outstanding structure, the properties of HNT-based nanoarchitectures 
can be tuned, while its surface decorated with multiple functional groups to simultaneously 
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deliver physico-chemically different drugs and treat complex diseases through combined 
therapy. [121] Procedure aimed at filling internal halloysite cavity with (bio)organic molecules is 
commonly based on components stirring over a long time period or done using cycling 
atmospheric pumping. Most likely, the loading procedure distribute compounds both on inner 
and outer surfaces of the nanotubes, although the externally attached ones may be easily 
washed out. Up to date, scientific literature reports various examples of halloysite usage as a 
nanoreactor for hosting a wide spectrum of active compounds, including therapeutic agents, 
antiseptics, proteins, protective chemical inhibitors, proteins and antibacterial compounds. [122] 
Tan et al. [123] presented interesting study of ibuprofen (IBU) incorporation within polymorphs 
of halloysite nanotubes (Fig.I.22. a - e). The methods included drug immobilization within 
halloysite tubule using long lasting stirring at room temperature. Results revealed that purified 
HNTs loaded 11.7 % of IBU, while thermally pretreated NPs (with removed water content) were 
capable of immobilizing 11.8 %. Enhancement of positive charge in the lumen of the 
nanoparticle by organosilane grafting, leaded to increase of electrostatic attraction between 
the nanoform and active molecule, seen as loading efficiency rise to 12.7 %. Combined 
dehydration and inner cavity modification with organosilane leaded to the ibuprofen loading 
with 14.8 % efficiency.  
 

   
 

                               
 

Fig.I.22. SEM micrographs of purified halloysite nanotubes (a), purified HNT loaded with IBU (b); dehydrated HNT 
and loaded with IBU (c); purified organosilane-modified HNT and loaded with IBU (d), dehydrated HNT 

organosilane-modified HNT and loaded with IBU (e). Image courtesy of Tan et al. [123] 

 
One of the most exceptional result in the field of halloysite-based drug delivery was described 
by Liu et al., [20] who came up with the methodology to enhance anticancer efficacy of curcumin 
by its immobilization within functional halloysite-based nanoconstruct. Nanoparticles were 
firstly modified with amide-rich linkers, to then covalently bound chitosan, which decreased 
toxicity and provided stability of the system in circulation flow. Anticancer drug, curcumin was 

a)       b)       c)    
  
 
 
 
 
 
 
 

  d)           e) 
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immobilized within HNTs inner lumens by long-term stirring of both components. With TGA 
method, each step of nanohybrid formation was characterized quantitatively (Fig.I.23. a).  HNTs 
degraded thermally with 17.4 % of weight, while grafting of silane, COOH and chitosan (CS) was 
estimated respectively to be 3.39 %wt, 3.51 %wt, and 10.05 %wt, respectively. Curcumin 
loading (3.4 %) was calculated with the second quantitative method, by analyzing the 
supernatant after loading procedure using a UV-vis spectrophotometer at 420 nm. Formed 
nanoconstruct effectivity in cellular uptake was examined with fluorescent microscope, using 
model EJ human bladder carcinoma cells. Endogenous fluorescence of curcumin allowed to 
localize nanohybrids in cancer cells. Starting from the 2nd hour of incubation, the halloysite-
based drug delivery system started to pass the cellular membrane and fill the cells’ cytoplasm 
within 8 h (Fig.I.23. b).  Complementary in vitro UV-vis spectrophotometric analysis determined 
significant enhancement of curcumin delivered intracellularly, when halloysite nanocarrier was 
used (Fig.I.23. c).  
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 

Fig.I.23. (a) Intracellular localization of curcumin loaded HNT nanoconstruct, via curcumin detection by green 
fluorescence, nucleus by blue fluorescence in EJ cells under a fluorescence microscope. (b) TGA analysis at each 

step of nanoconstruct formation: HNTs (a), HNTs–NH2 (b), HNTs–COOH (c), and HNTs–g–CS (d). (c) Quantification 
of free and immobilized in halloysite nanoconstruct curcumin. Image courtesy of Liu et al. [20] 

 

a)        b)  
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The results of Khodzkaeva et al. [122] suggests efficient loading of halloysite inner cavities with 
ribonucleases (RNases), namely binase (Fig.I.24. a) and selective anticancer activity of such 
drug-loaded HNTs against human colon adenocarcinoma cells. Binase was encapsulated by 2 h 
gentle shaking of two components, while dextrin layer was coated on the external HNT surface  

by vacuum cycles, in order to prolong drug immobilization within HNT tubules. Using dark field 
and fluorescent microscopy, authors localized pristine halloysite nanotubes surrounding 
Colo320 cell surfaces, proving this way that the halloysite-based nanoform characterized with 
perfect adsorption by cells, therefore promising capabilities to release longer incorporated 
binase (Fig.24. b). 
 
 

 
 

Fig.I.24. (a) Binase-loaded HNTs. Arrow indicating lumen of nanotubes filled with irregular structures of binase 
enzyme. Scale bar 100 nm. (b) Microscopic visualization of Colo320 cells after 24 h incubation with HNTs. Dark 
field image of cells (left), fluorescent image (middle), merge image (right). Cells nuclei were stained with DAPI. 

Image courtesy of Khodzkaeva et al. [122] 

 
Structure properties of halloysite generate variety of approaches for drug immobilization within 
the nanoparticle. Apart from loading into its inner cavity, other alternatives like incorporation 
of drugs via covalent bond or through simple adsorption into its pores are possible as well. 
Recently, Zeraatpishe et al. [124] presented pH-sensitive nanocomposite for transportation of 
epilepsy therapeutic drug, phenytoin sodium (PhS) (Fig.I.25.). The authors aimed to create a 
stable and strong bond between halloysite and sodium alginate (SA), thus nanoparticles’ 
surfaces were covalently modified in two reaction steps with organosilane and SA. Instead, PhS 
was incorporated inside the nanoforms cavities. Set of qualitative and quantitative 
characterization methods were implied in order to define formed halloysite-based 
nanoconstruct. The study presents smart modification of halloysite surface with covalently 
attached polymeric coating. Such alternative grafting characterized with stability and sensitivity 
against tumor microenvironment as well as played a key role in drug release control. 
 
Bertolino et al. [125] studied another approach for bio(organic) compounds on halloysite NPs, 

a)         b)  
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Fig.I.25. Schematic representation of halloysite-based nanoconstruct for phenytoin sodium delivery. Image 
retrieved from Zeraatpishe et al. [124] 

 
precisely by taking advantage of halloysite high adsorption capabilities. Three differently 
charged polymers: anionic (pectin), neutral (hydroxypropyl cellulose) and cationic (chitosan) 
were immobilized within the tubule of halloysite, with a perspective of their usage in tissue 
engineering. Charged (bio)adhesives were shown to gather on the site-specific surface of 
halloysite, generating electrostatic interactions, which made them stay attached. The 
localization of compounds within the halloysite nanotubes depended on their charge. In 
particular, pectin tended to adsorb onto the positively charged inner surface of halloysite, 
inside the cavity. Instead chitosan showed selective affinity to the outer silica layer of HNTs, 
while nonionic polymer adsorption was non-specific (Fig.I.26.). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.I.26. Biopolymers adsorbed on halloysite nanotube. Image courtesy of Saif et al. [118] 
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Wu et al. have developed one of the most advanced halloysite drug delivery nanosystem for 
the purpose of breast cancer treatment (Fig.I.27.).  [22] Formation of the complex nanoconstruct 
included halloysite surfaces modification by functionalization with poly(ethylene glycol) (PEG) 
and folate (FA) compounds, to then immobilize doxorubicin (DOX) within its structure and 
together, selectively reach MCF-7 breast cancer cells. This innovative halloysite-drug delivery  

 

 
 

Fig.I.27. The concept of halloysite-based drug delivery system formation for targeted breast cancer therapy. 
Image courtesy of Wu et al. [22] 

 
system proved the ability to prolong circulation time and drug dosing control, by the facile 
functionalization of HNT surfaces with PEG. Moreover, it showed selective targeting 
capabilities, thanks to bonding to the nanoparticle FA targeting ligand. The prolonged release 
of incorporated anticancer drug took place within 35 h in abnormal cells, upon decreased pH 
stimuli. Anticancer effect was achieved by incorporated DOX, which is an effective 
chemotherapeutic agent. The research has reached the in vivo stage using 4T-bearing mice 
model, herein supported halloysite-based nanoconstruct activity against tumors.  
 
Subsequently to drugs incorporation within the structure of halloysite, the nanoparticle is able 
to release therapeutic cargos with a characteristic prolonged manner. Variety of studies have 
been done in this context, analyzing the leakage of a wide spectrum of (bio)organic molecules 
from nanoparticles in the context of pharmacology and tissue scaffolds. Scientific literature 
shows that halloysite nanaotubes are capable of glycerol, ascorbic acid and vitamins release 
even within 10–20 h. [112] Veerabadran et al. [126] reported dissolution studies from HNT 
nanoforms of model anti-anginal, anti-hypertension and diuretic as well as corticosteroid drugs, 
using diffusion chamber. Study revealed that halloysite released encapsulated dexamethasone, 
furosemide and nifedipine model therapeutics cargos over the time of 6–10 h (Fig.I.28.). UV-vis 
spectrophotometric analysis allowed to quantify leaked drugs and compare the result to the 
one of free drugs micro crystals. Therapeutics incorporation within the nanoparticle allowed to 
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. 
Fig.I.28. Release profiles of the drugs from halloysite nanotubules in water pH 7.4. Image retrieved from 

Veerabadran et al. [126] 

 
obtain slow long-lasting release. Although all three curved characterized with initial burst, 
explained as hypothetic drugs release from outer surfaces of the nanoparticles.   
 

I.3.10. Nanosafety 
 
Safe manipulation of halloysite nanoparticles requires studies of nanomaterial biocompatibility  
and toxicity. In 2010, Vergaro et al. [117] presented one of the first in vitro cytotoxicity studies of 
HNTs using two exemplary cancer cell lines, MCF-7 breast cancer cells and HeLa cervical cancer 
cells. Reported set of metabolic activity assays based on the methyl tetrazolium salt (MTT) was 
performed, incubating human cell models at different HNT concentrations (1–1000 µg/mL), for 
different time period (24–72 h). Authors claimed that halloysite clay was safe when applied at 
concentrations up to 75 µg/mL (70 % of cells survived). Above this concentration, decrease in 
cells’ viability, thus mortality was reported. Authors also showed that stained HNTs were 
uptaken by cells after 3 h of incubation and colocalized in the cellular region, outside of the 
nucleus. Moreover, Long et al. [127] conducted CCK-8 assay on another cell line, namely human 
umbilical vein endothelial cells (HUVECs). When incubated for 24 h, halloysite maintained cell 
viability at 85 %, even when applied at high concentrations (200 µg/mL). Minor decrease in cell 
survival was observed when time of halloysite incubation with cells was prolonged to 48 h and 
72 h. Kryuchkova et al. [21] and Fakhrullina et al. [128] published HNT in vivo evaluation, using two 
free-living organism models, Caenorhabditis elegans and Paramecium caudatum. C. elegans 
having fully sequenced genome similar to the human’s one. The halloysite was uptaken 
spontaneously by living warms through the intestinal track. However, it was observed that living 
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organisms tried to avoid feeding on HNT-rich food. The uptake of HNT-rich food was exclusively 
restricted to the intestinal cells, rather than other tissues and organs. Warms that ingested 
halloysite clay, showed to characterize with the smaller body size, than the ones that ate HNT-
free nourishment. Authors hypothesized that the development deficit was caused by the 
tubular shape of halloysite nanoparticles, which when moving in the gastral track, irritated the 
intestinal cuticle. Nevertheless, the model organisms eventually were able to restore the 
normal digestion. Instead, the influence on warms’ fertility and lifespan upon HNT digestion 
was not identified. The authors emphasized that the halloysite nanoparticles showed the minor 
toxic effect at moderate levels of exposure, when comparing to other severely toxic NPs, such 
as single- and multi-walled carbon nanotubes, graphene oxide, TiO2 and platinum 
nanoparticles. Second investigated free-living organism, P. caudatum, has also uptaken 
halloysite via the ingestion route, when it was mixed with its normal diet. Acute toxicity studies 
showed biocompatibility of HNTs at low concentrations and even stimulated cell growth. The 
digestive track of P. caudatum was sensitive to halloysite NPs. No organisms’ development 
deficit was observed, considering size and shape changes. Upon incubation of the model 
organism with halloysite, slight oxidative stress was detected. At low concentrations HNTs were 
not cytostatic. Authors revealed biosafety of HNTs, placing halloysite NPs as the safest material, 
above, kaolin, montmorillonite, silica bentonite and graphene oxide. Long et al. [127] 
investigated in vivo toxicity of stained halloysite nanotubes in AB wild type tropical freshwater 
fish’s embryos and larvae (Fig.I.29.). Zebrafish, having 87 % homological genes as humans’, 
ingested and excreted stained HNTs through gastrointestinal metabolism. The study showed 
 

 
Fig.I.29. In vivo studies of stained halloysite on freshwater zebrafish. Enrichment of HNTs (25 mg/mL) on the 

chorion surface of embryos at 48 hours post fertilization (hpf), using optical microscope (a), fluorescent 
microscope (b) and SEM (c). Representative bright field (d), dark field (e) and merged (f) images of the excretion 

of HNTs in zebrafish larva. Image courtesy Long et al. [127] 

a)           b)                               c) 
 
 
 
 
d)           e)                                f) 
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no significant changes in the development, spontaneous movements and morphological 
malformation of zebrafish, when incubated with halloysite at its low concentrations (≤25 
mg/mL) and even stimulation survival of the model organism. 
 
Presented studies using in vitro as well as in vivo models, shade light on importance of halloysite 
nanomaterial evaluation on its toxicity. Based on them, promising biocompatibility of HNTs was 
disclosed. Moreover, halloysite clay mineral was classified to EPA 4A group, of Organic Product 
Profile (OPP) by Pacific Agricultural Certification Society (PACS), which monitors recipe/list of 
ingredients, both organic and non-organic ones. [129] Within the 4A category, halloysite stands 
for minimal risk inert ingredients, to use for good agricultural or good manufacturing practices. 
Even though, additional attention should be payed and further investigations need to be 
performed regarding HNT nanosafety, since more and more of the halloysite clay is expected 
to enter into environment and biological systems. Hence, it becomes important to analyze 
completely the halloysite toxicity in vitro and in vivo on different models and systems to verify 
completely HNTs influence on the environment and human health.  
 

I.4. Performed PhD studies with respect to state of the art 
 
Development of nanotechnology allows the humanity to manipulate the matter at the 
molecular level and revolutionize modern technology. Also, biomedical discipline has been 
witnessing influence of nanotechnological revolution, utilizing nanometer-sized objects for 
improved drug delivery, imaging and theranostic applications. With the possibility of tailoring 
physico-chemical properties of nanoparticles and their incorporation with traditional drugs, it 
becomes possible to perform complex anticancer therapy with reduced side effects, overcame 
limitations of traditional drugs and thus decreased number of victims affected by cancer 
disease. Nanotechnology is a very complex matter, where often raised issues regarding 
nanoparticles’ toxicity, possible instability in the circulation system and following long-term 
safety, balance their promising advantages. However, some encountered obstacles require 
consistent studies to be overcome, while some unexpectedly drive to develop new, potentially 
powerful and optimized nanotechnological outcomes. Clearly, years of mastering 
nanotechnological solutions have been paving the way to create the generation of new 
nanomaterials, which couple of years back were unthinkable. [36] Every year, various novel 
nanoparticle-based ideas are being developed. Among them, the ones comprising application 
of halloysite nanotubes gain more and more of biomedical and industrial importance.  
 
HNTs as multilayered hollow cylinders with special properties, became recognized as one of 
the best inorganic materials suitable for drug formulations. [112] Deep analysis of HNTs physico-
chemical properties conducted within these PhD studies, drove to the discovery of 
nanoparticles’ nonlinear optical properties. Second harmonic response of HNTs opens the 
possibility of halloysite exploration in novel domains, such as alternative label-free bioimaging 
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or bio-sensing. This PhD research has demonstrated the first in the field in vitro SHG imaging of 
halloysite nanotubes for the purpose of NPs uptake and colocalization studies. 
 
The current research on halloysite suggests the need of HNTs structure post modifications in 
order to improve physico-chemical and biological properties of the nanoparticles. [131] [132] [133] 

Following this directionality, we have explored HNTs shortening and inner lumen increase, in 
order to create the nanovectors with intracellular capabilities and enhanced cavities’ volume. 
Modified nanoparticles were further used for the following novel nanoconstructs formation.  
 
The nanomaterial offers facile and site-selective active molecules immobilization by different 
approaches including explored covalent bounding, adsorption, intercalation and tubular 
entrapment. [76] Performed PhD studies included introduction to our laboratory the chemistry 
of HNTs silanization, which standard protocols are already reported in the state of the art. [130] 
To then perform nanotubes modifications with newly proposed therapeutics, such as genetic 
material via Layer-by-Layer technique or biologically active molecules (magnesium 
monoperoxyphthalate, epirubicin) via tubular entrapment.  
 
The HNTs structure allows also the possibility of NPs surface modification with functional 
moieties, providing target delivery of halloysite-based nanoforms. Thus, due to the structure 
properties, HNTs comprise the unique capability to construct multi-functional vehicles. With 
the use of such halloysite nanocarriers, the drug distribution profile can be prolonged and 
regulated in a controlled manner. [134] For this reason, we have proposed novel HNTs 
encapsulation in biocompatible and bioresorbable collagen coating. Applied collagen in the 
context of halloysite was meant to cover nanoparticles and block the entrances of their hollow 
tubules, this way entrapping the drug of interest in cavities of HNTs, until nanoconstructs reach 
the suffering organ, where the coating can be removed in response to the pH- and/or enzyme-
stimuli. The proposed collagen shell on HNTs has an exceptional feature over already explored 
natural polymers: promisingly it is able to selectively target wounds, fibrotic tissues and finally 
tumour cells, since the biopolymer is recognized by several receptors of pathological cells.  
 
Of a particular importance in the conducted PhD studies was the complete characterization of 
HNTs and formed halloysite-based nanoconstructs as regards their physico-chemical and 
biological properties. The analysis was performed in a qualitative as well as a quantitative 
manner, applying various standard characterizations methods, but also innovative ones in the 
halloysite field, such as multiphoton imaging and Fmoc-method.  
 
The great advantage of HNT is its eco-friendly and biocompatible characteristics. We have 
supported already carried out HNTs biological studies [117] with in vitro cytotoxicity analysis on 
exemplary 5637 and RT4 urinary bladder cancer cell lines, confirming relative nontoxic 
properties of halloysite nanotubes, which demonstrated to be in line with the state of the art.  
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Potencies of halloysite, such as natural abundance and low-cost recently drove to the material’s 
recognition not only in the biomedical field, but also by the industrial sector, which claims to 
access the broader portfolio including high-quality halloysite-based mineral additives for 
pigments and functional extenders preparation. For this reason, performed PhD was also 
dedicated to the performance of a synergic collaborative research with BASF company in order 
to bring together academic knowledge and experience with halloysite clay, together with the 
BASF’s processing capability and market reach, aiming at acceleration of BASF halloysite-based 
products putting on the market.  
 
Recent development in the field has also advanced halloysite clay application in the number of 
novel interesting applications, including utility in coatings for high performance circulating 
tumor cell capture and bone tissue engineering. Future expectations foresee halloysite usage 
in cosmetic and dental resins formulations as well as animal treatment. [112] However, further 
work must be continued for expansion and evaluation of halloysite-based nanoforms for drug 
delivery, giving a special attention to nanoparticle non-biodegradability.  
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II. Results and discussion 
II.1. Physico-chemical characterization of halloysite 
 
Until 2012, over 33 nanomaterials had made a breakthrough to the market, such as 
nanoliposomes, nanocrystals and superparamagnetic iron oxide, applied respectively in the 
nanopharmaceutical formulations of Doxil® and AmBisome®, Emend®, Feridex®. [1] In order to 
achieve such safe and efficient delivery nanosystems, it was necessary to first have a deep and 
clear understanding in the physico-chemical properties of the nanoparticles. At present 
however, neither standardized techniques, nor guidelines protocols are established by Food 
and Drug Administration for adequate characterization of nanomaterial-based formulations for 
diagnostic or therapeutic use. [2] Thus, extensive research on newly developing halloysite field, 
requires firstly as much adequate and comprehensive exploration of the nanoparticle’s 
properties as possible, to further apply it in a broadly considered nanomedicine, e.g. as a drug 
delivery nanosystem, a component of nanobiochips or nanobiosensors. The conducted PhD 
study has started with an overview of different characterization techniques in order to establish 
a set of various methods, required to fully evaluate halloysite nanoparticle properties, using 
both qualitative and quantitative approach. For this purpose, HNT was subjected to the 
microscopy analysis via Transmittance Electron Microscopy (TEM) and Scanning Electron 
Microscopy (SEM). The thermal and spectroscopic studies were performed using respectively 
Thermogravimetric analysis (TGA) and Fourier Transform Infrared (FTIR) spectrometer, 
Ultraviolet visible (UV-vis) reflectance spectrophotometer (UV-vis refl.) as well as X-ray Powder 
Diffraction (XRD) spectrometer. The nanoparticle surface charge and wettability were defined 
respectively by ζ–potential and water contact angle analysis. Additionally, halloysite was 
analyzed with nitrogen gas adsorption Brunauer–Emmett–Teller (BET) method, which 
determined HNT surface area with pore volume. Implemented Kaiser test was used to identify 
primary amine groups in the nanomaterial if present. The thermal stability and stability in time 
at room temperature of pristine halloysite were conducted using coupled TGA-FTIR technique.  
 

II.1.1. Microscopy  
 
The Transmittance Electron Microscopy and Scanning Electron Microscopy were applied in 
order to reveal an accurate composition of commercially available halloysite sample, as well as 
to evidence the shape and size of nanoparticles in the bulk sample. Figure II.1.1. presents TEM 
micrographs at different magnitudes of HNTs distributed on a flat support. The images show 
that pristine HNT bulk sample obtained from Sigma Aldrich company, is a heterogenous batch, 
consisting mostly of cylindrical, polydisperse nanotubes as well as platy kaolinite (Fig.II.1.1. a). 

[3] The nanotubes showed clear surface and smooth edges. It was observed that NPs varied 
between each other not only in the length, but also in thickness of their walls. Additionally, 
Transmittance Electron Microscopy clearly illustrated empty, open-ended cylindrical inner 
lumens, visible in thin-walled HNTs (Fig.II.1.1. b). [4] 
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Fig.II.1.1. TEM images showing commercially available halloysite sample at different magnitudes: 2 µm (a), 500 
nm (b) scale bars. Yellow arrow indicates present platy kaolinite, red arrow indicates visible hollow inner lumen of 

thin-walled HNT. 
 

Similar observations were made using Scanning Electron Microscopy (Fig.II.1.2.). The SEM 
analysis confirmed the presence of diverse in length tubular halloysite NPs, dominantly 
occurring in the bulk sample. At the same time, occurrence of platy kaolinite was distinguished 
as well (Fig.II.1.2. a). [5] The analysis pointed out also that pristine halloysite nanotubes tend to 
aggregate and stick together (Fig.II.1.2. b).  
 

 

  
 

Fig.II.1.2. SEM images showing aggregate of commercially available halloysite bulk sample (a) and region of 
dispersed halloysite nanotubes (b). Yellow arrow indicates presence of a platy kaolinite. 500 nm scale bar. 

 
Representative nanotubes were selected and analysed on their length size, using SEM 
microscopy and FIJI program. The analysis revealed that commercially available halloysite 
sample consists of nanotubes ranging from <200 nm up to over 800 nm. 39.1 % of the batch is 
made of halloysite nanotubes below 300 nm in length, while over 60.9 % of the batch exceeds 
300 nm measure of length (Fig.II.1.3.). Therefore, pristine halloysite sample appeared to be a 

a)                 b) 
 
 
 

a)                     b) 
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heterogeneous batch, consisting of mostly polydisperse submicron nanotubes, as also stated 
by the halloysite supplier, Sigma Aldrich company.[6] 

 

 
 

Fig.II.1.3. Length range distribution of commercially available halloysite sample. 

 
II.1.2. TGA analysis  
 
TGA analysis was conducted in order to examine commercially available halloysite on its 
thermal stability and purity. Sample of pristine nanomaterial was subjected to progressive 
temperature increase, while subsequently measuring changes of the probe mass. The TGA 
characterization resulted in recording HNT characteristic decomposition pattern (Fig.II.1.4.). 
The TGA thermogram of HNT showed slight mass loss in 35–300 ℃ temperature range, due to 
evaporation of loosely bonded water from the surface of NP and the interlayer water molecules 
present in between the bi-layer of halloysite. The degradation band at ~400 ℃ corresponded 
to dehydroxylation of the nanomaterial. Scientific literature reports preservation of halloysite 
tubular shape up to 900 ℃. [7] At this temperature HNT hydroxyl groups were reported to 
degrade, leading to the formation of alumina-rich phase, namely γ-Al2O3 (<5 nm) (~900 –1000 

℃). [8] The total mass loss of HNT within 40–810 ℃ temperature range was calculated to be 
15.8 %wt and corresponded to the dehydration, followed by dehydroxylation of halloysite. [9] 
Moreover, no presence of residual organic impurities was detected.  
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Fig.II.1.4. TGA graph of commercially available halloysite. 

 

II.1.3. FTIR spectroscopy 
 
Another characterization method for HNT studies is Fourier Transform Infrared spectroscopy, 
in which IR absorption spectrum plots % transmittance against wavelength. The FTIR method 
 

 
Fig.II.1.5. FTIR spectrum of commercially available halloysite. 
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exposes nanoparticle’s diagnostic bands of energy at certain wavelength in between 500–4000 
nm, typical of particular functional groups. In this way, unique spectral fingerprint for HNT was 
produced (Fig.II.1.5.). The FTIR results interpretation was gathered in a form of the table (Table 
II.1.1.), which collects diagnostic bands of halloysite and correlate them with its functional 
groups. [10] [11] [12] [13] Briefly, the bands at 3694 nm and 3621 nm correspond to stretching 
vibration of inner surface Al-O-H groups. Bands assigned to water vibrations are placed at 3534 
nm and 3441 nm in the IR spectrum.  Interlayer H2O bending vibration is observed at 1634 nm. 
Sequence of bands in between 1079–690 nm corresponds to Si-O-H stretching vibrations, while 
two bands at 640 nm and 462 nm are ascribed to deformed vibration of Al-O-Si and Si-O-Si.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Table II.1.1. Assignment of halloysite IR diagnostic bands. 

 
II.1.4. XRD spectroscopy 
 
The commercially available halloysite was also subjected to X-ray powder diffraction analysis in 
order to determine crystallographic structure and purity of the bulk sample. Despite 
recognition of the dominant halloysite phase, the analysis showed subsequent presence of 
other minerals, such as aluminum sulfate, quartz and kaolinite (Fig.II.1.6.). [4]  Specifically, the 
presence of characteristic crystallographic peaks (001), (110), (002), (123) and (114), 
determined the presence of halloysite. Interestingly, the HNT (001) diffraction peak identified 
0.7 nm basal spacing (7 Å), therefore presence of dehydrated nanoparticle. [9] Additionally, 
small quantities of hydrated halloysite (10 Å) were recognized with 1 nm basal spacing at 10.9 
o in 2θ region. [14] Moreover, low in intensity peaks of aluminum sulfate were detected, namely 
(101), (113). The quartz phase was distinguished by the presence of (011) and (11-2) peaks. 
Finally, characteristic peaks in the 35.1–38.0 o 2θ region corresponded to the kaolinite phase. 

[15] 

Wavelength (nm) Bands description 

3694 Inner surface hydroxyl groups stretching vibration 
3621 Inner hydroxyl groups stretching vibration 
3534 H2O vibration (chemisorbed) 
3441 H2O vibration (physisorbed) 
1634 
1079 
999 
906 
756 
690 
640 
462 

Interlayer H2O bending vibration 
Perpendicular Si-O stretching vibration 

In-plane Si-O stretching vibration 
In-plane Si-O stretching vibration 

Symmetric stretching of Si-O vibration 
Perpendicular Si-O stretching vibration 

Deformation of Al-O-Si vibration 
Deformation of Si-O-Si vibration 
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Fig.II.1.6. XRD pattern of of commercially available halloysite. 

 

II.1.5. UV-vis reflectance spectroscopy 
 
Another complementary technique employed for halloysite analysis was UV-vis spectroscopy 
recorded in the reflectance mode. Using this method, we analyzed diffused reflected light from 
the surface of HNTs in the UV-vis spectral range (Fig.II.1.7.).   

 
Fig.II.1.7. UV-vis spectrum recorded in reflectance mode of commercially available halloysite. 

0

2

4

6

8

10

6 11 16 21 26 31 36 41 46 51 56

In
te

ns
ity

 (a
.u

.)

2 theta (degree)

commercial HNT

(1
23

)

(0
01

)

(1
10

)

(0
02

) (0
11

)

(1
22

)

(1
14

)

(1
01

)

(1
13

)

(2
00

)
(1

31
)

(1
1-

2)

Halloysite
Aluminum sulfate

Quartz
Kaolinite

0

10

20

30

40

50

60

70

80

90

100

200 300 400 500 600 700 800

Re
fle

ct
an

ce
 (%

)

Wavelength (nm)

commercial HNT



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

66 

The HNT UV-vis reflectance spectrum recorded in the 800–200 nm wavelength region showed 
the ultraviolet-light absorption at 257 nm. The absorption peak refers to the inter-band 
transitions of aluminum oxide, often distinguished in 200–300 nm wavelength region. [16] 
 
II.1.6. Water contact angle measurement 
 
The water contact angle analysis was implemented in nanomaterial’s characterization study in 
order to determine wettability of the nanoparticle’s surface. For that purpose, the contact 
angle between liquid-vapor interface and HNT solid surface was measured, applying already 
reported experimental protocol.  [17] The analysis evidenced that the halloysite water contact 
angle was equal to 0 o (Fig.II.1.8.), thus revealing hydrophilic properties of the nanomaterial. 
Water contact angle analysis of HNT reported in the state of the art varies from 0–10° ±3.  [18] 
Slight variation in the outcome of the measurement between ours and reported one could be 
caused by sample’s preparation for the analysis. Instead of reported HNT pellet, we have 
prepared HNT dispersion on the glass support, which aimed to diminish sample’s roughness 
factor and perturbation of sample’s porosity. Such protocol of sample’s preparation for water 
contact angle analysis was implemented along all the PhD studies.  

 

 
Fig.II.1.8. Water contact angle of pristine HNT (a). Schematic explanation of the measurement principle (b). 

 

II.1.7. ζ–potential analysis 
 
ζ–potential refers to the measurement of electronic double layer on the halloysite nanotubes. 
Surrounding ions in the solution are able to protonate or deprotonate NPs, yielding to the 
decrease or increase of its surface charge. [19] Application and proper interpretation of ζ–
potential analysis in the context of halloysite studies is commonly considered as one of the 
most challenging aspects and requires first deep investigation of pristine nanoparticle ζ–
potential curve. The measurement of HNT surface charge at variable solution’s pH was 
performed. The obtained data were used to plot a characteristic ζ–potential curve (Fig.II.1.9.). 

Θ/deg ~ 0

Water 
droplet 
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γsl = solid/liquid interfacial free energy
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Significantly high ζ–potential was observed at 6.3–10.5 pH range (average –38.6 mV). Below pH 
7, the ζ–potential was gradually decreasing, reaching –12.7 mV at pH 2.7. As reported by 
Vergaro et al., [20] the ζ–potential plot of halloysite strongly recalls the ζ–potential curve of 
silicon dioxide itself (Fig.II.1.10.). Herein, suggesting that only the outer surface of HNT (silicon 
dioxide) has an influence on the overall nanoparticle ζ–potential, aside from the influence of 

 
 

Fig.II.1.9. The ζ–potential plot of of commercially available halloysite. 
 

its inner lumen (aluminum oxide). The HNT overall net negative ζ–potential plot takes its origin 
from the structure of halloysite skeleton, which consists of siloxane bridges at most. Above 
mentioned O-Si-O bridges are not reactive, but have a permanent negative charge, which 
contributes to the nanoparticle surface charge. Beyond siloxane bridges, halloysite outer  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.II.1.10. The ζ–potential plots of silicon dioxide, aluminum oxide and halloysite. Retrieved from Vergaro et al.  
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surface can contain pH-dependent aluminol and silanol groups present at the edges of 
nanotubes and regions of surface defects (Chapter I.3.1.). Addressed Al and Si groups 
contribute to the overall ζ–potential of HNT as well. At acidic pH, this type of functional groups 
is subsequently protonated, seen as a decrease in negative magnitude of halloysite ζ–potential. 
Above pH 2, Al and Si groups are progressively deprotonated, giving rise to increase of HNT 
negative surface charge. At pH 6.5 all SiOH groups are fully deprotonated, while AlOH groups 
above pH 8. [21] Therefore, at strongly basic pH, the HNT outer surface reaches the maximum 
of its negative charge (Scheme II.1.1.). 
 

 
 
Scheme II.1.1. Schematic illustration of pH dependent groups on halloysite outer surface, which contribute to the 

halloysite surface charge variation. 

 

II.1.8. Kaiser test 
 
The Kaiser test relays on monitoring the color changes of Kaiser solution, while reacting with 
primary amino groups in an analyzed sample. This method of analysis has been broadly used 
over the years to monitor completeness of amino acid coupling in solid phase synthesis [22] and 
recently has also been applied in material science for the evaluation of silica-based materials. 

[23] Thus, in this PhD thesis Kaiser test was applied for the first time, to evaluate the presence 
of reactive primary amines in the formed halloysite-based nanoarchitectures. The Kaiser test 
done on commercially available halloysite, generated as expected, yellow color (Photograph 
II.1.1.), thus demonstrating that no primary amino groups were present in the structure of 
halloysite. In this PhD thesis, the above-mentioned Kaiser test was explored as one of the  
 

 
 

Photograph II.1.1. Kaiser test: Kaiser solution, control (left), commercially available halloysite (right). 
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qualitative characterization techniques, to parallelly follow pristine HNT surface modification 
with various primary amino-rich linkers. 

 

II.1.9. Nitrogen adsorption BET measurement 
 
The nitrogen adsorption analysis by BET method was applied in order to determine important 
parameters of pristine HNT properties, like its surface area and porosity (Fig.II.1.11.). According 
to IUPAC classification, halloysite isotherm hysteresis is classified as the type IVa. [24] Two active 
sites for N2, adsorption and desorption, could be distinguished within it. The adsorbed gas 
volume was maintained constant, below ~20 cm3/g-STP at lower pressure values (P/Po <0.7).  
On the contrary, at higher pressure values (P/Po >0.7), the adsorbed gas volume increased, 
reaching the highest value of 146 cm3/g-STP (Fig.II.1.11. a). Obtained isotherm was used to 
perform analysis of HNT pore size distribution. The nanoparticle pores were included in 
nanopore size range (Fig.II.1.11. b). Cumulative pore volume of 0.07 cm3/g was assigned to 
123–43 nm sized voids that correspond to slits in between halloysite nanotubes. [25] Whereas, 
the majority of HNT pores occurred in the mesopore size range. Cumulative pore volume of 
0.14 cm3/g was found in 43–10 nm pore size range and 0.015 cm3/g in <10 nm pore size range. 
No presence of micropores (<2 nm) was detected. Forward total pore volume analysis was 
found to be 0.22 cm3/g, while the BET surface area and Langmuir surface area, respectively 
50.01 m2/g and 33.38 m2/g (Fig.II.1.11. c). 

 

 
 

Fig.II.1.11. Commercially available halloysite adsorption/desorption linear isotherm (a), pore size distribution (b) 
as well as values of total pore volume, Langmuir and BET surface areas (c).  

 

Sample Total pore volume 
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Langmuir surface area 
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BET surface area 
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II.1.10. TGA–FTIR coupled analysis 
 
We have coupled TGA with FTIR analysis in real time, in order to examine the thermal stability 
and stability over time at room temperature of pristine halloysite nanoparticle as well as to  
 

 
 
Fig.II.1.12. FTIR spectra superposition of commercially available halloysite subjected to the thermal treatment (40 

– 450 ℃) (a); magnification of spectral wavelength regions of interest: 3800–3500 nm (b), 3600–3500 nm (c), 
1850–1500nm (d), 1300–1050 nm (e); corresponding pristine halloysite mass loss at applied temperature (f). 

 
determine the content of water in its structure. Thermal stability of pristine halloysite sample 
was studied by nanoparticles exposure to the thermal treatment (90–450 ℃ temperature 
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range) with subsequent monitoring of sample mass loss. When reaching the relevant 
temperature value, the sample was parallelly analyzed by FTIR technique in order to identify 
decomposed nanoparticle compartments. Obtained spectra were superimposed in Figure 
II.1.12. a. It was revealed that heating of halloysite up to 270 ℃, gradually removed chemically 
bonded water present on the surface of pristine HNT, since the corresponding IR band located 
at 3548 nm progressively diminished, to finally completely disappear (Fig.II.1.12. c). The 
intensity of the diagnostic band present at 1651 nm was subsequently reduced while heating 
the sample from 90 ℃ to 450 ℃ (Fig.II.1.12. d). Therefore, it was concluded that the applied 
thermal treatment decreased the amount of intercalated water, present in between bilayers 
of halloysite as well, but without removing it completely. In addition, we have observed that 
the heating of pristine halloysite sample over 210 ℃ affected the nanoparticle aluminosilicate 
skeleton, since appearance of new band at 1736 nm and the broad band at 1261–1144 nm 
spectral range was detected (Fig.II.1.12. d and e). Mentioned IR bands correspond to formed 
γ-Al2O3 

[26]
 and signified degradation of HNTs aluminol groups. Inner hydroxyl groups diagnostic 

bands diminution at 3624 nm and 3621 nm over 270 ℃ (Fig.II.1.12. b), parallelly contributed to 
the statement that aluminosilicate skeleton of halloysite nanotube was unstable and 
decomposed at higher temperatures. 
 
The systematic TGA–FTIR coupled studies of commercial halloysite demonstrated that the 
nanoparticle under investigation naturally contains high amount of entrapped moisture in its 
structure that partially evaporated while implementing the thermal treatment. Conducted 
analysis also revealed that the complete removal of entrapped water from halloysite structure 
cannot be accomplished thermally without subsequent decomposition of the halloysite 
skeleton. In addition, we were able to quantify decomposition of halloysite compartments at 
gradual temperature increase. The overall HNT sample mass loss heated up to 450 ℃ was equal 
to 7.4 %wt (Fig.II.1.12. f) and corresponded to the joint amount of evaporated water and 
decomposed aluminol content. Finally, we could conclude that the HNT aluminosilicate 
skeleton is thermally stable up to 210 ℃.  
 
In the next part of the study we aimed to determine the stability of pristine halloysite at room 
temperature over time. To do this, we examined sample of halloysite freshly received from the 
Sigma Aldrich supplier and the same halloysite sample maintained at room temperature in a 
closed container, in the time frame of approximate 2 years. Figure II.1.13. demonstrates FTIR 
spectra superposition of commercial halloysite batch from 2017 and the same halloysite batch 
two years later. We could observe that the alumino-silicate skeleton of HNT was maintained 
over time. However, the HNT water content has changed within a long time period. It was 
noticed that the IR band at 3534 nm in the IR spectrum has significantly decreased in its 
intensity, while the forward band at 3441 nm completely disappeared. Also, the IR band at 1651 
nm slightly decreased in its intensity. Above mentioned diagnostic IR bands correspond to 
naturally present chemically bonded (i), physisorbed (ii) and intercalated within bilayers (iii) 
types of water in the pristine halloysite. Therefore, we could appreciate the maintenance of  
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Fig.II.1.13. FTIR spectra superposition of pristine halloysite as received (black) and the same halloysite sample 
maintained for 2 years at room temperature in a closed container (violet). 

 
 

Sample Mass loss in 40 – 810 ℃ (%wt) Mass loss (%wt) 
Commercial HNT_11/2017 18.1 NA 
 Commercial HNT_03/2019 15.9 2.2 

 
Fig.II.1.14. The thermogravimetric plots of commercial halloysite as received (black) and the same pristine 

halloysite batch maintained at room temperature in a closed container for two years (violet). (Spank seen at 246 
℃ as an artifact of the analysis). Table presenting quantification of the mass loss in-between 40–810 ℃, for two 

samples.  
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halloysite at room temperature over a long period of time, however we observed the complete 
removal of loosely bonded, physisorbed water and partial decrease of chemically bonded and 
intercalated types of water. In addition, it was noted that the water evaporation from halloysite 
nanotubes was accompanied by the IR intensity ratio differentiation between inner hydroxyl 
groups. The IR band at 3694 nm increased in its intensity as compared to the IR band positioned 
at 3621 nm. Mentioned band corresponds to the inner surface hydroxyls groups, which 
hypothetically became more exposed when layers of water evaporated from the surface of 
halloysite. The coupled TGA–FTIR analysis allowed the quantification of the amount of 
evaporated water after HNT 2 years storage at room temperature, that resulted to be 2.2 %wt 
(Fig.II.1.14.). 
 
The study demonstrated that the pristine HNT aluminosilicate skeleton is stable at room 
temperature over a long period of time. The comprehensive results obtained from TGA–FTIR 
studies pointed out that pristine halloysite contains molecules of water located at different 
sites of its structure: physisorbed and chemisorbed water, which are loosely bonded and 
prompted to be volatile and evaporate from the HNT outer surface over time, as well as 
intercalated type of water, placed in between bilayers of HNT that appeared to be stable at 
room temperature, but tended to partially evaporate at higher temperatures. 
 
II.1.11. Conclusions 
 
Physico-chemical characterization of pristine halloysite by means of microscopy, thermal and 
spectroscopic studies, nitrogen gas adsorption BET and water contact angle analysis as well as 
ζ–potential measurement have been already reported in scientific literature. However, for the 
importance of their deep investigation and understanding, we have repeated them and further 
used in rationalizing properties of formed halloysite-based nanoforms. The characterization of 
pristine halloysite was also supported with commonly known Kaiser test and TGA–FTIR analysis, 
but to the best of our knowledge, so far never applied in halloysite field. The Chapter stresses 
on the importance of nanomaterial characterization to fully understand properties of the 
halloysite nanomaterial. From the complete physico-chemical characterization of the HNTs by 
chosen set of methods, the nanoparticle distinctive properties have raised up, which 
consequently have been leading to its emerging advantages and limitations as well as related 
possibility of application in nanomedicine.  
 
Firstly, microscopy studies revealed the unique cylindrical shape and large hollow empty lumen 
of halloysite nanotube unit. Such evidenced NP structure offers potential opportunity for HNT 
to accommodate various guest molecules in its inner lumen such as therapeutic drugs and 
further development of halloysite-mediated drug nanoconstructs. More to the point, the 
nitrogen adsorption BET method showed respectively high content of pores in HNT, potentially 
possible to be filled with desired drug moieties. Such unusual, high amount of mesopores and 
a very high surface area of the halloysite nanoparticle could also promote the HNT recognition 
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as a suitable carrier for bigger in size therapeutic such as enzymes and/or genes. In this context, 
halloysite could be used as an inert nanostructured shell for storage, protection, delivery and 
consequent release of medicaments in the targeted place at intended site. What is more, 
microscopically proven the elongated and asymmetrical shape of halloysite nanoparticle will 
have a great impact on its biological performance, considering aspects like: its flow in a blood 
stream, margination, adhesive properties in blood vessels, cell’s penetration and HNT 
distribution inside solid tissues and tumors (Chapter I.). Among described characterization 
methods, FTIR spectrophotometry evidenced functional groups present in HNT that can be 
potentially used for nanoparticle modifications via covalent conjugation with targeting ligands/ 
drugs to be delivered. A specific note was given to the halloysite surface analysis. With the 
water contact angle and the ζ–potential analysis we concluded that the halloysite nanotube is 
hydrophilic and has a pH–tunable, negatively charged outer surface. Above revealed surface 
properties of HNT could be further used for optimization of halloysite efficient dispersion in 
accordance to the chosen solvent, for broadly considered applications, such as biological or 
industrial ones. Understanding the pH-tunable character of inner and outer layers of halloysite 
allows to modify site-specific charge of HNT, according to desired nanoconstruct formation for 
drug delivery. Specifically, by changing the pH of HNTs suspension, it is possible to neutralize 
or convert to negatively charged halloysite cavity, this way optimizes it for carrying positively 
charged (bio)molecules. Instead, decreasing pH of HNTs suspension could diminish negative 
charge of HNT external layer, therefore enhances its efficiency in adsorption of negatively 
charged therapeutics or polymers. Besides, characteristics of HNT surface will impact its 
complex biological performance as well. A number of studies have recognized negative surface 
charge of nanoparticles to worsen their cell’s membrane penetration capability, due to the 
repulsion interaction with negatively charged cell’s surface. [27] According to some literature 
examples, [28] at the same time negatively charged nanoparticles are less prompted to be 
covered by specific proteins, creating a protein corona (PC), therefore mitigating the immune 
response. However, the presence of hydroxyl groups on HNT outer surface could promisingly 
enable HNT interaction with biological components, therefore making the halloysite 
nanoparticle to stand out as a favorable component for bionanomaterials and 
bionanocomposite films. [29] The revealed negative charge of HNT outer surface could offer the 
opportunity for noncovalent incorporation of drugs via electrostatic attraction between the 
halloysite and positively charged therapeutics. Finally, systematic thermal stability study of 
halloysite, performed by TGA-FTIR coupled analysis has demonstrated that HNT nanoparticle 
as other clay minerals, exhibits extreme affinity to water and more specifically, has naturally 
bonded water at different sites of its structure.[30] 
 
On the contrary, the physicochemical characterization of HNT sample showed some limitations 
of the halloysite nanoparticle as well. Microscopy study revealed that halloysite nanotubes tend 
to intensively aggregate. The aggregation of the nanomaterial might be related to many factors, 
such as surface charge [31] as well as appearing artifacts (e.g. sedimentation while drying) during 
natural body formation. [32] Another important observation within the microscopy analysis 
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evidenced that provided HNT bulk sample consists of halloysite nanotubes that vary in length 
and thickness of their walls. Whereas, the XRD spectroscopy provided added information about 
the purity and homogeneity of HNT bulk sample. Specifically, the analysis of peaks intensity in 
XRD spectrum evidenced that the majority of the provided HNT bulk sample consists of 
halloysite nanotubes. However, since halloysite is a natural mineral and the constituent in 
kaolinitic clay mineral assemblages, it is more than expected that its pristine bulk sample is 
heterogeneous, as revealed by our XRD spectroscopy and microscopy studies as well. 
Depending on the genesis, geological origin and crystallization conditions while mine 
formation, the halloysite can be present with other types of associated minerals. [8] In addition, 
many mineralogical studies report coexistence of halloysite and kaolinite in a soil, [33] as also 
reported in our studies. The TGA and Kaiser test characterizations have documented that 
provided pristine halloysite sample is not contaminated with any organic, primary amine-rich 
residues. The uniformity of the HNT bulk sample strictly depends on the HNT deposit 
occurrence and is associated with the geological aspect. In the context of halloysite application 
in nanomedicine, the purity of its pristine batch is very significant, therefore support for its 
purification is of a high demand. The long term TGA–FTIR coupled analysis gave information 
about the stability of the nanomaterial over time and triggered the aspect of nanoparticle 
storage, which would preserve its pristine composition. The TGA–FTIR coupled analysis gains 
on importance since it reveals that the water content present in halloysite cannot be 
completely removed thermally from pristine HNT without alternation of its aluminosilicate 
skeleton. Hypothetically, because of the inherent presence of water in halloysite, 
functionalization of HNT with molecules sensitive to water will be at a high risk of failure. Other 
possible approaches of water content removal from pristine halloysite could be examined, 
however this objective of the study was not of our interest. Next chapters of this PhD thesis 
focus on undertaken trials of improving chosen characteristics of the halloysite nanotubes and 
further enhancement of the NPs distinctive physicochemical properties for efficient 
therapeutics complexation and nanodelivery.  
 
So far, the only commercially available halloysite in Europe is the one deposited in Utah County, 
USA and provided by Applied Minerals via Sigma Aldrich company. Therefore, the research 
done in this PhD thesis was performed using above mentioned halloysite batch, bearing in mind 
mentioned NPs limitations and possible bath to batch diversity.  
 

 
 
 
 
 



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

76 

II.1.12. References 
 

[1]  V. Weissig et al., "Nanopharmaceuticals (part 1): products on the market," Int. J. Nanomedicine, 
vol. 9, no. 1, pp. 4357-4373, 2014.  

[2]  P. Lin et al., "Techniques for physicochemical characterization of nanomaterials," Biotechnol Adv., 
vol. 32, no. 4, pp. 711-726, 2014.  

[3]  S. Decrée et al., "Iron mineralisation in Mio-Piocene sediments of the Tamra iron mine (Nefza 
mining district, Tunisia): Mixed influence of pedogenesis and hydrothermal alteration," Ore 
Geology Reviews, vol. 33, no. 3, pp. 397-410, 2008.  

[4]  P. Pasbakhsh et al., "Characterization of properties of various halloysites relevant to their use as 
nanotubes and microfibre fillers," Applied Clay Science, vol. 74, pp. 47-57, 2013.  

[5]  M. Oliveira et al., „Coexistance of halloysite and kaolinite- a study on the genesis of kaolin clays 
of Campo Alegre Basin, Santa Catarina State, Brazil,” Annals of the Brazilian Academy of Sciences, 
tom 79, pp. 665-681, 2007.  

[6]  [Online].Available:https://www.sigmaaldrich.com/catalog/product/aldrich/685445?lang=it&regi
on=IT&gclid=Cj0KCQjw_OzrBRDmARIsAAIdQ_JKDbU6FdeLlaebhKkN9C0AVZqzTiRXl5LEuWsrg-
xwg9wnMdWAXBsaAmoWEALw_wcB. 

[7]  P. Luo et al., „Study on the adsorption of neutral red from aqueous solution onto halloysite 
nanotubes.,” Water Res., pp. 1489-1497, 2010.  

[8]  P. Yuan et al., "Properties and applications of halloysite nanotubes: recent research advances and 
future prospects," Applied Clay Science, Vols. 112-113, pp. 75-93, 2015.  

[9]  T. Gaaz et al., "The Impact of Halloysite on the Thermo-Mechanical Properties of Polymer 
Composites," Molecules, vol. 22, no. 5, pp. 1-20, 2017.  

[10]  H. Lun et al., "Natural halloysite nanotubes modified as an aspirin carrier," RSC Adv, vol. 4, no. 83, 
pp. 44197-44202, 2014.  

[11]  K. Szpilska et al., „Halloysite nanotubes as polyolefin fillers,” POLIMERY, tom 60, nr 6, pp. 360-
371, 2015.  

[12]  P. Yuan et al., "Funtionalization of Halloysite Clay Nanotubes by Grafting with 3-
Aminopropyltriethoxysilane," J. Phys. Chem. C, vol. 112, no. 40, pp. 15742-15751, 2008.  

[13]  P. Pasbakhsh et al., „EPDM/modified halloysite nanocomposites,” Applied Clay Science, tom 48, 
nr 3, pp. 405-413, 2010.  

[14]  P. Yuan et al., "Functionalization of Halloysite Clay Nanotubes by Grafting with 
Aminopropyltriethoxysilane," J. Phys. CHem., vol. 112, no. 40, pp. 15742-15751, 2008.  

[15]  J. Falcòn et al., „Dodecylamine-Loaded Halloysite Nanocontainers for Active Anticorrosion 
Coatings,” Frontiers in Materials, tom 2, pp. 1-13, 2015.  

[16]  S. Al-Jawad et al., "Characterization of Laser-Ablated Nanostructured Al2O3/p-Solar Cells," Iraqi 
Journal of Applied Physics, vol. 11, no. 1, pp. 29-32, 2015.  

[17]  G. Cappelletti et al., "Wettability of bare and fluorinated silanes: A combined approach based on 
surface free energy evaluations and dipole moment calculations", J of Colloid Science, vol. 389, 
284-291, 2013. 



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

77 

[18]  E. Abdullayev et al., "Halloysite Tubes as Nanocontainers for Anticorrosion Coating with 
Benzotriazole," Applied Materials & Interfaces, vol. 1, no. 7, pp. 1437-1443, 2009.  

[19]  J. Berg et al., "The relationship between pH and zeta potential of ~30nm metal oxide nanoparticle 
suspension relevant to in vitro toxicological evaluations," Nanotoxicology, vol. 3, no. 4, pp. 276-
283, 2009.  

[20]  V. Vergaro et al., „Cytocompatibility and Uptake of Halloysite Clay Nanotubes,” 
Biomacromolecules, vol. 11, pp. 820-826, 2010.  

[21]  C. Bretti et al., „Thermodynamics of Proton Binding of Halloysite Nanotubes,” The Journal of 
Physical Chemistry C, tom 120, nr 14, pp. 7849-7859, 2016.  

[22]  V. Sarin et al., "Quantitative Monitoring of Solid-Phase Peptide Synthesis by the Ninhydrin 
Reaction," Analytical Biochemistry, vol. 117, no. 1, pp. 147-157, 1981.  

[23]  F. d'Orlye et al., "Charge-based character of nanometric cationic bifunctional maghemite/silica 
core/shell particles by capillary zone electrophoresis," Electrophoresis, vol. 30, no. 14, pp. 2572-
2582, 2009.  

[24]  F. Sotomayor et al., "Characterization of Micro/Mesoporous Materials by Physisorption: Concepts 
and Case Studies," Acc. Mater. Surf. Res., vol. 22, no. 2, pp. 34-50, 2018.  

[25]  V. Chaudhary et al., „An overview of ordered mesoporous material SBA-15: synthesis, 
functionalization and application in oxidation reactions,” J Porous Mater, tom 24, nr 3, pp. 741-
749, 2017.  

[26]  S. Hosseini et al., "Production of gamma-Al2O3 from Kaolin," Open Journal of Physical Chemistry, 
vol. 1, no. 2, pp. 23-27, 2011.  

[27]  M. Setyawati et al., "Understanding and exploiting nanoparticles' intimacy with the blood vessel 
and blood," Chem. Soc. Rev., vol. 44, no. 22, pp. 8174-8199, 2015.  

[28]  Y. Lee et al., "Effect of the protein corona on nanoparticles for modulating cytotoxicity and 
immunotoxicity," Int. J. Nanomedicine, vol. 10, no. 1, pp. 97-113, 2015.  

[29]  D. Rawyani et al., "Multifarious applications of Halloysite nanotubes," Rev.Adv.Mater.Sci., vol. 30, 
no. 3, pp. 282-295, 2012.  

[30]  N. Ural et al., "The importance of Clay in Geotechnical Engineering," in Current Topics in the 
Utilization of Clay in Industrial and Medical Applications , Bilecik, IntechOpen, 2018, pp. 83-102. 

[31]  H. Yang et al., "Physicochemical properties of halloysite," in Developments in Clay Science, Japan 
, Elsevier, 2016, pp. 67-91. 

[32]  B. Lazaro et al., "Halloysite and Kaolinite: two clay minerals with geological and technological 
importance," Rev. Real Academia de Ciencias, vol. 70, pp. 7-38, 2015.  

[33]  S.R. Levis et al., "Characterization of halloysite for use as a mictrotubular drug delivery system," 
International Journal of Pharmaceutics, vol. 243, no. 1-2, pp. 125-134, 2002.  

 
 



Katarzyna FIDECKA_PhD thesis 2016 - 2019   78 

II.2. Innovative characterization techniques for halloysite studies  
 
Deep investigation of halloysite nanoparticles properties lies at the bottom of discovery of its 
novel and promising capabilities. Taking that into consideration, we performed the first 
characterization of HNT by multiphoton microscopy (MPM) via second harmonic generation 
(SHG) analysis. Using high intensity femtosecond pulsed laser, incident light showed to interact 
with halloysite, giving rise to second harmonic at twice the frequency of incident radiation (and 
therefore half of the wavelength). The SHG detection from the HNT alumino-silicate skeleton, 
disclosed also characteristic structure properties of the nanoparticle that is the lack of the 
center of symmetry and the high crystalline structure organization. This chapter focuses on the 
first HNT imaging via SHG signal, towards the understanding of an origin of the signal from the 
nanomaterial. The disclosed halloysite property sheds a new light on the nanoparticle 
exploration in various domains, such as alternative label-free bioimaging, bio-sensing and 
optical processing.  
 

II.2.1. Multiphoton microscopy via Second Harmonic Generation. 
Multiphoton visualization of halloysite 
 
This section presents the first characterization of pristine HNT via its endogenously generated 
SHG signal, using a multiphoton microscope. Figure II.2.1. a and b present the signal recorded 
in reflected (R) 406/15 and transmitted (T) 406/15 detectors when exciting the sample of 
pristine halloysite with 810 nm of an incident light with a fixed 0 o polarisation angle. Halloysite 
sample remained stable under the beam over acquisition time. As seen, the signal detected at 
half of the excitation wavelength was propagated both in backward (B) (Fig.II.2.1. a) and 
forward (F) directions (Fig.II.2.1. b). Scanning the specimen through the focal plane along the 
vertical z axis, resulted in recording the series of such images and further three-dimensional 
(3D) image reconstruction convoluted by point spread function (PSF) (Fig.II.2.1. c). The 3D  
 

   
 

Fig.II.2.1. Emitted backward (a) and forward (b) SHG signal from pristine halloysite nanotube, collected by two 
NDD detectors: R406/15 and T406/15 respectively. 3D overlay reconstruction of B/F SHG signal emitted along 

HNT (c). Wavelength of excitation: 810 nm. Objective 40X used. 1 𝜇m scale bar.  

a) b) c) 
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image-stack identified rope-like Front to Back (F/B) SHG signal. The observed characteristic 
shape origins from the light diffraction by a microscope. [1] In principal, the HNT is a very small 
sub-micrometer point-like object, below the resolution limit of the microscope (16X objective: 
𝜔#$= 228.7, 𝜔%= 399.2; 40X objective: 𝜔#$= 152.4, 𝜔%= 349.0; where 𝜔#$ is a special radial 
resolution, 𝜔% is an axial resolution). However, the SHG signal of the nanoparticle is intense and 
easy to detect. The reconstructed 3D image of SHG signal from the HNT is larger than it actually 
is, and it is blurred out to a certain minimal size and shape, known as PSF. Since optical 
microscopes have a lower resolution in depth direction compared to the lateral one, the 
emitted 3D SHG signal is seen as an elliptical-shaped PSF. In order to verify, if the numerical 
aperture (NA) of an objective impacts the shape of PSF,[2] [3] the sample of HNT was studied 
with available 16X and 40X objectives. However, both of them gave a similar 3D elliptically-
shaped SHG signal. The observation of SHG emission was found in more concentrated region 
of halloysite nanotubes as well. Following Figure II.2.2. a and b present respectively F and B 
SHG signal generated from several HNTs and its aggregate located in the same focal plane. 
Again, Figure II.2.2. c shows its corresponding 3D signals overlay.   
 

   
 

Fig.II.2.2. Emitted backward (a) and forward (b) SHG signal from several halloysite nanotubes and its aggregate, 
collected by two NDD detectors: R406/15 and T406/15 respectively. 3D overlay reconstruction of B/F SHG signal 

emitted along HNTs (c). Wavelength of excitation: 810 nm. Objective 16X used. 1 𝜇m scale bar. 
 
In the next step, SHG signal intensity relation with the fundamental (excitation) light was 
investigated to further prove that detection of HNT SHG signal results from a second-order 
nonlinear optical process. Precisely, halloysite SHG (i) detection over a wavelength range, (ii) 
polarization properties and (iii) quadratic dependence on the intensity of the incident light were 
studied.  
 
HNT SHG signal intensity was first analysed over a broad window of excitation (i).  To do that, 
the halloysite sample was excited with the following specific wavelengths: 730 nm, 810 nm and 
920 nm, with constant power 5 % (of average power of 1.5 W at 800 nm) of the laser.  The 
generated signal was then collected in 2 sets of 4 non-de-scanned (NDD) detectors, having 
modality to detect two geometries: reflected (R) and transmitted (T) ones. Therefore, R 360/12, 
406/15, 460/60, 550/88 detectors and T 360/12, 406/15, 460/60, 550/88 detectors were used. 

a) b) c) 



Katarzyna FIDECKA_PhD thesis 2016 - 2019   80 

As depicted in the Figure II.2.3., the detected signal at R/T 360/12 (or 365 nm) represented 
prominent frequency-doubling when excited with 730 nm of the incident beam. Further HNT 
excitation with 810 nm and 920 nm also cascaded the generation of the signal at 405 nm and 
460 nm respectively. Thus, the signal was detected at half of the excitation wavelength, 
demonstrating the two absorption process. Interestingly, in all of the cases, the signal 
propagated from pristine halloysite nanotube (Sigma A.) presented a stronger backward 
propagation, compared to the forward direction. This observation is in contrast to the general 
trend of forward propagation as the most intense one. [4] However, we hypothesized that the 
stronger intensity of the reflected SHG signal from halloysite nanotube (Sigma A.) could 
happen, considering local intra organization, thus distribution and orientation of nonlinear 
dipoles.[4] Moreover, apart from the prominent signal identification at half of the excitation 
wavelength, no signal was detected in the rest of detectors, meaning that no defect-related 
photoluminescence emissions and two-photon excited fluorescence was observed. Therefore, 
the experiment revealed high crystalline structure of the halloysite nanoparticle. [5] 
 

 
 
Fig.II.2.3. The signal collected in each of the MPM detector when exciting the halloysite sample with 730 nm, 810 

nm and 920 nm. Objective 40X used. 1 𝜇m scale bar. 
 
The collected SHG signal 
propagated in forward direction 
was then further analysed with 
FIJI program[6] on its mean of 
intensity, when sample 
excitation with different 
wavelength: 730 nm, 810 nm and 
920 nm. Elaborated results are 
gathered in the Figure II.2.4. 
 

 
Fig.II.2.4. The mean of HNT T SHG intensity for different incident wavelengths. 
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We could appreciate the SHG detection when exciting with all selected wavelengths. However, 
the strongest occurred, when sample excitation at 810 nm. The observed outcome can be 
explained by the influence of various factors. First, the power of the laser at 810 nm is higher 
than the one at 730 nm or 920 nm. Moreover, since the analysis requires halloysite nanotubes 
dispersion in aqueous medium and it is known that there is significantly less of water absorption 
at 810 nm within the UV-vis region, thus the SHG emission at 406 nm is the highest. [7] [8] Finally, 
the detectors’ response has to be taken into consideration as well. Thanks to performed 
experiment it was concluded that the HNT generates second harmonic light over a broad 
wavelength range.  
 
Next, the halloysite SHG signal intensity dependence on the polarization angle (𝜑) of the 
incident beam (ii) was investigated. The mean intensity of propagated SHG signal in forward 
direction, was collected when seeding the angle of the incident beam polarization. Results 
shown in Fig.II.2.5. revealed that the halloysite T SHG intensity follows cos2(𝜑) shape. It could 
be appreciated that the SHG strongly depends on the incident light polarization direction and 
therefore can be enhanced when the light polarization is oriented along the short axis (e.g. y 
axis). [9] 
 
 

 
 
 

Fig.II.2.5. The mean of T SHG intensity from HNT as a function the polarization angle. 
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In order to complete characterization of the halloysite SHG signal, the analysis of its quadratic 
dependence on the intensity of the incident light (iii) was conducted. The measurement was 
performed by exciting the sample with the 810 nm wavelength of the incident beam, squaring 
the incident power in 3 steps, from 1.20 mW up to 4.29 mW. Fig.2.6. represents log-log plot, 
displaying nearly quadratic dependence of the mean T SHG peak intensity on the incident 
intensity, [10] confirming subsequently that SHG signal emitted from halloysite nanotubes has a 
the second-order nonlinear optical properties.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.II.2.6. The spectra of the HNT SHG signal showing square power dependence on the incident laser power.  

 
II.2.2. Theoretical explanation of SHG from HNTs 

The revealed endogenous SHG signal generated from the halloysite nanoparticles, 
hypothetically origins from orientation, polarization and local symmetry properties of 
sufficiently ordered nanomaterial structure (Scheme II.2.1.).  
 
Crystalline mismatch in HNT leads its bilayers to roll and consequently place positively charged 
aluminol groups within the HNT inner lumen, while positioning siloxane bridges on the external 
surface of the nanotube.[11] In between halloysite bilayers, where the inversion symmetry is 
broken, strong dipoles interaction occurs. Organization of dipole moments in the thin interlayer 
(interfacial and polar) space, results in dipole moments variation (𝜒) from zero to different than 
zero value. [12] Direction of the laser beam with a frequency ω on the halloysite unit, induces 
an electronic polarizability P at frequency 2ω and thus giving rise to second harmonic 
generation. Unlike halloysite, centrosymmetric materials have a vanishing SHG susceptibility 
(𝜒= 0).  
 
The equation of the SHG process, representing the HNT nanomaterial response can be written  
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as (Eq.II.2.1.) [13]: 
 

Pi(2ω) = ε0χijk(2ω)Ej(ω)Ek(ω)      (Eq.II.2.1.) 
 
where P(2ω) is the induced nonlinear optical polarization, E(ω) is the local (complex) electric  
field of the incident wave in the interface, 𝜒 is the tensor of SHG susceptibility.  
 

 
Scheme II.2.1. Illustration of HNT crystallographic structure (left) and different arrangement of dipolar moments 

between layers of halloysite (right) that lie at the bottom of SHG emission. 

 

II.2.3. Conclusions 

In this chapter we presented the first investigation of halloysite nanotubes as an efficient 
second harmonic generator. By the sequence of experiments such as the observation of SHG 
signal emission over a broad wavelength range, emitted signal polarization dependence and its 
quadratic dependence on the intensity of the incident light, we demonstrated that halloysite 
nanotube when excited with the high intensity pulse laser, is able to convert the incident light 
into its second harmonic. The study highlights the essential HNT structure properties, such as 
crystalline structure lacking a centre of symmetry, orientation and polarization that cause SHG 
signal generation from the nanoparticle. Our study additionally contributes to the statement 
that multiphoton microscopy as a high-resolution imaging technique, emerges as a non-
invasive and label-free research platform for characterization of non-fluorescent and non-
centrosymmetric probes. The ability to visualize HNT via its endogenous properties, opens up 
the possibility to design smart multi-modal halloysite nanoarchitectures, where the 
nanoparticle acts as a smart imaging agent with additional drug carrying capabilities. 
Furthermore, since multiphoton microscope is able to detect simultaneously second harmonic 
generation and two photon excitation fluorescence, it could become a valuable technique for 
halloysite-based nanoconstructs imaging. Such multiple record of SHG and Two Photon 
Excitation Fluorescence (TPEF) signals potentially could have a great impact in many domains, 
like pharmaceutical nanomaterials, where following uptake, distribution of the nanovector 
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within the cell and, at the same time, kinetics of drug release is crucial. The discovery that 
halloysite nanotube is a SHG probe may open its new applications in bioimaging, biosensing 
and optical processing. Based on revealed characteristics of halloysite, we put forward a 
possible HNT superior and label-free visualization in biological systems using multiphoton 
imaging. In this regard, the following studies will be presented in the next chapters of this PhD 
thesis.  
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II.3. Biological characterization of halloysite 
 
Up to date many researches provided strong evidences that HNT is a non-toxic and 
biocompatible candidate. [1] [2] However, it is undoubtedly crucial to better understand 
biological responses to the investigated clay mineral, to further manage risks of its application, 
to understand its impact on human health and at last, to provide a correct guidance of its usage. 
In this Chapter of the PhD thesis, we aimed to expand the scope of pristine halloysite 
nanoparticle examination on its biocompatibility and related cytotoxicity, performing set of 
MTT cell viability assays on two different model cell lines: 5637 and RT4 urinary bladder cancer 
cells. Further cellular trafficking and biodistribution analyses were performed using novel 
characterization techniques in the halloysite field, namely SEM and MPM. On the basis of 
obtained results, we estimated key advantages and limitations of HNT in relation to its 
biological application.  
 

II.3.1. In vitro studies 
II.3.1.1. Toxicity assessment via MTT cell viability assay  
 
Cytocompatibility and related cytotoxicity of pristine halloysite were evaluated by performing 
a metabolic activity assay based on the methyl tetrazolium salt (MTT). The analysis was carried 
out on human 5637 and RT4 representative urinary bladder cancer cell lines. Obtained results 
present the % of cell viability as a function of halloysite concentration. 5637 cancer cells were 
incubated for 72 h with the dispersion of commercially available halloysite. Within NPs 
concentration range from 0.06 to 6.6 µg/mL, maintained biocompatibility of the nanomaterial 
was detected, since the cell viability did not decrease below 100 % (Fig.II.3.1. a). When 
increasing HNT concentration tenfold up to the studied 66.6 µg/mL, the cell viability was 
reduced to the value of 82.6 %. The analysis indicated that pristine halloysite started to become 
cytotoxic at high concentrations. The MTT assay carried out on human bladder cancer cell 
model, namely RT4 showed minor cells mortality (Fig.II.3.1. b). Preserved cell survival (~100.1–
87.0 %) upon incubation with the pristine HNT in its broad concentration range (0.1 µg/mL to 
100 µg/mL) was indicated. The concentration of HNTs, which exhibited 50 % cell viability (IC50) 
was not reached. We assumed that the 5637 urinary bladder cancer cell line was more sensitive 
to the halloysite nanomaterial than RT4 one. Thus, the cytotoxic response to halloysite 
nanotubes might vary to some extent, depending on the type of cancer cells. Nevertheless, 
both examples demonstrated that at the estimated safe concentration, pristine halloysite is a 
non-toxic nanoparticle. Similar outcome of HNT biocompatibility examination was evidenced 
elsewhere, using other human cell models: breast cancer cell line (MCF-7) and cervical cancer 
cell (HeLa). [3] 
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Fig.II.3.1. MTT assay of 5637 (a) and RT4 (b) cancer cells after incubation for 72 h with different concentrations of 
commercial halloysite. 
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II.3.1.2. Surface internalization studies via SEM 
 

The investigation on the cellular uptake of halloysite nanotubes was performed by designing a 
set of time-dependent experiments on the third-applied cancer cell line, namely Glioma C6 
cancer cells. The chosen model of cancer cells was incubated with commercial halloysite at 
different time intervals (10, 15, 20, 30 and 60 minutes). The kinetics of uptake and changes of 
cell surface morphology were under investigation (Fig.II.3.2.). The analysis was performed using 
Scanning Electron Microscopy. Fig.II.3.2. a and b represent controls: single Glioma C6 cell and 
magnification of its membrane. The results show that commercial halloysite reaches the cell 
surface in a form of big aggregates (Fig.II.3.2. c) that within forward 10–60 minutes 
disaggregate on the surface of cells (Fig.3.2. d-i). However, no response or remodelling of the  
 

 
 
 

Fig.II.3.2. SEM micrographs of commercial halloysite surface internalization by Glioma C6 cancer cell line in time; a) 
control_single Glioma C6 cell (20 µm scale bar), b) control_surface of Glioma C6 cell (1 µm scale bar),  c) 10 min (1 µm 

scale bar), d) 15 min ( 500 nm scale bar), e) 15 min (3 µm scale bar), f) 20 min (1 µm scale bar), g) 30 min (500 nm 
scale bar), h) 60 min (500 nm scale bar), i) 60 min (2 µm scale bar).  

 

a)        b)            c) 
 
 
 
 
 
 
 
 
 
 
 

d)        e)            f) 
 
 
 
 
 
 
 
 
 
 
 

g)        h)            i) 
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cell outer membrane was observed, therefore signifying that no cellular uptake of pristine 
halloysite occurred in between 60 minutes of incubation (Scheme II.3.1.). 
 

 
Scheme II.3.1. Illustration of pristine halloysite nanotube unfavored cellular uptake in time.  

 
II.3.1.3. Uptake and co-localization studies under MPM 

 
Further studies focused on uptake and co-localization analysis of pristine halloysite 
nanoparticles for the prolonged time of observation: 24 h and 72 h. After incubation of Glioma 
C6 cells with commercial HNTs for two selected periods of time (24 h and 72 h), cells were 
extensively washed with the culture media in order to remove not internalized nanoparticles. 
To demonstrate the objective of the study, Multiphoton microscopy analysis was applied and 
Glioma C6 cancer cell line was used. In order to visualize 2PEF signal from cancer cells surface 
and intracellular membranes, Glioma C6 cells were stained with fluorescent lipophilic 
carbocyanine dye, named DiO (λEx/λEm 484/501 nm). [4] Two Photon Excitation of biological 
samples was performed at 920 nm of the incident light. Instead, pristine halloysite 
nanoparticles were visualized by label-free detection of their endogenously generated SHG 
signal (Chapter II.2.). The multiphoton imaging was possible due to application of non-de-
scanned detectors with modality to detect two geometries: reflected and transmitted ones. 
The visualization method allowed to selectively collect 2PEF signal of DiO dye in R/T 550/88 
detectors (or 594 nm) and SHG signal of pristine HNTs in R/T 460/60 detectors (or 490 nm). 
Multiphoton images in Fig.II.3.3. clearly showed very few SHG signal of halloysite nanoparticles. 
This observation means that in majority, pristine halloysite nanotubes were not internalized 
within Glioma C6 cells and washed out after incubation time. Most probably, very few of left 
commercial HNTs were sticking on the cells surfaces. However, no pristine nanotubes were 
localized inside cells in the nuclear vicinity after 24 h and 72 h periods of incubation. Therefore, 
the result obtained from the Multiphoton microscopy analysis supported the outcome of above 
presented HNT surface internalization via SEM. Also performing MPM study, it was evidenced 
that commercially available halloysite was not cell uptaken and therefore pristine halloysite 
clay is not suitable as a nanovector for efficient intracellular drug delivery. Hypothetically, 
exceeded length of pristine particles and their tendency to aggregate, were the alleged limiting 
factors for pristine halloysite internalization by Glioma C6 cancer cells.  

1 - 60 min

= surface of Glioma C6 cell = commercial HNT



Katarzyna FIDECKA_PhD thesis 2016 - 2019   90 

 
 

Fig.II.3.3. 2D Multiphoton micrographs taken after 24 h and 72 h of incubation with the halloysite particles, 
showing the localization of the commercial HNTs in Glioma C6 cells. In columns presented bright field image and 
signals detected in R/T 460/60 and R/T 550/88 detectors and overlay of signals. Image a-d) control_ Glioma C6 
cells stained with DiO. Image e-h) Glioma C6 cells stained with DiO dye and incubated for 24 h with commercial 
HNTs. Image i-l) Glioma C6 cells stained with DiO dye and incubated for 72 h with commercial HNTs. Red color: 
cells’ surfaces and intracellular membranes. White color: halloysite nanotubes. Arrows indicating localization of 

HNTs. Wavelength of excitation: 920 nm. 10 µm scale bar. 

 
Studies on HNT length size reduction and dispersion improvements will be described in the 
following chapter of this PhD thesis.  
 
At present, non-fluorescent nanoparticles including halloysite nanotubes, are mostly visualized 
using confocal microscopy, preceded by nanoparticle staining with a dye, e.g. fluorescein 
isothiocyanate (FITC). [1] However, such approach might be associated with structure alteration 
of the nanoparticle itself, affecting its physicochemical and biological properties, including size, 
surface chemistry and therefore affect drastically their cellular uptake. [5] The possible 
photobleaching and photodamage of the labelling molecule has to be taken into consideration 
as well. [6] Furthermore, the long-term stability of a dye incorporation with the halloysite 
nanoparticle is unknown, which is why novel in vitro visualization methods of halloysite 
nanotubes are highly needed. Interestingly, in the presented Multiphoton study we have 

R/T 460/60 R/T 550/88 MergedBright field

a)                b)                  c)       d)           
       
 
 
 
 
 
 
 
 
 
 
 

e)                f)                  g)       h)           
       
 
 
 
 
 
 
 
 
 
 
 

i)                j)                  k)       l)           
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demonstrated the possibility to perform alternative label-free in vitro bioimaging of halloysite. 
Selective collection of signals in 2 sets of NDD detectors allowed to differentiate SHG of HNTs 
from 2PEF emission of stained cells surfaces and intracellular membranes (Scheme II.3.2.). 
Further application of this novel imaging technique will be employed in presented PhD studies.  
 

 
Scheme II.3.2.  Schematic illustration of label-free imaging of halloysite using MPM. Halloysite nanotubes 

concentrating on the surface of cancer cells, not being internalized within the cells. The TPEF arrow: Two Photon 
Excitation Fluorescence from stained cells surface and intracellular membranes, SHG arrow: Second Harmonic 

endogenously generated from halloysite nanotubes.  

 
II.3.2. In vivo studies 
II.3.2.1 Prior labelling of halloysite with a dye   
 
Prior to in vivo studies, commercially available halloysite had to be labelled with a fluorescent 
dye. For this purpose, we have chosen the fluorescein isocyanate dye (FITC) and followed the 
already established experimental procedures. [1] The attachment of FITC via covalent bond was 
performed in a two-step reaction: First, pristine halloysite was functionalized with (3-
aminopropyl)triethoxysilane (APTES) (I). Detailed explanation of this reaction step is reported 
in Chapter II.5.1. of this PhD thesis. In the second step, such prepared amino-functionalized 
HNT (HNT-APTES) was let to react with the FITC dye, in order to create a covalent thiourea bond 
between primary amino groups of APTES immobilized on the surface of HNT and the reactive 
thiocyanate group of FITC (II). Formation of HNT-APTES-FITC resulted in color change of the 
halloysite powder from white to the characteristic orange color (Fig.II.3.4.).  
 
 
 
 
 

 
Fig.II.3.4. Photograph of pristine white halloysite powder, white APTES modified halloysite and orange 

HNT-APTES-FITC. 

= stained Glioma C6 cell = nuclear
vicinity

= intracellular compartments= commercial HNT

24h                     72h

TPEF SHG

Commercial HNT HNT-APTES HNT-APTES-FITC
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Successful labeling of the nanomaterial was characterized qualitatively using different 
techniques at each step of its formation by FTIR technique. While thermogravimetric method 
was applied for quantification of the attached APTES and following FITC.  
 

The superimposed IR spectra of pristine HNT, FITC, APTES-functionalized HNT and HNT-APTES-
FITC are presented in Fig.II.3.5. Detailed description of pristine HNT and HNT-APTES IR spectra 
are presented in Chapter II.1.3. and II.5.1. Importantly, formed HNT-APTES-FITC nanoconstruct 
showed characteristic peaks of HNT, APTES and FITC reactants. The intensity of attached APTES 
and FITC moieties peaks was weak, since adequate to their bonding efficiency. Specifically, in 
the formed HNT-APTES-FITC characteristic NH2 and N=C=S broad absorption bands of FITC at 
respectively 3400–2250 nm and 2025–2280 nm were not detected, demonstrating the 
formation of the thiourea moiety. [7] The very weak in intensity band located at 1408 nm could 
possibly be attributed to the appeared N-C-N stretching vibration. [8] The appearance of 
diagnostic bands in halloysite spectral window (1560–1190 nm) was observed after attachment 
of the FITC dye as well. Specifically, peaks positioned at 1575 nm, 1463 nm, 1392 nm and 1210 
nm were detected. The bands correspond to the FITC benzene ring C=C stretching vibration 
and O-H bend vibration. [9] [10] 
 

 
 

Fig.II.3.5. FTIR spectra superposition of commercially available halloysite (black), FITC (orange) and forward 
halloysite functionalized with APTES (red) and HNT-APTES with attached FITC (green). Inset showing the zoom on 

HNT spectral window, where diagnostic bands of FITC are recognized.  
 

Fig.II.3.7. presents TGA plots superposition of pristine halloysite and further surface-modified 
HNT, namely HNT-APTES and HNT-APTES-FITC. The subsequent greater mass loss was observed 
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when APTES ligand and FITC dye were attached to the nanoparticle. Efficiency of APTES grafting 
was quantified to be 0.6 %wt. The following attachment of FITC was performed with 3.2 %wt 
efficiency. 
 

 
 

Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
Commercial HNT 15.4 NA 

HNT-APTES 16.1 0.6 
HNT-APTES-FITC 19.3 3.2 

 
Fig.II.3.7. TGA plots superposition of commercially available halloysite (black) and forward halloysite 

functionalized with APTES (red) and attached FITC (green). Table presenting the quantification of 
functionalizations’ efficiency. 

 
II.3.2.2. Accumulation studies 
 
The results were kindly provided by Prof. Sonja Visentin within collaboration with the University 
of Turin, Italy and remain their confidential property. Accumulation of labelled pristine HNT in 
mice organs of interest was studied as a function of injected HNT-APTES-FITC mass (Fig.II.3.8.). 
Six weeks old NMRI nude female mice were used for the experimentation. 90 mice were then 
randomly allocated to the experimental groups and treated by intravenous injection with 
vehicle labelled pristine HNT and daily over 10 days. Injected mice were subdivided into groups 
corresponding to injections of 4, 8 and 10 mg/kg. At day 14 the mice were sacrificed. The 
spleens, livers, kidneys and lungs were extracted and stored at -80 ℃ in isopentane/nitrogen. 
To then be homogenate and analyzed on the fluorescence intensity with a microplate reader. 
Results of in vivo experiment revealed significant halloysite accumulation in lungs, enhanced 
with the concentration of injected doses. 
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Fig.II.3.8. Schematic illustration of a protocol for labelled HNTs in vivo accumulation studies. Results of HNT-FITC 
accumulation in mices’ organs, such as kidney, liver, spleen, lung in variation of injected labelled nanoparticle 

concentration. Author: Prof. Sonja Visentin (Unito).  

 

II.3.3. Conclusions 
 
Within presented research we intended to examine biological aspect of pristine halloysite 
nanoparticle, including its biocompatibility, cellular uptake, biodistribution and accumulation. 
We have estimated the safe concentration of pristine halloysite nanoparticle using MTT 
metabolic activity assay, applying two selected bladder cancer cell lines: 5637 and RT4. The 
SEM and MPM in vitro studies on Glioma C6 model cell line showed that pristine halloysite 
particles do not pass the cellular surface and do not reach nuclear vicinity. Inability of 
commercially available halloysite nanotubes to pass cellular membrane could potentially result 
from exceeding length of HNT unit and strong aggregation tendency of halloysite tubules. 
Pointed out nanoparticle limitation and its hypothesized origin will be under investigation in 
Chapter II.4. of this PhD thesis. It can be concluded that HNT is a relatively biocompatible 
nanomaterial, however noteworthy is the fact that the inability of commercial HNT to enter 
cells, most probably impacts the material toxicity. It is expected that not internalized 
commercial halloysite nanotubes do not induce significant toxicity when compared to the 
nanoparticle uptaken by cells. Preliminary in vivo studies show pristine halloysite tendency to 
accumulate in lungs. The study points out that it is crucial to establish safe concentration range 
of halloysite nanoparticles, which will not induce side effects outweighing its benefits, for its 
development in broadly considered biological therapy. 
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II.4. Structure modifications of halloysite 
 
Halloysite is a naturally existing clay mineral generated 70 million years ago [1] and therefore its 
physico-chemical properties could not be controlled while its formation. However, it is possible 
to tune this promising nanomaterial to some extent through post-modifications, such as the 
variation of their length, inner lumen diameter, porosity, etc. Despite the nature and many 
essential advantages of halloysite nanoparticle from the perspective of its application in 
therapeutics nanodelivery, we reported that commercially available halloysite itself does not 
pass across the cell membrane, therefore demonstrating its limitations as a carrier for efficient 
intracellular drug delivery (Chapter II.3.1.). Bearing in mind crucial key characteristics of a 
nanoparticle that influence its effectiveness as a nanovector, in the case study we have 
considered exceeding HNT length as an alleged limiting factor. [2] Therefore, the feasibility of a 
facile method to reduce nanotubes length was investigated. Moreover, the possibility that 
halloysite cell internalization is affected by the above-mentioned critical size parameter was 
examined in vitro. Apart from HNT length modification, another aspect raised in this PhD 
chapter is the modification of pristine halloysite inner lumen. Since the average HNT loading 
capacity within its inner lumen is estimated to be in a range of 15–20 %wt, [3] efforts on the 
increase of nanocylinder inner diameter were made and this will improve the efficiency of drug 
loading. 

 
Scheme II.4.1. Illustration of pristine HNT unit exposure to structure modifications, namely tube shortening and 

tube inner lumen diameter increase. Size of HNT unit exported from [4]. 
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Overall, by manipulating the halloysite structure (Scheme II.4.1.), we meant to overcome its 
limiting factors and create a highly competitive halloysite nanoparticle applicable in 
nanomedicine. 
 

II.4.1. Halloysite length modification  
II.4.1.1. Preparation and physico-chemical characterization of 
shortened halloysite nanotubes 
 
For the purpose of HNTs length reduction, pristine halloysite nanotubes were dispersed in an 
aqueous medium and treated with the externally applied force via ultrasonication method. 
Prior to biological studies, physico-chemical properties of the sonicated nanomaterial were 
evaluated with respect to commercially available halloysite. To do that, various characterization 
techniques were employed, such as microscopy, XRD spectrometry, thermogravimetric 
analysis, nitrogen adsorption BET method and FTIR spectrophotometry.  
 
It was observed that the applied ultrasonication method changed the white color of pristine 
halloysite nanoparticles into the greyish one (Photograph II.4.1.). 
 
 
 
 

 
 
 
 
 

 
Photograph II.4.1. Pristine halloysite powder characterized with the white color (left) and ultrasonicated 

halloysite having particular greyish color (right). 

 
The morphology, size and shape of the tubes before and after sonication treatment were 
examined using Scanning Electron Microscopy. In Fig.II.4.1. a, it can be seen that commercially 
available batch of halloysite is heterogeneous, consisting of strongly aggregated tubular 
particles, having various lengths. On the contrary, sonication process resulted in significant 
shortening of the halloysite cylinders (Fig.II.4.1. b). In both cases halloysite tubes tended to 
strongly aggregate and stick together, nonetheless the nanoparticles aggregation was visibly 
reduced due to the sonication process (Fig.II.4.1. c and d). Based on SEM images and FIJI 
program, the length size distribution of representative halloysite tubes was determined before 
and after applied ultrasonication procedure. It was revealed that 39.1 % of analyzed, 
commercially available halloysite consists of tubes below 300 nm in length, while over 60.9 % 
of the batch is composed of cylinders above 300 nm in length (Fig.II.4.2. a). The sonication 

Commercial HNT Shortened HNT
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process resulted in the longest tubes breaking and favoured obtaining short ones with the 
length below 300 nm (72.6 % of the batch) (Fig.II.4.2. b). 
 

  
 

Fig.II.4.1. SEM images showing commercially available halloysite with 500 nm scale bar (a) and 1 𝜇m scale bar (c) 
as well as halloysite after sonication procedure with 500 nm scale bar (b) and 1 𝜇m scale bar (d). 

 

 
 

Fig.II.4.2. Length range distribution of commercially available halloysite (a) and halloysite after the sonication 
procedure (b). 
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XRD characterization showed characteristic pattern for both commercial halloysite bulk sample 
and the ultrasonicated one (Fig.II.4.3.). In the context of experiment aimed at halloysite tubes 
shortening, worth noticing is the fact that the sonicated batch of nanoparticles evidenced 
dissolution of quartz and aluminium sulfate, since the intensity of (001), (11-2) and (101), (113) 
XRD peaks decreased. [5] Moreover, it was observed that the ultrasonicated batch did not 
contain hydrated halloysite (10 Å), recognized by its characteristic peak disappearance at 10.9 
° in 2θ region. [6] In addition, we could state that the crystalline structure of the nanoparticle 
was not perturbated by the applied treatment, since diagnostic XRD peaks of halloysite were 
maintained.  

 
Fig.II.4.3. XRD spectra superposition of commercial HNT (black) and shortened HNT via sonication method (blue). 

 

The thermogravimetric analysis performed on commercially available and sonicated halloysite 
presented distinctive degradation band at approximately 400 ℃ (Fig.II.4.4.). The value of 
thermal decomposition of the analyzed samples was calculated to be respectively 12.5 %wt 
and 12.3 %wt, for pristine and sonicated clay. Slight smaller mass loss in the total weight of 
shortened particles demonstrated minimally higher thermal resistance of shortened halloysite 
or simply was a minor analysis error. Essentially, TGA analysis indicated that the sonication 
process did not alter the chemical composition of halloysite.  
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Sample Mass loss in 250–750 °C (%wt) 
Commercial HNT 12.5 
 Shortened HNT 12.3 

 
Fig.II.4.4. TGA plots superposition of commercial HNT (black) and shortened HNT (blue). Table presenting 

quantification of the mass loss in between 250–750 °C for the two samples. 

 
Porosity studies were done using nitrogen adsorption BET method. The isotherm plots of 
commercial and sonicated materials are presented in the Fig.II.4.5. a. Comparing to the result 
of pristine HNT, the sonicated batch did not alter the characteristic shape of BET isotherm. The 
adsorbed gas volume decreased at lower pressure (P/Po <0.95), while at higher pressure (P/Po 
>0.95) the adsorbed gas volume increased. Fig.II.4.5. b presents pore size distribution of 
pristine and sonicated halloysite. As a consequence of sonication process, the number of the 
voids formed among the tubes when packing together (123–43 nm) greatly increased, while 
pores having <10 nm up to 43 nm size slightly decreased. Systematically, in the sonicated batch 
the total pore volume increased, while the Langmuir and BET surface area decreased (Fig.II.4.5. 
c). These results evidenced opening of inter-pores of halloysite and a reduction of particles 
aggregation, therefore an improvement of their dispersion. 
 
In order to complete the characterization of ultrasonicated HNT, FTIR analysis was conducted. 
The IR spectra superposition of pristine nanomaterial and the sonicated one are reported in 
Fig.II.4.6. Interestingly, the analysis indicated a decrease in intensity of the band positioned at 
3534 nm and the complete disappearance of the band at 3441 nm. 
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Fig.II.4.5. The analysis of HNT adsorption/desorption linear isotherm (a), pore size distribution (b) as well as 
values of total pore volume, Langmuir and BET surface areas (c) of two samples under examination, namely 

commercial HNT (black) and shortened HNT (blue).  

 
Fig.II.4.6. The FTIR spectra superposition of commercial HNT (black) and sonicated HNT (blue). Two insets 

magnifying the bands at 4000–3200 nm wavelength range. 
 

Sample Total pore volume 
(cm3/g)

Langmuir surface area 
(m2/g) 

BET surface area
(m2/g)

Commercial Halloysite 0.23 50.01 33.39

Shortened Halloysite 0.30 42.81 27.14
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Therefore, the reduction of surface bonded water on halloysite nanoparticle was evidenced. 
Subsequently, water evaporation leaded to inner surface hydroxyl groups exposure, since its 
diagnostic IR band at 3693 nm increased in intensity. Overall, the remaining diagnostic IR peaks 
of halloysite nanomaterial were maintained.  
 
Presented physico-chemical characterization of the sonicated batch of halloysite revealed that 
applied ultrasonication method is efficient in fractionation of the longest tubes into the smaller 
units. Apart, the sonication process greatly contributed to the nanomaterial disaggregation as 
well. At the same time, the proposed technique did not alter crystallographic as well as 
chemical composition of HNT and preserved its tubular structure.  
 

II.4.1.2. Biological evaluation of shortened halloysite 

Surface internalization studies via SEM  
 

Moving forward, we intended to explore if the nanoparticle length and aggregation influence 
the internalization of NPs. Moreover, we were interested in investigating the type of HNTs 
cellular uptake, and if short halloysite could reach different cell compartments. For this 
purpose, set of systematic microscopic experiments was performed, incubating short HNTs 
with a model cancer cell line, named Glioma C6. Final results were compared with the ones of 
commercially available halloysite batch.  
 
We applied the same protocol used in the case of commercial halloysite for surface 
internalization studies via SEM (Chapter II.3.1.2.). In detail, we incubated the above-mentioned 
cell line with nanoparticles for 10, 15, 20, 30 and 60 minutes. The kinetics of cellular uptake 
and changes of cell membrane morphology were under examination. Figure II.4.7. a, b present 
control and the magnification of single Glioma C6 cell membrane. In the Fig.II.4.7. c it could be 
seen that Glioma C6 cancer cells internalized sonicated halloysite from the first minutes of 
observation. In time, the membrane started to remodel and form ruffles extensively all along 
the cell (Fig.II.4.7. d, e). Following 60 minutes of observation revealed falling sonicated 
halloysite inward the vesicles and dragging nanotubes inside the cell compartment (Fig.II.4.7. f 
- h).  Next, the cell membrane was pushed towards ruffles formation, to finally encapsulate 
sonicated halloysite and become back flat (Fig.II.4.7. i). These surface internalization studies 
revealed that sonicated short halloysite is internalized via macropinocytosis. Actin filament 
proliferation induced amendment of the membrane that in response reacted forming vehicles 
(macropinosomes) and structured membrane in a form of ruffles that gradually covered and 
dragged short halloysite nanotubes inside cells. 
 
By a comparison of the surface internalization studies of pristine halloysite (Fig.II.4.8. a) with a 
short one, we could appreciate that tubes length and aggregation play a key role in 
internalization by cancer cells. 
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Fig.II.4.7. The SEM micrographs of shortened halloysite surface internalization by Glioma C6 cancer cell line in time; a) 
control_ Glioma C6 cell (20 𝜇m scale bar), b) control_ Glioma C6 cell’s membrane (1 𝜇m scale bar), c) 10 min (400 nm 
scale bar), d) 15 min (1 𝜇m scale bar), e) 1 min (500 nm scale bar), f) 20 min (1 𝜇m scale bar), g) 30 min (500 nm scale 
bar), h) 60 min (1 𝜇m scale bar), i) 60 min (500 nm scale bar). Below the illustration of observed macropinocytosis of 

shortened halloysite over time from the perspective of the cell surface. 
 

 
Disaggregation and halloysite tubes length shortening in most below 300 nm, favoured 
nanoparticles cellular internalization (Fig.II.4.8. b). The kinetics of short halloysite nanotubes 
uptake appeared to be comparable to the similar aluminosilicate materials. [7] In conclusion, 
the use of short HNTs for intracellular drug delivery is in high demand and it will be applied in 
the following PhD studies.  
 
 

1 - 60 min

= shortened HNT = ruffles = macropinosomes

a)               b)             c)  
 
 
 
 
 
 
 
d)               e)                          f) 
 
 
 
 
 
 
 
g)               h)                          i) 
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Fig.II.4.8. The size-dependent preferential surface internalization of halloysite. The comparison of SEM micrographs of 

commercial halloysite (a) (2 𝜇m scale bar), and shortened halloysite (b) (500 nm scale bar), when incubated for 60 
minutes with Glioma C6 cancer cell line. Additional illustrations of size-dependent halloysite nanotubes endocytosis 

from the perspective of the cell surface. 
 

Uptake and co-localization studies under MPM 
 
Since SEM applied for biological studies allowed to investigate only the cell surface, further 
analysis was continued using MPM in order to analyze the cell uptake of short halloysite into 
Glioma C6 cells and nanoparticles in vitro colocalization. The same experimental protocol used 
in the case of pristine halloysite studies was applied (Chapter II.3.1.3.). The co-localization of 
short nanocylinders was carried out after their prolonged incubation for the following 24 h and 
72 h in the stained cancer cells. The samples were excited at 920 nm by Two Photon Excitation. 
Using Multiphoton microscope, it was possible to then simultaneously detect 2PEF of excited 
DiO dye, which labelled cell surfaces and intracellular membranes, as well as the endogenously 
generated SHG signal of shortened HNTs. The corresponding TPEF and SHG signals were 
detected in separate channels, R/T 550/88 (or 594 nm) and R/T 460/60 (or 490 nm) 
respectively. Importantly, the SHG signal was stable during the analysis. Figure II.4.9. presents 
2D MPM micrographs of obtained results. After 24 h, the SHG signal was seen inside selected 
cells, in not stained cellular compartments. This indicates that shortened halloysite nanotubes 
were inside cells, in the nuclear vicinity (Fig.II.4.9. e – h, Fig.II.4.10. a - c). Interestingly, the 
continuation of shortened nanoparticles incubation for 72 h with stained Glioma C6 cells, 
revealed SHG signal of shortened halloysite nanoparticles most probably on the cells’ surfaces, 
not anymore in the nuclear vicinity. The observation may suggest that the shortened halloysite 
nanocylinders already underwent exocytosis and were transported outside of the Glioma C6 
cells (Fig.II.4.9. i – l). This result follows other studies in the field that demonstrated that the 
cellular uptake of nanoparticles is time dependent. [8] In this experiment, simultaneous 
Multiphoton microscopic detection of emitted 2PEF and SHG signals was applied for nano-bio 
interactions investigation (Fig.II.4.10. d). Non-fluorescent shortened halloysite nanotubes were 

a)                            b)                          
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Fig.II.4.9. Multiphoton images of DiO-stained Glioma C6 cells, incubated for 24 h and 72 h with shortened 
halloysite nanotubes. Images a-d present the control_DiO-stained Glioma C6 cells. Images e-h present DiO-

stained Glioma C6 cells incubated for 24 h with shortened HNTs. Images i-l present DiO-stained Glioma C6 cells 
incubated for 72 h with shortened HNTs. Cell surface and intracellular membranes were stained with DiO dye 
(red), label-free detection of shortened HNTs was done by their endogenously generated SHG signal (cyan). All 
samples were excited with 2 Photon Excitation (2PE) at 920 nm. The signal was detected in R/T 460/60 and R/T 

550/88 detectors. Arrows indicating SHG signal from shortened halloysite nanotubes. Scale bar: 10 𝜇m. Objective 
40X. 

  
visualized by their induced SHG, emitted at half of the excitation wavelength (460 nm), when 
exciting the sample with two photons at 920 nm. Instead, stained membranes of cellular 
structures emitted fluorescent signal, separately detected in R/T 550/88 detectors when 2PE 
at 920 nm. Thanks to signal dependency on the excitation and emission wavelengths, we could 
visualize Glioma C6 cells and localize shortened halloysite nanoparticles. With the aim of 
onward performance of in vitro 3D Multiphoton halloysite imaging, it is advantageous to use 
the objective of shorter working distance that would overcome PSF deformation of halloysite 
SHG signal.  
 
Alike SEM surface internalization studies, MPM results confirmed preferential size-dependent 
cellular uptake of halloysite as well (Fig.II.4.11.). Contrary to commercially available long and  

R/T 460/60 R/T 550/88 MergedBright field
a)                 b)       c)         d) 
 
 
 
 
 
 
 
e)     f)                   g)         h) 
 
 
 
 
 
 
 
i)     j)                   k)         l) 



Katarzyna Fidecka_PhD thesis 2016 - 2019 
 

106 

 

  
 

Fig.II.4.10. a – c Three other examples of the merged images of DiO-stained Glioma C6 cells, incubated for 24 h 
with shortened halloysite nanotubes and detected with Multiphoton microscopy.  Cell surface and intracellular 

membranes were stained with DiO dye (red), label-free detection of shortened HNTs was done by their 
endogenously generated SHG signal (cyan). All samples were excited with 2 Photon Excitation (2PE) at 920 nm. 

Arrows indicating SHG signal from shortened halloysite nanotubes. Scale bar: 10 𝜇m. Inset d illustrates scheme of 
single DiO-stained Glioma C6 cell with internalized shortened halloysite nanotubes, after 24 h of incubation. Scale 

bar: 10 𝜇m. Objective 40X. 
 

aggregated halloysite cylinders, the modified nanoparticles showed relatively fast 
internalization via macropinocytosis and ability to reach nuclear vicinity of Glioma C6 cells 
within 24 h. It was observed that the cellular interactions of shortened nanoparticles depended 
on the time of incubation, since extended interaction up to 72 h showed that such NPs did not 
accumulate inside cells and possibly underwent exocytosis. We assume though that behavior 

= stained Glioma C6 cell

= nuclear
vicinity

= intracellular compartments

SHG

= shortened HNT= stained Glioma C6 cell

= nucleus = intracellular compartments

TPEF SHG

= short HNT

a)                                              b)        
 
 
 
 
 
 
 
 
 
 
 
 
 
      
 
c)                              d) 
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and kinetics of uptake might vary depending on the type of cancer cells, therefore analyzing 
other cell lines might be beneficial. 

 
 

Fig.II.4.11. The size-dependent preferential cellular uptake of halloysite nanotubes. MPM micrographs of commercial 
halloysite (a) and shortened halloysite (b) when incubated for 24 h with Glioma C6 cancer cell line. Arrows indicating 

SHG signal from shortened halloysite nanotubes. Scale bar: 10	𝜇m. 
 

II.4.2. Halloysite inner lumen diameter modification 

II.4.2.1. Preparation and physico-chemical characterization of 
halloysite nanotubes with increased inner lumen 
 
The nanoparticle design, through improvement of its drug complexation efficiency, plays a key 
role in formation of a highly competitive nanoparticle applied for encapsulation of chemically 
and biologically active agents such as medicines, pharmaceuticals, antiseptics. [9] Halloysite 
nanotubes possess cylindrical shape with a hollow and positively charged lumen at most 
(Chapter II.1.7.). [10] The NPs inner cavity has an average inner diameter of 10–30 nm [4] and 15–

20 %wt of a loading capacity. [3] In the natural formation of halloysite, its aluminosilicate 
multilayer sheet rolled up in the HNT hollow lumen, creating 10-15 bilayers walled tubules. [11] 
The particular morphology of HNT has stimulated researchers to explore it as an inert 
nanocontainer for drug delivery and release at the target site. [12] So far, improvement of drug 
loading efficiency of pristine halloysite nanotubes has been tried only by the positive charge 
enhancement in the nanotube cavity, through its covalent functionalization with amino-rich 
organosilanes. [13] [14] To the best of our knowledge, little is known about the increase of NPs 
lumen volume for enhancement of drug loading capacity. By enlarging the inner pore volume, 
a better loading capacity within the nanocylinder can be expected. The experimental work done 
consisted of the halloysite inner lumen modification and subsequent loading tests with a model 
drug. In this chapter, the preparation and complete physico-chemical characterization of 
halloysite with increased internal lumen is described. Following drug loading test are presented 
in the Chapter II.7.1.5. To increase the HNT cavity, the pristine batch of halloysite was treated 

a)                                 b)        
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with NaOH (0.1M) for a long period of time (72 days) at room temperature, following already 
reported procedure elsewhere. [15] In order to check induced changes in HNT structure by the 
base treatment, obtained sample was characterized by various complementary techniques, 
such as microscopy, XRD spectroscopy, thermogravimetric analysis, nitrogen adsorption BET 
method, FTIR spectrophotometry and ζ–potential analysis. Obtained results were compared 
with the pristine halloysite ones.  
 
In order to prove successful HNT inner lumen increase, the modified nanomaterial (HNT-NaOH) 
was characterized by microscopy studies. The tubular structures and inner lumens of pristine 
and base-treated halloysite nanotubes were imaged using TEM (Fig.II.4.12. a and b). Here, in 
comparison to the pristine halloysite, we could appreciate that the applied treatment visibly 
modified inner cavities of the nanoparticle. It was revealed that internal bilayers were 
exfoliated from external walls. The phenomenon occurred homogenously along inner cavities 
of HNTs. The peeled material gathered in the form of spherical aggregates outside and inside 
the tubes at most. The analysis continued by representative entities selection from two 
batches: pristine HNT and base-treated HNT for their forward analysis on inner lumen diameter 
size using FIJI program. The data elaboration revealed that commercially available halloysite 
consists of tubules having heterogenous size of inner lumen diameter, with majority of 10–49 
nm (Fig.II.4.12. c). Analysis of nanoparticles treated with the base detected decrease of HNTs 
with the <10–19 nm inner lumen diameter, while increase % counts of halloysite units with 19–

>50 nm diameter cavity (Fig.II.4.12. d).   
 

 
Fig.II.4.12. TEM images showing commercially available halloysite (a) and base-treated halloysite (b). Scale bar: 
100 nm. Green arrows point out peeled material in the HNTs inner lumens. Solid green lines point out diameters 

of selected HNT entities. 
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To analyze crystallographic structure of HNT treated with the base, X-ray Powder Diffraction 
analysis was performed. Fig.II.4.13. presents XRD spectra of modified HNT, superimposed with 
commercially available batch of halloysite, used as a control. The analysis identified the same 
HNT crystalline phases in both samples, therefore highlighting that the HNT treatment with the 
weak base did not perturbate crystalline structure of the nanoparticle. In addition, it has been 
observed that the base treated batch did not contain hydrated halloysite (10 Å), recognized by 
the characteristic peak at 10.9 ° in 2θ region. [6] Moreover, observed intensity decrease of (001) 
and (11-2) peaks, referred to the dissolution of originally present quartz in the HNT bulk sample. 
Herein, reported variation indicated that the applied base treatment governed partial 
dissolution of above-mentioned coexisting mineral. [5]  

 
Fig.II.4.13. XRD spectra superposition of commercial HNT (black) and HNT with increased inner lumen (green).  

 

Performed nitrogen adsorption BET method evidenced higher gas adsorption, below 44 cm3/g-
STP at lower pressure (P/Po <0.85) for the sample of HNT treated with the base with respect to 
pristine NPs (Fig.II.4.14. a). Slightly higher gas adsorption was also observed for above-
mentioned sample at the highest pressure (P/Po >0.85), up to ~156 cm3/g-STP. Consequent 
pore size distribution analysis (Fig.II.4.14. b) detected increase of voids (123–43 nm) volume, 
while slight decrease in 43–10 nm pore size range. Interestingly, appearance of the smallest 
pores within 6–3 nm was detected as well. Thus, increase in the volume of the biggest slits 
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referred to the spatial separation of single HNT units, unambiguous with the dispersion 
improvement of pristine halloysite aggregates. As a consequence of disaggregation, the pore 
volume in 43–10 nm size range decreased, since HNTs that blocked mentioned size pores of 
the other HNTs disappeared. Finally, the analysis evidenced that the base treated halloysite 
contained also pores in the size range of 6–3 nm (0.008 cm3/g), which were not present in the 
pristine sample. Fig.II.4.14. c indicates that the base treated halloysite was characterized by 
increased overall pore volume (0.24 cm3/g), Langmuir (66.80 m2/g) and BET (44.91 m2/g) 
surface area, herein contributing to the statement that the above-applied treatment increased 
active pore size as well as pore volume for N2 adsorption and desorption.  

 
 

 
 

Fig.II.4.14. The analysis of HNT adsorption/desorption linear isotherm (a), pore size distribution (b) as well as 
values of total pore volume, Langmuir and BET surface areas (c) of two samples under examination, namely 

commercial HNT (black) and HNT with increased inner lumen (green).  
 

TGA spectra superposition of pristine and base treated halloysite indicated minor differences 
(Fig.II.4.15.). With respect to commercially available nanoparticles, HNTs treated with the base 
were characterized by a shift of the decomposition to slightly higher temperatures and finally 
a bit bigger mass loss, reaching 13.5 %wt. This result could be understood if considering that 
the base treatment contributes to the HNT surface perturbation and consequently thermal 
resistance. 
 
Fig.II.4.16. presents FTIR spectra superposition of a control, pristine HNT and a sample treated 
with NaOH (HNT-NaOH). The decrease in intensity of a band positioned at 3534 nm and 
complete 3441 nm band disappearance were observed, which correspond to evaporation of 

Sample Total pore volume 
(cm3/g)

Langmuir surface area 
(m2/g) 

BET surface area
(m2/g)

Commercial halloysite 0.23 50.01 33.39

Halloysite with increased inner lumen 0.24 66.80 44.91
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Sample Mass loss in 250–750 °C (%wt) 
Commercial HNT 12.5 

 HNT with increased inner lumen 13.5 
 

Fig.II.4.15. TGA spectra superposition of commercial HNT (black) and HNT with increased inner lumen (green). 
Table presenting quantification of the mass loss in between 250–750 ℃ for the two samples. 

 
water from the surface of HNTs, typically happening during halloysite manipulation. The 
intensity ratio between two peaks, positioned at 3693 nm and 3621 nm has changed as well. 
Initially less intense IR peak located at 3693 nm increased in intensity. Enhanced stretching 
vibration of the corresponding HNT inner surface hydroxyl groups were observed, indicating a 
higher exposure of these functional groups after water evaporation from the NPs. The FTIR 
spectrum of HNT treated with the base showed also a slight intensity decrease of the peak 
positioned at 1634 nm, therefore minor perturbation of the corresponding interlayer H2O 
bending vibration.  
 
Determination of the HNT-NaOH charge was performed by the pH-dependent zeta potential 
analysis (Fig.II.4.17.). For that purpose, HNT-NaOH suspension was titrated while measuring the 
ζ–potential. Obtained curve showed almost the same trend of ζ–potential curve as the one of 
pristine nanoparticle. The base treated nanoparticle showed low ζ–potential magnitude at 6.4–
11 pH range (-31.7 mV on average). Below pH 7, the value of ζ–potential was gradually 
increasing, reaching -14.3 mV at pH 2.6. Thus, the charge of the halloysite surface has not 
changed upon the treatment. 
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Fig.II.4.16. FTIR spectra superposition of commercial HNT (black) and HNT with increased inner lumen (green). 
Two insets magnifying the bands at 4000–3000 nm wavelength range. 

 
 
 

 

 
 

Fig.II.4.17. Superposition of ζ–potential curves of commercial HNT (black) and HNT with increased inner lumen 
(green). 
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II.4.2.2. Biological evaluation of halloysite with increased inner lumen 

Toxicity assessment via MTT cell viability assay  
 
Moving forward, we intended to analyze if above-described modification of HNT influenced the 
biocompatibility of the nanoparticle (Fig.II.4.18.). For this purpose, the metabolic activity assay 
based on the methyl tetrazolium salt (MTT) was performed. Model 5637 bladder cancer cell 
line was incubated with suspension of HNT-NaOH varying in its concentration. As in the case of 
pristine halloysite, we reported that HNT-NaOH is not cytotoxic within applied low amounts. 
While increasing its concentration above 1 µg/mL, slightly higher cytotoxicity of HNT-NaOH 
than the pristine one was observed, eventually reaching 66.5 % at 100 µg/mL of applied 
concentration.  
 

 
 

Fig.II.4.18. MTT assay of commercial halloysite (black) and HNT treated with the base (green) on 5637 cancer cell 
line. 

 

Prolonged halloysite nanotubes treatment with the base resulted in alkalis attack on HNT inner 
lumen, seen as exfoliation of bilayers located in it. Although it cannot be excluded that the 
method could alter to some extent the outer walls of halloysite as well, we have reported that 
the outer walls of the halloysite tubules were preserved. As a consequence of the base 
treatment, halloysite cylinders gained more volume in the inner cavity. Since dissolved bilayers 
in the probable form of alumina nanosheets and aqueous SiO3

2- were gathered inside and 
outside of halloysite nanotubes, beneficial becomes extensive washing of the nanomaterial 
with weak acids (e.g. HCl, H3PO4), [16] followed by vacuum pump procedure for tubules clearing. 
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Another detected result of the base treatment was the increase in NP porosity. However, it is 
worth of note that, despite above described changes in HNT structure, the treatment did not 
perturb the elongated shape of the nanoparticle and its biocompatibility at safe concentration 
(Scheme II.4.2.). [15] 
 

 
Scheme II.4.2. Illustration of base treatment consequences on the structure properties of halloysite in comparison 

to the pristine nanoparticle. 
 

II.4.3. Conclusions 
 
This chapter presented successful manipulation of halloysite nanotube structure, taking into 
consideration the length size and the inner lumen diameter modifications for the purpose of 
nanoparticle performance improvement. The physico-chemical characterization of modified 
nanoparticles was supported by the forward biological studies, using model cell lines, such as 
Glioma C6 cancer cells and 5637 bladder cancer cells. Along with the standard characterization 
techniques, we applied a novel label-free visualization of pristine and modified halloysite 
nanoparticles by Multiphoton microscopy. The obtained results suggest mandatory length 
reduction of halloysite tubules for its successful internalization by cancer cells and promising 
application as nanovectors for intracellular drug delivery. Simple and economic ultrasonication 
process appeared to be efficient enough to disaggregate pristine halloysite and to fractionate 
the longest tubes, forming shorter ones with the average unit length below 300 nm. Such 
prepared shortened halloysite nanotubes will be used along this PhD study. The reported 
halloysite treatment with the weak base increased its inner lumen diameter and volume of 
active pores, nonetheless maintained tubular and hollow structure of halloysite nanocylinders. 
The above described HNT sample was proven to be applicable in biological studies within its 
safe concentrations as well. Forward examination of halloysite with increased inner lumen on 
its loading capacity will be described in Chapter II.7.1.5.  
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II.5. Halloysite functionalization with silane linkers via covalent bond 
 
Among available modifications of halloysite surface, the silanization is recognized as one of the 
most efficient and widespread reaction while HNTs manipulation. Initiated in 2008 by Peng 
Yuan et al., [1] the efficient halloysite nanotubes functionalization with silanes via covalent bond 
has encouraged scientific community to explore the understanding behind such HNTs 
modification, its impact on pristine HNTs properties, to finally inspire its usage in the formation 
of advanced halloysite-based nanoconstructs. At present, halloysite nanoforms have been 
successfully functionalized with various derivatives of silanes, [2] such as (a) 3-
azidopropyltrimethoxysilane, [3] (b) 3-mercaptopropyltrimethoxysilane, [4] (c) 𝛾-
glycidoxypropyltrimethoxysilane, [5] (d) 3-chloropropyl-trimethoxysilane, [6] (e) 3-
aminomethyltrimethoxysilane [7] and (f) 3-aminopropyltriethoxysilane. [1] Up to date, the 
organosilane-modified halloysite nanocylinders have been used as a support for versatile 
applications in diverse scientific domains, such as for the adsorption of CO2 from the ambient 
atmosphere, [8] for the coating and high-performance tumor cell capture [9] or for enzymes 
immobilization and biosensing. [10] The halloysite silanization has been already broadly studied, 
however our intention was to apply and optimize silanization reactions in our laboratory, to 
further use such modified nanoparticles in formation of novel, complex nanoarchitectures.  For 
the purpose of these PhD studies, HNTs functionalized with silanes were used as precursors for 
various nanovectors preparation: implemented as therapeutic delivery nanosystems (a), per se 
for improving loading efficiency through enhancement of electrostatic forces between 
organosilane-modified HNT and loaded drug (b) and as linkers for immobilization of multi-
functional polymer shell on drug-loaded halloysite nanoparticles (c). For the purpose of our 
studies, three representative silanes carrying the same backbone but different terminal 
functional groups (Scheme II.5.1.) were used, namely: 
 

1. (3-aminopropyl)triethoxysilane (APTES) 
2. 3-(2-aminoethylamino)propyldimethoxymethylsilane (AEAPS) 
3. (3-mercaptopropyl)trimethoxysilane (MPS) 
 
 

         
     1. APTES                                 2. AEAPS    3. MPS                                             

 
Scheme II.5.1. Chemical structure of organosilanes: APTES, AEAPS and MPS.  

 
Among those, we have dedicated the biggest attention to the detailed analysis of HNT surface 
grafting with APTES, since it was the most often applied type of silane in the presented studies. 
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II.5.1. HNT functionalization with APTES 
Preparation and physico-chemical characterization of APTES-modified 
halloysite nanotubes  
 
Sample of halloysite nanotubes functionalized with APTES (HNT-APTES) was prepared by 
standard silanization reaction. [1] Briefly, the reaction was performed by stirring pristine 
nanoparticles with a solution of APTES in dry toluene, under reflux and under nitrogen 
atmosphere.  The reaction was carried out at this temperature for 8 h and then left at room 
temperature overnight. The reaction mixture was then centrifuged, and the final product was 
washed thoroughly with fresh portions of toluene in order to remove unbonded organosilane 
and finally dried at 110 ℃ under vacuum. The nanoconstruct was qualitatively characterized by 
means of FTIR spectrophotometry, Kaiser test, nitrogen adsorption BET method, XRD 
spectroscopy, ζ–potential analysis, water contact angle studies and UV-vis spectroscopy. 
Furthermore, quantification of grafted APTES on the HNT surface was performed by TGA 
analysis.  
 
Verification of NP functionalization with APTES was initiated by FTIR characterization. 
Superimposed IR spectra of pristine and APTES-grafted HNT are presented in Fig.II.5.1. As 
shown, diagnostic bands of HNT and APTES reactants were detected in the formed HNT-APTES 
nanoconstruct. Distinctive bands of APTES were located in the IR spectral windows of the 
nanoparticle. Specifically, distinguished bands at 2926 nm and 2853 nm in the IR spectra of 
HNT-APTES corresponded to the APTES asymmetric stretching vibration of -CH2 and symmetric 
vibration of -CH3 respectively. Moreover, the band at 1562 nm was assigned to deformation 
vibration of APTES -NH2 functional group. Bands at 1486 nm and 1387 nm corresponded to the 
deformation vibration of organosilane -CH2 group and finally 1324 nm was related to its 
scissoring Si-CH vibration. Similar observations were reported elsewhere. [11] Additionally, the 
decrease in IR bands intensity at 3624 nm and 3621 nm after APTES grafting was detected. 
These absorption bands correspond to the stretching vibration of HNT hydroxyl groups, present 
on the nanoparticle inner surface (Chapter II.1.3.). The observation might suggest that the 
functionalization with APTES took place also in the inner lumen of halloysite. Finally, the IR 
bands at 3534 nm and 3441 nm significantly decreased in intensity and disappeared totally 
after HNT surface functionalization. Mentioned above bands were attributed to the 
deformation vibration of chemically and physically bonded water on the nanoparticle surface 
(Chapter II.1.3.). This means that the functionalization of HNT with APTES partially expels 
loosely bonded water content from the nanomaterial. The intensity ratio between two peaks 
positioned at 3624 nm and 3621 nm has changed as well. Initially less intense IR peak located 
at 3624 nm increased in comparison to the one positioned at 3621 nm. Thus, corresponding 
enhancement in stretching vibration of the HNT inner surface hydroxyl groups was 
demonstrated. Such observation was reported whenever the above-mentioned functional 
group was exposed while water evaporation from the NPs.  
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Fig.II.5.1.  FTIR spectra superposition of commercial HNT (black) and HNT-APTES (red). Two insets magnifying the 

bands at 3200–2600 nm and 1800–1200 nm wavelength ranges. 
 

On the contrary to Kaiser test on the pristine HNT, the one conducted on the HNT-APTES 
powder showed a positive result (Photograph II.5.1.). Coloration of the Kaiser solution into dark 
blue color was caused by present primary amino groups of APTES in the formed HNT-APTES 
nanoconstruct. While reacting with one of the Kaiser solution components, namely the 
ninhydrin chromophore, a colored product was formed.  
 

 
 

Photograph II.5.1. Kaiser test solution (control) and following Kaiser tests of pristine HNT and HNT-APTES. 

 
The consequent variation in nitrogen adsorption after APTES grafting on the HNT surface was 

monitored via BET characterization technique (Fig.II.5.2.). The decrease in gas adsorption was 
noticed along all analyzed pressure range (P/Po 0-1) for HNT-APTES sample with respect to 
pristine HNT sample (Fig.II.5.2. a). Pore size distribution is presented in Fig.II.5.2. b. The 
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variation in pore volume of HNT-APTES was observed in two size ranges: 43–10 nm and <10 
nm. The corresponding pore volume decreased respectively from 0.13 cm3/g to 0.05 cm3/g and 
from 0.014 cm3/g to 0.06 cm3/g. Moreover, the total pore volume, Langmuir surface area and 
BET surface area of APTES-modified NPs consequently decreased as well (Fig.II.5.2. c). Above-
reported data suggests appreciable pristine HNTs pores filling with the silane. 
 

 
 
Fig.II.5.2. Analysis of adsorption/desorption isotherm (a), pore size distribution (b) as well as values of total pore 
volume, Langmuir and BET surface areas (c) of two samples under examination, namely commercial HNT (black) 

and HNT-APTES (red).  
 

Superimposed XRD plots of commercial HNT and HNT-APTES revealed presence of 
characteristic XRD peaks of the pristine nanoparticle after functionalization with APTES. 
Therefore, the surface modification maintained NP crystalline structure unchanged (Fig.II.5.3.). 
Partial dissolution of quartz mineral was observed as a decrease in intensity of its characteristic 
peaks (011) and (11-2). [12] In addition, the characteristic peak disappearance at 10.9 ° in 2θ 
region was detected. The analysis revealed that the HNT-APTES sample did not contain 
hydrated halloysite (10 Å), therefore indicating that the grafting of APTES on halloysite results 
in dehydration of nanotubes. [1] 
 
Figure II.5.4. shows ζ–potential plots of pristine halloysite and APTES-functionalized HNT. As a 
consequence of APTES grafting on the surface of nanoparticle, the overall charge of the 
nanomaterial changed and became positive. Such reduction of negative charge can be caused 
by various factors. Firstly, the functionalization induced the decrease of HNT hydroxyl groups, 
since they were used for immobilization of APTES moieties via covalent bond. Additionally, 
APTES grafting was associated with aliphatic chains and primary amine groups introduction to 
the nanosystem. All above reasons contributed to the change of pristine negative HNT  
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Fig.II.5.3. XRD spectra superposition of commercial HNT (black) and HNT-APTES (red). 

 

 
 

Fig.II.5.4. ζ–potential curves superposition of commercial HNT (black) and HNT-APTES (red). 

 
ζ–potential plot to the positive one. Constant positive ζ–potential values of protonated HNT-
APTES were maintained in acidic until neutral pH (~37 mV). Similar results were reported 
elsewhere. [13] At pH higher than 7.5, the value of ζ–potential gradually dropped, reaching 
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negative value of −26.4 mV at pH 11. The observed decrease in ζ–potential value at basic pH 
might be assigned to the dissociation of immobilized NH3

+ groups (pKa= 7.6), [14] and 
consequent decrease of the overall positive charge of the HNT-APTES. It could also refer to 
nanoconstruct instability at strong basic conditions. Isoelectric point of HNT-APTES was 
determined at pH ~9.8. 
 
The amendment in HNT surface wettability upon functionalization with APTES was evidenced 
by water contact angle analysis (Fig.II.5.5.). Initially wettable surface of pristine HNT, with 
characteristic 0 ° water contact angle, became less hydrophilic when APTES was immobilized 
on it. The value of water contact angle for HNT-APTES was equal to 19.8 ° ±7. The decrease in 
hydrophilicity of HNT could be due to reduction of its hydroxyl groups and introduction of silane 
aliphatic chains. [15] 

 
Fig.II.5.5. Water contact angle of pristine HNT (a) and HNT-APTES (b). 

 
The quantification of APTES grafted on the HNT surface was performed using 
thermogravimetric analysis. Fig.II.5.6. presents TGA spectra superposition of HNT 
functionalized with APTES with respect to the one of pristine nanoparticle. Heating in the 
temperature range of 40–810 °C, resulted in a greater mass loss at lower temperatures of HNT-
APTES, due to additional decomposition of organic moieties present in the APTES-modified 
nanoparticle. The analysis revealed complexation of 5.7 %wt of organosilane in the HNT-APTES 
nanoconstruct, which is in accordance to already reported values elsewhere. [12] It was noted 
though that the capacity of APTES immobilization on HNTs surface differed between carried 
experiments. This could be caused by many factors, including halloysite batch to batch 
variation.  
 
Interesting result was also obtained when characterizing pristine HNT and HNT-APTES with UV-
vis spectrophotometric technique recorded in reflectance mode. Fig II.5.7. presents 
superposition of results and evidences that the absorption at 257 nm significantly diminished.  
 

Θ/deg ~19.8o±7Θ/deg ~0a)                                        b) 
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Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
Commercial HNT 15.5 NA 

 HNT-APTES 21.2 5.7 
   

Fig.II.5.6. TGA plots superposition of commercial HNT (black) and HNT-APTES (red). Table presenting 
quantification of the mass loss in between 40–810 ℃ of the two samples. 

 

 
Fig.II.5.7. UV-vis spectra recorded in reflectance mode of commercially available HNT (black) and HNT-APTES 

(red). 
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Since the band corresponds to inter-band transitions of aluminum oxide (Chapter II.1.5.), it 
might suggest that organosilane grafting could take place in the inner lumen of HNTs. 
 

Biological evaluation of APTES-modified halloysite nanotubes. 
Toxicity assessment via MTT cell viability assay  
 
Since we aimed to use APTES-modified halloysite for the formation of complex 
nanoarchitectures applicable in nanomedicine, it was also intended to assess the safe 
concentration of HNT-APTES via metabolic activity assay based on the methyl tetrazolium salt 

(MTT). Sample under examination was incubated at its different concentrations (0.01– 100 
µg/mL) for 72 h with the exemplary 5637 human cancer cell line (Fig.II.5.8.). Results of 
conducted MTT assay are presented in comparison to the one of pristine nanoparticle. As seen, 
HNT-APTES sample remains biocompatible within its 0.01–1 µg/mL concentration range. 
Additionally, it was observed that the grafted silane induced nanoparticle cytotoxicity when 
higher than 1 µg/mL concentrations of the powder were applied. At the highest concentration 
analyzed (100 µg/mL), the investigated sample becomes cytotoxic to 5637 cancer cells, since 
the cell viability reached the value of 47.2 %. 
 
 

 
 
 

Fig.II.5.8. MTT assay of commercial halloysite (black) and HNT-APTES sample (red) incubated with 5637 cancer 
cell line for 72 h.  
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Conclusions  
 
The immobilization of APTES on the surface of halloysite is a complex matter influenced by 
various factors. Generally, the halloysite surface silanization with APTES takes place gradually. 
Referring to Yuan et al., [1] organosilane moieties initially undergo hydrolysis in a solution and 
to some extent already on the surface of the nanoparticle as well. Consequently, such formed 
hydrolyzed silanes condense with the HNT surface hydroxyl groups and bond to other APTES 
moieties placed nearby via hydrogen bonds. [16] Higher temperature induces further 
condensation of silanes through formation of cross-links. The efficiency of halloysite silanization 
reaction, assembly of grafted organosilane to mono- or multi-layers, order and conformation 
of deposited APTES layers strongly depend on the nature of the functional moiety itself, but 
also on various reaction conditions. Specifically, the APTES molecule is hygroscopic, since it 
contains primary amine and therefore tends to adsorb even traces of water. The type of solvent 
is known to affect the loading and conformation of APTES on the surface of halloysite as well. 
Use of an aqueous solvent induces formation of APTES internal zwitterion, thus random bilayers 
formation. Instead, in anhydrous solvent, more uniform and organized monolayer of attached 
APTES is formed with directed terminal groups off the halloysite surface. Important to note is 
the fact that the pristine halloysite nanoparticle, as a naturally formed mineral, contains 
significant amount of water in its structure (Chapter II.1.10.). Therefore, the complete 
anhydrous conditions of HNT silanization reaction seems to be difficult to achieve. Thus, rather 
than a monolayer of APTES, multilayers of silane are possibly formed on the surface of the 
nanoparticle (Scheme II.5.2. left). In the presence of water, ethoxy groups are hydrolyzed, 
leading to horizontal polymerization of deposited APTES moieties cross-linked with each other 
via siloxane bonds. The vertical polymerization occurs when next layers of APTES physisorb on 
the already organosilane-coated halloysite surface. The most probable direct grafting of APTES 
on the halloysite surface would be of one (a), two (b) or three (c) ethoxy group/s of organosilane 
molecule or attachment of the NH2 group on the halloysite surface (d). Cross-linking of directly 
grafted APTES molecules on the solid surface is possible as well (e) (Scheme II.5.2. right). [18] 

Considering complex structure of halloysite tubule, an interesting aspect of the nanoparticle 
functionalization with APTES, is its preferential occurrence within the nanocylinder. Above 
investigated grafting could potentially take place on two active surfaces, inner alumina and 
outer silica surfaces (Scheme II.5.3.).  In fact, as described by Yuan et al.,[1] grafting of APTES 
might occur at a greater extent in HNT inner lumen. The scientific literature reports that due to 
the low density of hydroxyl groups, direct grafting of organosilane on the NP outer surface is 
impeded. On the contrary, hydroxyl-rich inner lumen of the nanocylinder is more reactive and 
prompted to silanization reaction, despite the hollow tubule steric hindrance. Moreover, the 
reaction time and concentration of APTES play a key role as well. Hours lasting reactions and 
high concentration of APTES tend to induce formation of organosilane multilayer.  
 
With all presented characterization techniques, successful APTES incorporation on halloysite 
surface was unilaterally evidenced. We have detected diagnostic changes in nanoparticle  
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Scheme II.5.2. Possible multilayer condensation of APTES moieties on the outer surface of halloysite (left). 
Inspired by [1]. Various direct APTES grafting on the outer surface of halloysite (right). Inspired by [17].  

 
 
 

 
Scheme II.5.3. Cross-section of HNT at pH 6. Illustration of preferential APTES grafting on HNT active surfaces. 

 

physico-chemical properties, which indicated the presence of APTES in the formed 
nanoconstruct. FTIR spectroscopy allowed to qualitatively detect diagnostic functional groups 
of organosilane in the APTES-modified nanoparticles. Kaiser test revealed that APTES-modified 
HNTs contain primary amino groups available for further attachment of linkers and complex 
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nanoarchitectures formation. With nitrogen adsorption BET method, ζ–potential and water 
contact angle analysis, we have determined nanoparticle pore filling, surface charge and 
wettability variation upon silanization. The HNT crystalline structure preservation after APTES 
grafting was confirmed by XRD analysis. Moreover, the APTES bonding was quantified by TGA 
method (5.7 %wt). Herein, the deposition of APTES molecules on HNT surface was defined. 
More to the point, the safe concentration at which HNT-APTES is biocompatible was estimated. 
By literature studies we have enlarged our knowledge about preferential location of the 
silanization reaction within the halloysite nanotube, assembly of grafted organosilane to mono- 
or multi-layers, order and conformation of deposited APTES layers immobilized on HNTs. 
Investigated HNT-APTES will be broadly used as a fundamental modified nanoparticle for 
further advanced nanocontruct formation along this PhD study. 
 

II.5.2. HNT functionalization with AEAPS 
Preparation and physico-chemical characterization of AEAPS-modified 
halloysite nanotubes  
 
Aimed to expand the scope in silanization of halloysite nanotubes, we took under examination 
nanoparticle surface grafting with the other organosilane, namely AEAPS. With respect to the 
above described APTES, AEAPS has a longer chain, which contains additional secondary amino 
group in its backbone as well as methoxy groups instead of ethoxy ones. Herein, it was expected 
that such structure variations might influence the silanization reaction and forward properties 
of modified HNT, taking into consideration NP surface charge and efficiency in its outer surface 
functionalization. [19] Hypothetically, the presence of additional amine in the organosilane chain 
should give raise to the positive charge of the AEAPS-modified halloysite and thus to the 
isoelectric point of the nanoparticle. [20] Moreover, due to the presence of shorter alkoxy group, 
AEAPS should exhibit greater reactivity, thus faster hydrolysis and immobilization on the HNT 
surface. [20] Also for the purpose of AEAPS grafting on the halloysite surface, the optimized 
silanization protocol was followed. [1] [7] Briefly, commercially available halloysite was let to 
react with AEAPS in dry toluene solution while stirring, under reflux in nitrogen atmosphere for 
8 h and then at room temperature overnight. The excess of unreacted AEAPS was removed by 
numerous washings of the powder with fresh portions of methanol. Formed HNT-AEAPS 
nanoconstruct was then dried at 50 ℃ under vacuum. The efficiency of AEAPS complexation 
within halloysite was determined with the established set of characterization methods, 
following physico-chemical alterations with respect to the pristine nanomaterial. The 
qualitative characterization was performed by employment of FTIR spectrophotometry, 
colorful Kaiser test, nitrogen adsorption BET method, XRD spectroscopy, ζ–potential and water 
contact angle analyses. The quantification of attached AEAPS was done using TGA method.  
 
Firstly, carried out FTIR analysis detected characteristic bands of organosilane in the formed 
HNT-AEAPS nanoconstruct (Fig.II.5.9.). Superimposing IR spectra of pristine HNT and HNT- 
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AEAPS, the appearance of the AEAPS diagnostic bands was appreciated in the nanoparticle 
spectral window. Specifically, the AEAPS aliphatic secondary amine NH stretching was slightly 
seen as a broad band positioned in the 3360–3310 nm spectral range. [22] Showed up peak at 
3940 nm evidenced AEAPS C–H stretching vibrations of methyl and methylene groups. [7] Bands 
positioned at 2880 nm and 2831 nm referred respectively to the organosilane asymmetric 
stretching vibration of CH2 and the symmetric vibration of CH3. Following AEAPS deformation 
 

 
 

Fig.II.5.9. FTIR spectra superposition of commercial HNT (black) and HNT-AEAPS (yellow). Two insets magnifying 
the bands at 3200–2600 nm and 1800–1200 nm wavelength ranges. 

 

vibration of NH2, CH2 as well as scissoring vibration of Si-CH were diagnosed at corresponding 
1584 nm, 1491 nm and 1424 nm as well as 1331 nm.  [12]  As in the case of APTES immobilization, 
the procedure aimed at AEAPS grafting on HNT surface significantly decreased the content of 
chemisorbed water and removed physisorbed water from the surface of the nanoparticle, 
detected respectively by 3547 nm band diminution and 3443 nm band disappearance. On the 
contrary to the functionalization with APTES, AEAPS grafting did not significantly vary the 
intensity of the bands positioned at 3693 nm and 3621 nm. Mentioned bands corresponded to 
the inner hydroxyl groups, therefore conveyed that the functionalization most probably did not 
predominated in the cavity of the nanoparticle. 
 
Initially applied colorful qualitative Kaiser test on pristine halloysite NPs gave the negative result 
(yellow color), (Photograph II.5.2.). The nanoparticle functionalized with AEAPS gave positive 
result of Kaiser test (blue color), due to the presence of reactive primary amine of AEAPS in the 
HNT-AEAPS nanoconstruct. 
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Photograph II.5.2. Kaiser test solution (control) and following Kaiser tests of commercial HNT and HNT-AEAPS. 

 
Fig.II.5.10. presents superimposed results of nitrogen adsorption BET analysis of pristine 
halloysite and HNT-AEAPS nanoconstruct. As seen, functionalization with AEAPS involved 
decrease of gas adsorption along analyzed pressure range (P/Po 0–1), (Fig.II.5.10. a). 
Consequent analysis of pore size distribution highlighted that HNT silanization with AEAPS 
maintained pore volume of HNT voids. Major reduction of the pore volume was noted in 43–
10 nm and <10 nm size ranges (Fig.II.5.10. b).  Moreover, the total pore volume was reduced 
to the value 0.13 cm3/g, as well as Langmuir and BET surface area to respectively 15.19 m2/g 
and 8.43 m2/g (Fig.II.5.10. c). Presented variations evidenced incorporation of AEAPS within 
HNT active pores.  
 
 
 

 
 

Fig.II.5.10.  The analysis of HNT adsorption/desorption linear isotherm (a), pore size distribution (b) as well as 
values of total pore volume, Langmuir and BET surface areas (c) of two samples under examination, namely 

commercial HNT (black) and HNT-AEAPS (yellow).  
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To examine if the functionalization reaction perturbated the crystalline structure of the 
nanoparticle, HNT-AEAPS nanoconstruct was analyzed by XRD analysis. Figure II.5.11.  presents 
obtained results. From the superimposed plots of pristine nanoparticle and AEAPS-modified 
HNT one can see that the peaks corresponding to the phases of halloysite were not alterated 
by the silanization reaction. As in the case of APTES grafting, the procedure of AEAPS 
immobilization on HNT surface dehydrated halloysite completely, since the characteristic peak 
of hydrated halloysite (10 Å) at 10.9 o in 2θ region disappeared. [1] Moreover, the applied 
protocol partially dissolved and washed out quartz co-mineral seen as a decrease in intensity 
of its characteristic peaks (011), (11-2).  [14] 
 

 
Fig.II.5.11.  XRD spectra superposition of commercial HNT (black) and HNT-AEAPS (yellow). 

 
ζ–potential analysis was implemented in order to study the HNT charge variation caused by NP 
functionalization with AEAPS (Fig.II.5.12). Formation of HNT-AEAPS reduced ζ–potential of 
pristine nanoparticle and induced formation of positively charged nanoconstruct. As in the case 
of HNT-APTES, the overall formation of positively charged HNT-AEAPS might have been 
triggered by the density reduction of negatively charged halloysite surface hydroxyl groups 
upon the functionalization. Moreover, the discussed silanization entailed introduction to the 
nanosystem aliphatic chains and amine groups that raised charge of the NP. The ζ–potential 
plateau of protonated HNT-AEAPS in the 4–7 pH range (ca. +40 mV) was recognized. From pH 
7 to 9.6, the zeta potential value decreased rapidly to the value of +12.3 mV and remained 
unchanged until pH 10.8. Above pH 10.8 the second drop of zeta potential value occurred, 
finally reaching the value of +4.3 mV at pH 11.1. Detected two falls in HNT-AEAPS ζ–potential 
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curve referred to the dissociation of protonated amines immobilized on the nanocylinders. 
Primary amine (NH3

+) was firstly dissociated, due to its lower pKa value, equal to 7.6. [15] As 
follows, the secondary amine (NH2

+) of attached AEAPS was deprotonated at higher pH, since 
secondary amines are known to be more basic than the primary ones. [23] While the isoelectric 
point of HNT-APTES appeared at pH ~9.8, the IEP of HNT-AEAPS was significantly shifted to the 
higher pH values, above analyzed 3–11 pH range. 
 

 
 

Fig.II.5.12. Superposition of ζ–potential curves of commercial HNT (black) and HNT-AEAPS (yellow). 
 

Variation of surface wettability before and after halloysite modification with AEAPS was 
conducted by water contact angle analysis (Fig.II.5.13.). The wettable surface of pristine HNT,  
 

 
 

Fig. II.5.13. Water contact angle of pristine HNT (a) and HNT-AEAPS (b). 
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with characteristic 0 ° water contact angle, become less hydrophilic when AEAPS was 
immobilized on it (18.7 ° ±9). As in the case of APTES-modified halloysite, the decrease in NP’s 
hydrophilicity could be due to reduction of its hydroxyl groups and the introduction of 
hydrophobic aliphatic chains of organosilane. 
 
Finally, the efficiency of AEAPS grafting on HNTs was estimated using thermogravimetric 
analysis. To do that, TGA plots of commercially available halloysite and HNT-AEAPS were 
superimposed (Fig.II.5.14.). The plot of HNT-AEAPS thermal decomposition characterized with 
greater mass loss in 40–810 ℃ temperature range, due to the additional decomposition of 
organic moiety in the hybrid nanoconstruct at lower temperatures. Forward calculation 
showed performance of HNT surface silanization with AEAPS with 7.4 %wt efficiency.   
 

 
 

Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
Commercial HNT 15.5 NA 

 HNT-AEAPS 22.9 7.4 
 

Fig II.5.14. Superimposed TGA plots of commercial HNT (black) and HNT-AEAPS (yellow). Table presenting 
quantification of the mass loss in between 40–810 ℃ for the two samples. 

 

Conclusions 
 
Halloysite functionalization with the second type of silane, namely AEAPS proceeded 
successfully and appeared to be an effective alternative for halloysite silanization. The AEAPS 
longer chain, availability of additional secondary amine in its backbone as well as methoxy 
groups instead of ethoxy ones, influenced the physico-chemical properties of the formed 
silane-modified halloysite nanotubes. The incorporation of AEAPS leaded to the increase of the 
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NP positive charge, seen as a shift in IEP in the ζ–potential curve. Alterations in IR plots may 
suggest site-specific AEAPS immobilization as well. The incorporation of AEAPS characterized 
with relatively high loading capacity as of APTES (respectively 7.4 %wt and 5.7 %wt), decreased 
surface wettability (respectively 19.8 ° ±7 and 18.7 ° ±9) and characteristic pattern of nitrogen 
adsorption into pores. In summary, the successful modification of halloysite nanotubes with 
AEAPS and its demonstration using set of characterization methods, open a promising 
possibility of HNT-AEAPS application as an alternative nanoarchitecture. HNT-AEAPS can be 
further used for immobilization of therapeutics on NP surface, through tailored electrostatic 
attraction between the positively charged nanoform and negatively charged drugs as well as 
can be used as linker for covalent bonding of active molecules.  
 

II.5.3. HNT functionalization with MPS 
Preparation and physico-chemical characterization of MPS-modified 
halloysite nanotubes 
 
Recently, we have put under investigation halloysite nanotubes functionalization with the third 
type of silane, namely MPS, in order to generate HNT-MPS nanoconstruct with different 
terminal groups. Instead of immobilization of amino-terminated APTES or AEAPS, MPS provides 
introduction to the nanosystem of thiol functional groups. [24] Grafted MPS on HNT surface 
could be further used to attach target therapeutics to the surface of halloysite. Thus, halloysite 
silanization reaction with MPS was performed, following Yuan et al. standard procedure. [1] 
Shortly, commercially available halloysite was mixed with MPS in dry toluene solution, under 
reflux in nitrogen atmosphere for 8 h and then at room temperature overnight. Unbounded 
MPS was removed by numerous washings of the powder with fresh portions of toluene. 
Formed HNT-MPS nanoconstruct was then dried at 110 ℃ under pressure. Due to MPS 
complexation efficiency within NP, the qualitative and quantitative characterization of formed 
HNT-MPS was restricted to ζ–potential analysis, water contact angle analysis and TGA method. 
Due to the low LE of MPS, performed FTIR characterization appeared to be insufficiently 
sensitive to detect diagnostic bands of MPS in the formed nanoconstruct, thus the IR spectrum 
is not presented.  
 
Fig. II.5.15. presents results of ζ–potential analysis conducted on the formed HNT-MPS, 
compared with the ζ–potential plot of the pristine halloysite nanotube. It was revealed that the 
charge of the nanoparticle has changed after its modification with MPS in relation to the pH of 
surrounding solution. The ζ–potential curve of HNT-MPS showed similar trend characteristics 
as the ones of APTES/AEAPS-modified HNT. Overall, the net negative charge of the pristine 
nanoparticle has decreased upon functionalization with MPS. Very acidic pH might have 
prompted the degradation of the MPS immobilized on the nanoparticle, since the ζ–potential 
value of HNT-MPS (-7.4 mV, pH 2.8) was almost equal to the commercial nanoparticle (-12.7 
mV, pH 2.7). Titrating the pH until 8.1, resulted in nearly maintained plateau of ζ– potential, 
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when compared to the pristine nanoparticle. Above pH 8.1, the significant drop of HNT-MPS ζ–
potential curve was observed, due to the dissociation of protonated thiol group (SH2+) at basic 
pH (pKa 10–11). [25] [26] It could be considered that MPS loading efficiency has impacted the ζ–
potential plot, since raise of the curve maintained negative charge, not reaching positive one 
as it was reported for APTES/AEAPS-modified HNTs.  
 

 
 

Fig.II.5.15. Superposition of ζ–potential curves of commercial HNT (black) and HNT-MPS (blue). 

 
Alteration in wettability as a consequence of MPS immobilization on HNT surface was studied 
by water contact analysis (Fig.II.5.16.). Pristine HNT is characterized with 0 ° of water contact 
angle. When coated with MPS, its water contact angle slightly increased to the value 5.8 ° ±4. 
Decrease of surface wettability was caused by hydroxyl groups reduction and introduction of 
hydrophobic aliphatic chains, as in the case of other examined silanes. Most probably, the  
 

 
 

Fig.II.5.16. Water contact angle of pristine HNT (a) and HNT-MPS (b). 
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minor alteration of the surface wettability was also related to the loading efficiency of MPS.  
 
The superimposed TGA curves of halloysite and HNT-MPS are shown in the Fig II.5.17. It can be 
seen that the total weight loss of the MPS-modified nanoparticle was slightly higher than of the 
pristine halloysite, due to added degradation of immobilized organosilane on the HNT. The 
functionalization with MPS was characterized with the low loading capacity, equal to 0.7 %wt. 

 
 

Sample Mass loss in 40–810 °C (%wt) Loading (%wt) 
Commercial HNT 15.9 NA 

 HNT-MPS 16.6 0.7 
 

Fig II.5.17. Superimposed TGA plots of commercial HNT (black) and HNT-MPS (blue). Table presenting 
quantification of the mass loss in between 40–810 ℃ for the two samples. 

 

Conclusions 
 
MPS grafting on HNTs closes a series of performed silanization reactions aimed at various 
organosilanes immobilization on halloysite nanotubes. Preliminary results obtained up to date 
reveal that functionalization with MPS appeared to proceed with the lowest loading efficiency, 
comparing to the other examined silanes (APTES and AEAPS). Due to the low amount of MPS 
attached to halloysite nanotubes, the characterization was impeded, thus focused on 
qualitative ζ–potential analysis and water contact angle measurement. Quantification of 
immobilized MPS was performed using thermogravimetric method. Further optimization of the 
reaction for the improvement of MPS loading efficiency could be beneficial.  
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The silanization of halloysite nanotubes presents efficient modification of the nanoparticles via 
covalent bond with its facile detection by standard characterization methods. Immobilization 
of organosilanes on the HNT surface showed to be effective in tuning physico-chemical 
properties of the halloysite tubules and keeps a great promise in advancing halloysite-based 
delivery technology.  
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II.6. Time-dependent Fmoc method for quantification of silane grafting 

on halloysite surface 
 

The procedure to perform silanization of halloysite nanotubes, requires to be qualitatively as 

well as quantitatively controlled, in order to have a precise information of the loading of 

functional groups on the surface of halloysite. Only by the development of the holistic 

characterization platform it is possible to certainly identify alterations in HNTs physico-chemical 

properties while conducting the functionalization. As described in Chapter II.5., a variety of 

techniques have been used for qualitative characterization of halloysite modified with silanes 

such as 3-aminopropyltriethoxysilane (APTES). Frequently, the evaluation of a conducted 

silanization reaction comes down to implementation of Fourier-transform infrared 

spectroscopy, [1] ζ–potential analysis, [2] water contact angle analysis  [3]  and nitrogen 

adsorption Brunauer–Emmett–Teller method. [4] Despite the fact that many characterization 

techniques are now available for qualitative evaluation of silanization reactions, the 

quantification of covalently attached APTES moieties on the surface of halloysite is restricted 

to only one reported method, that is the destructive thermogravimetric analysis (TGA). [5] 

Motivated to extend methods for detailed characterization of APTES-functionalized halloysite, 

we set out to develop and optimize another quantitative approach, through which it could be 

possible to calculate the amount of APTES moieties grafted on the surface of halloysite. Herein, 

we propose application of so called fluorenylmethyloxycarbonyl (Fmoc) method, broadly used 

in Solid Phase Synthesis. [6] Up to date, the Fmoc concept has been applied in quantification 

studies of functionalized silica nanoparticles. [7] It was decided to apply and optimize the Fmoc-

method for quantification of primary amino groups on APTES-functionalized halloysite 

nanotubes, that are nanoparticles characterized by a complex morphology. The method we 

have developed gives superior advantages to already existing quantitative TGA analysis, since 

it is a nondestructive and low-cost technique that additionally allows to monitor in time the 

deprotection reaction.  

 

II.6.1. Principle of the HNT-Fmoc method  
 

The principle behind the use of the HNT-Fmoc method includes generation of a covalent bond 

between a base-labile protective group with highly fluorescent properties, the Fmoc, and a 

primary amine present on the solid support. The subsequent deprotection of Fmoc, using e.g. 

piperidine solution allows the direct quantification of the cleaved Fmoc adduct derivative by 

UV-vis spectrophotometric technique, and therefore of the free amino groups left on halloysite 

surface. The Fmoc method optimized for APTES-functionalized halloysite nanotubes proceed 

within 3 steps (Scheme II.6.1.). First, the synthesis of (3-triethoxysilylpropyl)carbamic acid 9H-

fluorenylmethyl ester (APTES-Fmoc) was performed following procedure reported elsewhere 

(1). [7] The APTES-Fmoc moiety formation (white, rhombic solid) was monitored by thin layer 

chromatography (TLC) and finally characterized with 1H-NMR and melting point (III. 



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

139 

Experimental section). In the next step, APTES-Fmoc was let to react with pristine halloysite 

nanotubes, forming HNT-APTES-Fmoc (2). To do that, temperature-optimized protocol for 

halloysite functionalization with silanes was applied. [1] The hydroxyl groups on HNT surface 

reacted with Fmoc-APTES, immobilizing the organosilane moieties on the surfaces of NPs. [8]  

 

 
  

Scheme II.6.1. Presentation of Fmoc-method procedure in 3 reaction steps: (1) synthesis of APTES-Fmoc, (2) 

functionalization of pristine halloysite nanotubes with APTES-Fmoc, (3) release of Fmoc adduct marker from HNT-

APTES-Fmoc. 

 

In the last step, the Fmoc group was deprotected from HNT-APTES-Fmoc nanoconstruct, using 

piperidine (20 % in EtOH) (3). [9] The Fmoc moiety was released in the solution in a form of 

dibenzofulvene-piperidine (DBF-pip), when piperidine was used in excess, while HNT-APTES (3) 

precipitated at the bottom of the flask as a white solid. The separated supernatant solution 

containing DBF-pip was analyzed by means of UV-vis spectrophotometry, since the DBF-pip is 

known to strongly absorb in UV wavelength region. [10] Fmoc deprotection was monitored in 

time (1-5 h) in order to optimize the reaction according to complex structure of halloysite 

nanoparticle. The focal point of the HNT-Fmoc method is the molar equivalence between the 

released DBF-pip marker and APTES immobilized on HNTs surface. We performed FTIR analysis 

and Kaiser test at every stage of the procedure. The outcome of HNT-Fmoc method was 

compared with the TGA analysis for estimation of its accuracy. 

 

II.6.2. Characterization of APTES-Fmoc grafting on the surface of 

halloysite nanotubes 
 

The characterization of APTES, pristine HNT (control), APTES-Fmoc and HNT-APTES-Fmoc was 

performed with Kaiser test (Photograph II.6.1.). As expected, the APTES molecule generated a  

(1) 
 

 
 
 

(2) 
 
 
 
 

(3) 
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dark blue color after completing the Kaiser test (positive result), since organosilane contains 

reactive primary amino group. On the contrary, pristine halloysite, having no reactive primary 

amine group, maintained native yellow color of performed Kaiser test (negative result). APTES-

Fmoc generated yellow color in the Kaiser test, indicating that no free amino groups were 

present after reaction with Fmoc-Cl, therefore yielding a negative result. HNT-APTES-Fmoc 

showed a negative output of Kaiser test as well, meaning that the APTES-Fmoc moiety did not 

undergo degradation while conducting functionalization of the nanoparticles. 

 

 
 

Photograph II.6.1. Kaiser solution (blank) and following Kaiser test on APTES, HNT, APTES-Fmoc and HNT-APTES-

Fmoc.  

 

The FTIR spectrophotometry analysis demonstrated successful reactions within HNT-Fmoc 

method (Fig.II.6.1.). APTES-Fmoc showed presence of the band at the 3320 nm, which 

corresponds to stretching vibration of aliphatic secondary amine N-H. Sequence of bands in 

2975–2885 nm wavelength range was attributed to C-H symmetric and asymmetric stretching 

vibration. The peak at 1689 nm was attributable to N-C=O stretching vibration, therefore 

demonstrating the successful carbamate bond formation between APTES and FmocCl. 

Following bands at 1547 nm and 1452 nm were attributed to N-H and C-H stretching vibration 

respectively. Finally, C-O and C-N bonds were verified through the presence of diagnostic bands 

at 1077 and 1194 nm. HNT-APTES-Fmoc showed the presence of characteristic bands of APTES-

Fmoc moiety at 3320 nm, 2975–2885 nm, 1689 nm, 1547 nm, 1452 nm, 1077 nm and 1194 

nm. [11]  

 

The thermogravimetric analysis was initially conducted on APTES-Fmoc that distinguished 4 

degradation bands in-between 40–810 ℃ temperature range (Fig.II.6.2.). The significant mass 

loss (68 %wt) in between 142–270 ℃ corresponded to degradation of aromatic portion of Fmoc 

group and three ethoxy groups. Forward mass loss identified in 270–348 ℃ temperature range, 

corresponded to degradation of -NH-C(O)O-CH2- (15 %wt), while mass loss in the temperature 

range between 348–389 ℃ was related to Si degradation (6 %wt). Final mass loss detected in 

389–810 ℃ corresponded to aliphatic chain degradation. The APTES degraded immediately in 

one step (88 %wt) in between 40–179 ℃. Following TGA analysis of HNT-APTES-Fmoc showed 

Kaiser solution APTES Commercial HNT APTES-Fmoc HNT-APTES-Fmoc



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

141 

 
 

Fig.II.6.1. FTIR spectra superposition of pristine HNT (black), APTES-Fmoc (blue), and HNT-APTES-Fmoc (red). Inset 

magnifying the bands at 4000–2450 nm wavelength range. 
 

 
 

Sample Mass loss in 150–810 ℃ (%wt) Loading (%wt) 

Commercial HNT 14.6 NA 
 HNT-APTES-Fmoc 19.5 4.9 

   
Fig.II.6.2. TGA spectra superposition of APTES (green), APTES-Fmoc (blue), commercial HNT (black) and formed 

HNT-APTES-Fmoc (red). Table presenting mass loss in-between 150–810 ℃ for the two samples with 

quantification of the APTES-Fmoc moiety on halloysite support. 
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characteristic degradation bands of both components: nanoparticle and APTES-Fmoc. 

Degradation band in 150–208 ℃ temperature region was recognized, which potentially refers 

to degradation of aromatic part and three ethoxy groups of incorporated APTES-Fmoc. Further 

temperature increase in 208–420 ℃ range, corresponded to continuous degradation of 

organosilane, specifically its -NH-(CO)O-CH2- chain and Si decomposition. While heating from 

420 ℃ to 527 ℃, the degradation of HNTs hydroxyl groups (14.6 %wt) was appreciated. Final 

degradation band seen in between 527–670 ℃ referred to degradation of APTES-Fmoc 

aliphatic chain. Upon completion of HNT-APTES-Fmoc thermogravimetric analysis, its overall 

mass loss in-between 40–810 ℃ was calculated to be 19.5 %wt and corresponded to 4.9 %wt 

of APTES-Fmoc successful incorporation with halloysite. 

 

II.6.3. Kinetics of Fmoc deprotection from HNT-APTES-Fmoc 
 

Halloysite nanotubes possess cylindrical shape with functional aluminol groups directed inside 

its cavity. Instead, in principle, less reactive silanol bridges are placed on its outer surface. The 

edges of nanotubes and surface’s defects contain silanol and aluminol groups (Chapter II.1.7.). 

Such unique structure endows differences between inner and outer surfaces properties, 

leading to their site-specific reactivity. Halloysite functionalization with silanes is considered to 

take place both on the outer, as well as inner surfaces with the preferential grafting on more 

reactive inner lumen. Therefore, we took into account diffusion retardation in the release of 

Fmoc moiety from sterically hidden cavity and studied kinetics of deprotection over a long 

period of time (1–5 h). Five parallel HNT-APTES-Fmoc samples were prepared and mixed with 

the excess of piperidine solution (20 % in EtOH) at room temperature for predetermined time 

intervals. In this time, piperidine was let to react with the Fmoc-protected amino group, to 

consequently remove the Fmoc group from halloysite’s support and convert released Fmoc 

moiety to dibenzofulvene (DBF). At the same time the formation of free amine on halloysite 

nanotubes was obtained. Instead, in the presence of piperidine excess, DBF underwent 

formation of dibenzofulvene-piperidine (DBF-pip) (Scheme II.6.2.).   

 

The soluble DBF-pip was separated from deprotected HNT-APTES that precipitated by 

centrifugation. Next, the supernatant was examined using UV-vis spectrophotometry 

technique. The absorption at 290 nm was measured and confirmed the presence of DBF-pip. 

Instead, after deprotection reaction, the HNT-APTES precipitate was washed thoroughly with 

an excess of NH4Cl solution (1M). Final air-dried powder was subjected to Kaiser test and FTIR 

analysis in order to verify the breakdown of carbamate bond. The Kaiser test, sensitive to the 

presence of primary amino group, was conducted on the precipitated powder (Photograph 

II.6.2.).  

 

All samples showed the positive result, the solution coloration after carried out Kaiser test. The 

outcome of the analysis demonstrated that the Fmoc adduct has started to be released from 
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first hour of deprotection reaction, exposing reactive free amino groups on the surface of 

APTES-functionalized HNTs.  

 

 
 

Scheme II.6.2. Illustration representing Fmoc adduct removal in piperidine: ethanol solution (2:8 v/v) from 

modified halloysite support. Formation of DBF and further DBF-pip in the presence of piperidine excess. Inspired 

by materials CEM microwave-enhanced science: www.cem.com; peptides@cem.com 

 
 

 
 

Photograph II.6.2.  Kaiser test solution (blank), HNT, HNT-APTES-Fmoc, piperidine (control), precipitated powder 

after 1 h of deprotection reaction, powder after 2 h of deprotection reaction, powder after 3 h of deprotection 

reaction, powder after 4 h of deprotection reaction and powder after 5 h of deprotection reaction. 
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The effect of deprotection was also parallelly examined by FTIR analysis (Fig.II.6.3.). Successful 

carbamate bond breakdown was monitored in time by N-C=O band’s observation at 1689 nm 

on IR spectrum. The 1–5 h deprotection reaction resulted in the diagnostic band 

disappearance, suggesting breakdown of carbamate bond between Fmoc and HNT-APTES.  

 

 
 
Fig.II.6.3. FTIR spectra superposition of APTES-Fmoc (red), HNT-APTES-Fmoc (blue) and powder after deprotection 

reaction, which lasted: 1 h (black), 2 h (orange), 3 h (grey), 4 h (yellow) and 5 h (green).  

 

The released fluorescent DBF-pip was used as a marker for the loading quantification of primary 

amino groups on the halloysite support. The analysis was preceded by standard curve 

preparation. Known concentrations of Fmoc-Cl in piperidine solution (20 % in EtOH) (0.06–0.54 

mol/L) were prepared and analyzed with UV-vis spectrophotometric technique. Obtained 

spectra with subtracted solution background are presented in Fig.II.6.4. a. Fig.II.6.4. b. reports 

absorbance values at 290 nm at different concentrations of Fmoc-Cl/piperidine solution. 

 

Afterwards, their absorbance maxima values at 290 nm, were measured and correlated to the 

concentration of present species and consequently to their mols (Table II.6.1.). Converted 

percentage of released DBF-pip at each of the deprotection interval was calculated. The results 

revealed release of DBF-pip from the modified halloysite support. First hours showed burst of 

DBF-pip marker release (Fig.II.6.5.). The release was incomplete, if compared with TGA analysis, 

since respectively 66 %, 88 %, 95 % and 93 % of total DBF- pip were colocalized in the solutions 

after respectively 1, 2, 3 and 4 hours. On the contrary, conducting Fmoc deprotection for 5 h, 

resulted in reaction saturation and marker’s total release (±2 % of measurement error). The 
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Fig.II.6.4. UV absorbance spectra of FmocCl, which were used for standard curve preparation (a). Elaborated 

standard curve of FmocCl (b).  

 

result demonstrates that the deprotection reaction from halloysite support needs 5 h to be 

completed. The result obtained from HNT-Fmoc method (5 h) appeared to be in accordance 

with the result of standard TGA analysis (Table II.6.2.), since both of methods revealed loading 

of 0.004 mmols of APTES in halloysite. 

 

Time of conducted release 

(h) 

nDBF-pip released 

(mmol) 

% Released DBF-pip 

1 0,0027 66 

2 0,0036 88 

3 0,0039 95 

4 0,0038 93 

5 0,0040 98 
 

 

Table II.6.1. Quantification of released Fmoc adduct in time. 

b) 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

a) 
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Fig.II.6.5. Percentage of released Fmoc adduct in time. 

 

 

Table II.6.2. Comparison of calculated APTES moieties grafted on the surface of halloysite, using two 

complementary techniques: developed Fmoc-method (left) and standard TGA method (right). 

 

II.6.4. Conclusions  
 

In this study we performed the quantification of APTES grafted on the surface of halloysite using 

the HNT-Fmoc method (0.004 mmol), and we demonstrated that the time needed for DBF-pip 

complete release from halloysite nanotubes is 5 h. Time-dependent analysis was stemmed 

from the complex morphology and variation in reactivity of HNTs inner and outer surfaces, 

towards preferential site-specific functionalization with APTES. The study revealed strong 

coherence with already existing quantitative TGA method and stood out as a valuable 

complementary method for quantification of silane grafting on HNTs surface with additional 

low-cost and nondestructive advantages.  

 

 

 

burst
phase

saturated
phase

0

20

40

60

80

100

0 1 2 3 4 5

%
 R

el
ea

se
d

 D
B

F-
p

ip

time (h)

nAPTES (mmol) 

Fmoc-method (average of 4-5h deprotection reaction) TGA method 

0.004002 0.004066 



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

147 

II.6.5. References 
 

[1]  P. Yuan et al., "Organosilane functionalization of halloysite nanotubes for enhanced loading," 

Nanotechnology, pp. 1-5, 2012.  

[2]  M. Guo et al., "Halloysite Nanotubes, a Multifunctional Nanovehicle for Anticancer Drug Delivery," 

J. Chem., pp. 2115-2120, 2012.  

[3]  P. Bhagabati et al., "One-step in situ modification of halloysite nanotubes:augmentation in 

polymer-filler interface adhesion in nanocomposites," Ind. Eng. Chem. Res. , pp. 6698-6712, 2015.  

[4]  J. Kim et al., "Application of halloysite nanotubes for carbon dioxide capture," Materials Research 

Express, pp. 1-12, 2016.  

[5]  H. Li et al., "Combination of adsorption by functionalized halloysite nanotubes and encapsulation 

by polyelectrolyte coatings for sustained drug delivery," RSC Advances, pp. 554463-54470, 2016.  

[6]  P. White et al., "Expanding the Fmoc solid phase synthesis of long peptides through the application 

of dimethyloxazolidine dipeptides," J. Pept. Sci, pp. 18-26, 2004.  

[7]  K. Cheng et al., "Diffusion-Based Deprotection in Mesoporous Materials: A Strategy for Differential 

Functionalization of Porous Silica Particles," J. Am. Chem. Soc. , pp. 9674-9685, 2007.  

[8]  S. Barrientos-Raamirez et al., "Surface modification of natural halloyiste clay nanotubes with 

aminosilanes. Application as catalyst support in the atom transfer radical polymerization of methyl 

methacrylate," Applied Catalyssis A: General, pp. 22-33, 2011.  

[9]  Y. Chen et al., "Fluorescent quantification of amino groups on silica nanoparticle surfaces," Anal. 

Bioanal. Chem. , pp. 2503-2509, 2011.  

[10]  A. Chakravarty et al., "Mitochondria-localizing BODIPY-copper(II) conjugates for cellular imaging 

and photo-activated cytotoxicity forming singlet oxygen," Dalton Trans. , pp. 5019-5030, 2018.  

[11]  J. Coates, Interpretation of Infrared Spectra, A Practical Approach, Newton, USA: Wiley Online 

Library, 2006.  

[12]  G. Mingyi et al., J. Chem. , pp. 2115-2120, 2012.  

 

 

 

 

 



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

148 

II.7. Halloysite complexation with biologically active molecules 
 
Traditional drug delivery presents various limitations such as inability of free drugs to pass cell 
membrane, short drugs lifetime and poor solubility. [1] All these features, combined with the 
unselective targeting which leads to the damage of not only the pathological cells, but also the 
healthy ones, may be responsible of undesirable side effects [2] as well as existence of 
therapeutics dose threshold. [3] [4] Brought up disadvantages drive to develop new strategies 
with improved therapeutic indices, especially in the context of anticancer chemotherapy. [5] 
Application of nanotechnology is one of the currently investigated approaches that could bring 
a new insight in this field of study (Chapter I). [6] Thus, we aimed to investigate the possibility of 
halloysite drug-mediated nanoconstructs development for more efficient and less toxic 
therapeutic strategies. [7] Incorporation of molecules within the halloysite nanotube can be 
performed by three different approaches, through (I) loading into its inner lumen, (II) 
adsorption on its external and internal walls and (III) intercalation between its layers.[8] Herein, 
this Chapter of the PhD thesis was dedicated to the exploration of methodology I, meaning 
molecules immobilization in the NPs cavity. To start with, magnesium monoperoxyphthalate 
hexahydrate (MMPP, compound a in Figure II.7.1.) was chosen as a model molecule, in order 
to set up and optimize the loading procedure, to then encapsulate in the halloysite inner lumen 
therapeutic drugs such as aspirin (compound b in Fig.II.7.1.) and epirubicin (compound c in 
Fig.II.7.1.) The key point of HNT application in drug delivery comes down to the usage of 
halloysite alumino-silicate skeleton as an inert inorganic nanovector with a long circulation half-
life and resistance to enzymatic- and hydrolytic-induced digestion, therefore improved carried 
cargo’s bioavailability. [9] Some drugs, such as aspirin have a low rate of dissolution, [10] therefore 
are not able to maintain high concentrations in the body. In this case, its immobilization and 
following sustained release from halloysite nanotubes could be profitable. Engineering 
halloysite nanoparticles, aiming at target-specific HNT-based nanoconstructs formation filled 
with chemotherapeutics, gives also an opportunity for selective targeting of pathological cells 
and immobilized drugs release (such as epirubicin) only in their vicinity. [4] Due to Enhanced 
Permeability and Retention effect (EPR), [11] halloysite as other nanoparticles possess higher 
permeability in leaky vasculature, thus preferential accumulation in tumor tissues, which could 
strongly benefit chemotherapeutics delivery as well.  
 
 

                        
 

 
Fig. II.7.1. Chemical structures of incorporated molecules: MMPP (a), aspirin (b) and epirubicin (c). 

 

a)              b)                         c) 
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II.7.1. Magnesium monoperoxyphthalate (MMPP) incorporation 
II.7.1.1. Loading procedure optimization using model MMPP molecule 
 
Halloysite inner lumen filling with host molecules has been explored after the first study by S.R. 
Levis et al. [12] Introduction and optimization of the so-called vacuum pump procedure for  filling 
the nanoparticle inner lumen was performed in our laboratory using MMPP salt as a model 
molecule. The typical vacuum pump procedure starts with dipping the dry powder of halloysite 
in a concentrated solution of molecules to load (Scheme II.7.1.). Next, such prepared 
suspension is placed in the jar connected to the vacuum pump. Vacuum application to this 
system induces removal of air bubbles naturally present in the halloysite lumen. This step is 
generally seen as fizzing of the solution. When the system is brought back to the atmospheric 
pressure and mixed, the inner lumen is being filled with host molecules as a result of capillary 
force action. Present adhesive forces attract molecules to the HNT inner surface, while cohesive 
forces stimulate molecules to attract each other and this way fill the cavity of halloysite. In 
order to enhance the loading capacity, the procedure needs to be repeated several times. 
Finally, filled nanoparticles are washed extensively with the solvent in which the drug is soluble. 
In this way the adsorbed molecules of therapeutic on the outer surface of HNT are removed,  
 

 
 

Scheme II.7.1. Steps of vacuum pump procedure for halloysite loading with drugs, here with a model MMPP. 
Dried nanoconstruct illustrates hypothetic structure of formed HNT-MMPP nanocomplex.  
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while the ones placed in the inner lumen are maintained inside, being isolated from 
surrounding media. After completed vacuum pump procedure, the loaded and washed 
halloysite is dried. One of the most important factors influencing the loading procedure are (I) 
the concentration of substance to be loaded and (II) the solvent of choice. The concentration 
of an active molecule has to be selected individually according to the case study, keeping in 
mind the concentration gradient of molecule to be loaded, between HNT pores and external 
solution. Moreover, the solvent of loading has to be chosen according to the solubility and the 
stability of the active agent to be immobilized. Usually volatile and low-viscosity solutions are 
chosen, like acetone, ethanol or water, to additionally speed up the drying process. The solvent 
properties might affect the loading efficiency too. [8] 
 
Very few studies report incorporation of salts within halloysite. [8] The loading of magnesium 
monoperoxyphtalate seems to be an interesting case study, since it is a salt of a peroxyacid, 
consisting of negatively charged aromatic part and magnesium cation. [13] Since the pH of 
halloysite aqueous suspension is ~5.5, it was supposed that NP’s positively charged inner 
surface will electrostatically attract and immobilize negatively charged organic aromatic part of 
MMPP. [14] Instead, the magnesium cations of MMPP could be adsorbed on the negatively 
charged outer surface of the nanoparticle at most. In order to explore the solvent influence on 
MMPP incorporation, we have chosen to perform the HNT inner lumen filling using two 
commonly used loading media: (a) water and (b) water: EtOH (7:3 v/v) mixture. Herein, two 
samples of halloysite were prepared and loaded with MMPP molecule, that is HNT-MMPP in 
water medium and HNT-MMPP in water: EtOH (7:3 v/v) medium. Successful molecule 
immobilization in HNTs was confirmed by quantitative and qualitative characterization. Two 
formed HNT-MMPP nanoconstructs were analyzed by various techniques. Qualitative 
characterization included XRD, UV-vis spectroscopic (in reflectance mode) and FTIR analysis, 
while quantification of loaded MMPP was done using two parallel methods: UV-vis 
spectroscopic and TGA techniques. Inductively coupled plasma-optical emission spectrometry 
(ICP-EOS) was applied in order to reveal whether magnesium cations of MMPP were 
immobilized in the nanomaterial’s structure as well. In addition, loading capability of 
nanoparticle inner lumen was estimated by encapsulation MMPP molecule into halloysite with 
increased inner cavity.  Release of MMPP from both pristine halloysite and halloysite with 
increased inner tubule using two different solvents, namely (a) water and (b) water: ethanol 
(7:3 v/v) mixture was investigated.  
 

II.7.1.2. Formation and physico-chemical characterization of HNT-
MMPP nanoconstructs 
 
To realize MMPP loading into halloysite, solutions of MMPP in water (a) and water: EtOH (7:3 
v/v) (b) were prepared and mixed with pristine halloysite nanoparticles. Suspensions were 
placed in the vacuum chamber with decreased pressure (200 mmHg) for 30 min, to then be 
brought to atmospheric pressure and mixed for the following 15 min. Such loading cycles were 
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repeated three times, in order to induce halloysite inner lumen filling with MMPP. After 
completing the loading procedure, the powder was recovered by centrifugation and finally air-
dried. Photograph II.7.1. shows digital images of pristine halloysite powder (a) and obtained 
HNT-MMPP nanoconstruct prepared using water (b) and water: ethanol (7:3 v/v) (c) media. The 
MMPP loading into HNT was related to the halloysite characteristic white color change into 
greyish. Clearly, the intensity of the color varied depending on the use of water or water: EtOH 
(7:3 v/v) mixture, suggesting solvent dependent MMPP loading. 

 
 
 
 
 

 
Photograph II.7.1. Digital images of pristine halloysite powder (a), HNT-MMPP nanoconstruct prepared in water 

solvent (b), halloysite-MMPP nanoconstruct prepared in water: EtOH (7:3 v/v) solvent (c). 
 

The IR spectra superposition of pristine HNT, MMPP and two HNT-MMPP nanoconstructs 
prepared in water and water: EtOH (7:3 v/v) solvents is displayed in Fig.II.7.2. Formed HNT- 
 

Fig.II.7.2. FTIR spectra superposition of pristine halloysite (black), MMPP (yellow) and HNT-MMPP prepared in 
water medium (blue), HNT-MMPP prepared in water: EtOH (7:3 v/v) medium (red). Inset magnifying 2000–1100 
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MMPP nanoforms showed at the same time diagnostic bands of halloysite as well incorporated 
molecule. Most of the MMPP diagnostic bands in the HNT-MMPP hybrids appeared in the 
nanoparticle’s spectral window, from 1200 nm to 1600 nm. Specifically, the characteristic band 
positioned at 1685 nm corresponded to C=O stretching vibration of MMPP. Sequence of bands 
present in 1583–1450 nm spectral range were assigned to MMPP C=C-C aromatic ring stretch. 
The MMPP O-H and C-O stretching vibrations appeared at 1419 nm and 1378–1302 nm. [15] 
 
UV-vis reflectance spectroscopy on HNT-MMPP nanoconstructs was compared with the 
pristine halloysite (control), and revealed the presence of two additional absorption bands, 
respectively at 235 nm and 280 nm (Fig.II.7.3.). These peaks correspond to immobilized MMPP, 
since the same ones were detected in UV-vis spectrum of free MMPP in aqueous solution 
(control) (Fig.II.7.3. inset). Moreover, HNT-MMPP nanoform showed light absorption in the 
analyzed 350–800 nm wavelength range, since analyzed powders were colored.  
 

 
Fig.II.7.3. UV-vis spectra recorded in reflectance mode of powders: pristine halloysite (black), HNT-MMPP 

prepared in water medium (blue), HNT-MMPP prepared in water: EtOH (7:3 v/v) medium (red). Inset presenting 
UV-vis spectrum of aqueous MMPP solution. 

 
The superimposed XRD plots of pristine nanoparticle, HNT-MMPP in water and water: EtOH 
(7:3 v/v) media showed remained characteristic pattern of halloysite, therefore meaning that 
the loading did not affect the crystalline structure of nanotubes (Fig.II.7.4.). HNT-MMPP 
nanoconstructs consisted only of dehydrated halloysite (7 Å), since no characteristic peak of 
hydrated nanoparticle (10 Å) at 10.9 o in 2θ region was recognized. [16] Additionally, like all 
halloysite manipulations, also the loading procedure partially washed out quartz co-mineral, 
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seen as intensity diminution of (011) and (11-2) diffraction peaks. HNT-MMPP nanoforms 
showed three additional bands (10.3 o, 13.9 o and 29.9 o in 2θ region) attributed to loaded 
MMPP. 
 

 
Fig.II.7.4. XRD spectra superposition of commercial HNT (black), HNT-MMPP prepared in water medium (blue), 

HNT-MMPP prepared in water: EtOH (7:3 v/v) medium (red). 
 

Quantification of doped MMPP was performed using two methods: spectrophotometric and 
thermogravimetric analysis. The UV-vis spectrophotometric analysis considered concentrations 
of MMPP before and after conducted vacuum pump procedure. The solutions with unloaded 
MMPP in the supernatants were isolated from the formed HNT-MMPP nanoforms through 
centrifugation process and were analyzed with UV-vis spectrophotometer at 280 nm. Prior to 
spectroscopic analysis of the collected supernatants, standard curves of MMPP in water 
(Fig.II.7.5. a) and water: EtOH (7:3 v/v) mixtures (Fig.II.7.5. b) were plotted. 
 

 

 
Fig.II.7.5. Standard curves of MMPP in water (a) and water: EtOH (7:3 v/v) (b) solvents. 
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The reported wavelength-dependent absorptivity coefficient was equal to 1535.5 (R2= 99.6 %) 
for water and 11097 (R2= 99.8 %) for water: EtOH (7:3 v/v) medium.   
 
The loading efficiency (LE) and loading percentage (LP) were calculated applying following 
equations Eq.II.7.1., Eq.II.7.2. and Eq.II.7.3.: [17] 
 

 
A280nm = a(𝜆)*b*C       (Eq.II.7.1.) 
 
LE (%) = (n#$ − n&' n#$( ) x 100     (Eq.II.7.2.) 
 
LP (%) = 𝑚* 𝑚+(  x 100      (Eg.II.7.3.) 

 
where A is a measured absorbance at 280 nm; a (𝜆) is a wavelength-dependent absorptivity 
coefficient; b is the path length and C is the corresponding concentration; LE stands for loading 
efficiency, n#$ is the mols of initially added drug and n&' is the mols of unentrapped drug; LP 
stands for loading percentage, m' is entrapped mass of the drug within halloysite nanotubes, 
while m- is the total mass of entrapped drug plus the encapsulation vehicle.  
 
Calculated loading efficiency, which estimated the percentage of MMPP successfully entrapped 
into the halloysite, is presented in Fig.II.7.6. a. In the case of MMPP loaded in the water solvent, 
LE was on average equal to 30.4 % ±3. While higher MMPP incorporation was calculated when 
the encapsulation procedure was performed in water: EtOH (7:3 v/v) solvent (38.9 % ±2). The 
loading percentage calculated by the amount of entrapped MMPP divided by the total weight 
of HNT-MMPP nanoconstruct is shown in Fig.II.7.6. b. The LP was equal to 11.9 % ±1 and 15.2 
% ±1, respectively for MMPP loaded into pristine halloysite in water and water: EtOH (7:3 v/v) 
solvents.  
 

 
 

Fig.II.7.6. Calculated (a) loading efficiency (LE) and (b) loading percentage (LP) for HNT-MMPP nanoconstructs 
using UV-vis spectrophotometric analysis. 
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In parallel, the TGA analysis was performed in order to calculate the amount of loaded MMPP 
per unit weight of halloysite. Figure II.7.7. compares TGA curves of pristine HNT and MMPP, as 
well as two HNT-MMPP nanoconstructs. MMPP decomposed by loss of water, hydroxyl and 
COO- groups and finally aromatic ring decomposition. 9.54 %wt of undecomposed MMPP was 
related to the presence of magnesium cations, which might have formed magnesium oxides at 
higher temperatures. Loading of MMPP (organic part) into HNT was calculated on the sample 
mass loss in the 40–810 ℃ temperature range. 
 

 
Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 

Commercial HNT 15.5 NA 
 HNT-MMPP in water medium 19.0 3.5 

HNT-MMPP in water: EtOH medium 21.6 6.1 
 
Fig.II.7.7. TGA spectra superposition of MMPP (yellow), commercial HNT (black) and formed HNT-MMPP in water 
medium (blue) and HNT-MMPP in water: EtOH (7:3 v/v) medium (red). Inset magnifying region of interest. Table 

presenting mass loss in-between 40–810 ℃ for the three samples with quantification of the MMPP moiety on 
halloysite support. 

 

The analysis revealed 3.5 %wt and 6.1 %wt of MMPP loading capacity within halloysite 
nanotubes, respectively for the loading procedure performed in water and water: EtOH (7:3 
v/v) solutions.  
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II.7.1.3. Study of kinetics of MMPP release from HNT inner lumen 
 
Methodology for drug release from drug-loaded halloysite nanotubes was inspired by Patel et 
al. [18] In order to stimulate MMPP release from HNT-MMPP nanocomplex, the fresh 
precipitated HNT-MMPP was separated from the supernatant containing unloaded MMPP and 
re-suspended in new portion of the medium at regular time intervals. Short- and long-term 
MMPP release in two different solvents (water and water: EtOH (7:3 v/v)) was performed, 
respectively within 100 minutes and 18 days of observation. Every collected aliquot was then 
examined spectrophotometrically on the concentration of released active molecule (λ= 280 
nm). Figure II.7.8. shows short-term MMPP release in two different solvents, presented in a 
form of a graph of the relative absorbance as a function of time. [19] It is seen from the figure 
that rapid decrease in the absorbance rate occurred within first minutes of incubation, 
indicating burst of MMPP leakage. Following minutes of relative absorbance analysis indicated 
relatively sustain MMPP release rate in both solvents under examination. As concerns the rate 
of release, always higher values of relative absorbance were reported for MMPP leakage into 
water: EtOH (7:3 v/v) medium, than into water one, therefore suggesting that, as in the case of 
the loading, also the rate of molecule release could be modulated by the type of solvent used. 
However, reasoning why water: EtOH (7:3 v/v) medium slows down the MMPP release is still 
not understood and remains future case study. 
 

 
 

Fig.II.7.8. Relative absorbance of MMPP release from the HNT-MMPP nanocomplexes into water (blue) and 
water: EtOH (7:3 v/v) (red) solutions. The terms At and A0 represent the absorbance of the released MMPP at 

time t and zero time respectively. 
 

 
Additionally, the qualitative long-term MMPP release was performed by scaling up the reaction 
threefold and following the same release protocol. Supernatants were collected daily though 
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increased time of observation, up to 18 days. Figure II.7.9. presents UV-vis spectra superposition 
of collected aliquots with released MMPP content in water medium (Fig.7.9. a) and in water: 
EtOH (7:3 v/v) medium (Fig. 7.9. b). Also, in this case study, the initial burst of MMPP leakage 
was detected during first 5 days of observation, to then be followed by sustained release from 
HNT inner lumen up to 18th day of analysis. The experiment suggested slow and significantly 
long dissolution of incorporated active molecule from nanoparticles pores.  
 
 

 
 

Fig.II.7.9. UV-vis spectra superposition of released MMPP from the HNT-MMPP nanoconstructs into water (a) and 
water: EtOH (7:3 v/v) (b) solutions. Graphs above present absorbance magnification in 260–320 nm wavelength 

range.  
 
Moreover, higher absorbance values at 280 nm were noticed for released MMPP in water than 
in water: EtOH (7:3 v/v) medium, verifying the solvent-preferential short-term release. 
 
Further determination if Mg2+ cations were also reversibly incorporated in the structure of HNT-
MMPP nanoform, was done using Inductively coupled plasma - optical emission spectrometry 
(ICP-EOS) analysis. Three samples were taken under investigation, namely a) pristine HNT, b) 
HNT-MMPP nanoconstruct prepared in Mg-free physiological water, c) and HNT obtained from 
HNT-MMPP submitted to 10 washings and release procedure (10 days). ICP-EOS analysis of 
pristine HNTs has shown presence of Mg traces (0.4 ppm), since halloysite is as a mineral of 
natural origin, containing co-existing components, such as inorganic oxides: K2O, Na2O, CaO 
and MgO [20], (Fig.II.7.10.). Clearly, MMPP-loaded HNTs showed significantly higher value of Mg 
(17.4 ppm), which corresponds to 7.2 % of Mg incorporation within HNT-MMPP nanoform. 
After 10 washings of HNT-MMPP nanoconstruct and after the MMPP release procedure for 10 
days, the concentration of Mg in the nanoform decreased to the value of 2.7 ppm, standing for 
0.6 % of Mg content comparing to the initially added within MMPP molecule. The analysis 
suggested that incorporated Mg cation in the HNT- MMPP nanocomplex was nearly all washed 
out from the nanoform through several washings and after the release procedure.  
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Fig.II.7.10. Photograph showing corresponding color of pristine HNT (a), HNT-MMPP (b) and HNT-MMPP 
nanoform submitted to washings and release procedure (c). ICP-EOS analysis on the presence of Mg in each 

sample (d).  
 

Interestingly, the presence of magnesium was evidenced also by the powder color change. 
Characteristic white color of pristine halloysite become greyish upon immobilization of MMPP 
in HNT structure, to then become white again after washings and release procedure. Therefore, 
this ICP analysis has demonstrated that Mg cations were reversibly immobilized within HNT-
MMPP nanoform.  
 

II.7.1.4. Activity studies of MMPP after release from HNT 
 
Very important aspect of halloysite investigations in the context of drug delivery, is to 
determine whether the nanoparticles can act as inert vectors for bio(organic) molecules 
transportation, and if these will maintain their activity after being released from HNTs inner 
lumens. Thus, we examined this aspect using HNT-MMPP nanoconstruct, as reported here 
below in Scheme II.7.2. In particular, MMPP salt is a peroxide, which exhibits antibacterial and 
oxidative properties, therefore it is used in formulations of antibacterial disinfectants 
(Dismozon® plus), bleaching agents (patent US 4385008 A) and for epoxidation of olefins on an 
industrial scale.  [21] The MMPP oxidation ability after release from HNT-MMPP nanoconstruct 
was analyzed in the reaction with the highly fluorescent 1,3-diphenylisobenzofuran (DPBF) 
probe, adapting the protocol from K. Żamojć et al.  [22] Upon oxidation, DPBF is transformed 
into 1,2-dibenzoylbenzene (DBB) and eventually into oxanthrone, which are no more 
fluorescent molecules. Therefore, the lack of fluorescence after the treatment of DPBF with 
HNT-MMPP nanoconstruct should indicate release of MMPP and oxidation of DPBF.  Schematic 
illustration of experimental action is presented in Scheme II.7.2. The protocol included mixing 
of argon-flushed DPBF solution (10E-5 M) for 9 h with (i) MMPP (Scheme II.7.2. b) and (ii) HNT-
MMPP nanoconstruct containing the same amount of MMPP (Scheme II.7.2. c). The DPBF 
control test was executed as well (Scheme II.7.2. a). Every hour, portions of supernatants were 
collected by the centrifugation method (3 min, 14.5 kr.p.m.) and analyzed on the DPBF 
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fluorescence emission in the range of 420–600 nm, when excited at 410 nm using fluorescence 
spectrophotometer.  
 

 
 

Scheme II.7.2. Above: illustration of experimental action of MMPP activity studies, using DPBF probe. Solutions of 
DPBF (10E-5M) were mixed for a long time period with MMPP (B), HNT-MMPP (C) and compared to control, 
DPBF solution itself (A). Below scheme of hypothetic reaction between DPBF and slowly released MMPP from 

HNT-MMPP nanoconstruct. 
 

It was expected that free MMPP and the one released from the nanoparticle would oxidize 
DPBF, transforming it into 1,2-dibenzoylbenzene (DBB) and possibly 9-hydroxyanthracen-
10(9H)-one (oxanthrone) thus quenching fluorescence of DPBF compound. It was observed 
that 1,3-diphenylisobenzofuran tended to stick to the walls of the glassware in the first hour of 
observation in all three experimental samples (DPBF, DPBF + free MMPP, DPBF + HNT-MMPP), 
also seen as rapid fluorescence decrease.  DPBF is stable under the analysis conditions even 
after 8 h (Fig.II.7.11. a). Free MMPP rapidly quenched 89.8 % of DPBF within 2 h of and 92.3 % 
within 9 h (Fig.II.7.11. b). Instead, HNT-MMPP nanoconstruct oxidized 70.5 % of DPBF after 2 h 
of incubation, while up to 88.0 % of DPBF quenching within 9 h was observed, (Fig.II.7.11. c). 
Initial significant percentage of DPBF conversion, happened due to characteristic dose dumping 
of MMPP from HNT-MMPP nanoarchitecture. Forward release showed sustain trend and DPBF 
conversion in a slow manner. Comparison of cumulative %DPBF conversion (Fig.II.7.11. d) 
highlights effect of DPBF quenching in a rapid manner by free MMPP and retarded trend by 
HNT-MMPP, due to the slow MMPP release from a cavity of the nanoparticle. Overall, it was 
demonstrated that halloysite nanotubes acted as inert nanocontainers, which immobilized 
MMPP molecules in their structures, to further release them and at the same time not 
perturbate their activity. Activity studies upon MMPP release, together with the short- and  
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Fig.II.7.11. Superimposed fluorescence spectra of DPBF within 9h of observation, quenched by free MMPP (b), 
MMPP slowly released from HNT-MMPP nanoarchitecture (b). DPBF control (a). Cumulative DPBF conversion 

efficiency by: MMPP alone (black), MMPP released from halloysite (blue). DPBF control curve (pink).  

 
long-term release studies revealed characteristic release trend of MMPP molecule from 
halloysite nanoparticles, which consisted of burst of compound release and its further sustain 
desorption.  
 

II.7.1.5. Enhancement of MMPP incorporation by loading into halloysite 
with increased inner lumen 
 
The average loading capacity of pristine halloysite is reported to be in the range of 5–13 % of 
low molecular substances, while 1–2 % for enzymes. [8] Studies on exemplary loading of MMPP 
molecule into HNTs, showed the compound incorporation with 3.5 %wt efficiency, improved 
to 6.1 %wt by variation of the solvent of loading. Seeking to further enhance halloysite 
capability to host drugs, the HNT structure modification was put under investigation. 
Specifically, HNT with enlarged inner lumen was studied whether the increase of cavity’s 
volume has a potential to enhance nanoparticle’s drug loading efficiency. Enlarged lumen of 
halloysite was obtained by nanoparticle’s treatment with NaOH as a base. Details of this 
procedure and further physico-chemical characterization of obtained nanocarriers are 
presented in Chapter II.4.2. Further examination of the nanoform on MMPP incorporation 
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efficiency was performed using established protocol of vacuum pump procedure and model 
MMPP molecule (Chapter II.7.1.1.). The same experimental action was applied as in the case of 
pristine halloysite nanoparticles, this time carried out on prior-prepared halloysite with 
increased inner lumen and use of water: EtOH (7:3 v/v) as a solvent of loading. Quantitative 
determination of loaded MMPP was done by thermogravimetric analysis.  
 
Superimposed TGA plots of halloysite with increased inner lumen and such nanoparticles 
further loaded with model MMPP molecule have shown variations in mass loss when submitted 
to thermal treatment in 40–810 ℃ temperature range (Fig.II.7.12.). HNT with increased inner 
lumen degraded in 14.7 %wt. Instead, such nanoparticle further loaded with MMPP, showed 
increased mass loss (26.4 %wt), thus determining the MMPP loading capacity to be 11.7 %wt. 
 

 
Sample Mass loss in 40–810	℃ (%wt) Loading (%wt) 

HNT with increased inner lumen 14.7 NA 
 HNT with increased inner lumen-

MMPP in water:EtOH (7:3) medium 
 

26.4 
             

11.7 
 

Fig.II.7.12. TGA spectra superposition of HNT with increased inner lumen (green) and HNT with increased inner 
lumen, loaded with MMPP in water: EtOH (7:3 v/v) medium (brown). Table presenting mass loss in-between 40–

810 ℃ for the two samples with quantification of the MMPP moiety on halloysite support. 
 

The increased mass loss corresponded to decomposition of organic part of MMPP in the 
nanocomplex. The loading was high enough to distinguish degradation bands of MMPP in the 
formed nanoconstruct. The analysis revealed that the volume increase of the halloysite cavity, 
allowed to load more of the model compound. In comparison to the pristine nanoparticle, 
halloysite with increased inner lumen immobilized over 47.9 % more of MMPP molecule. 
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Herein, the approach of NP inner lumen enlargement by induced exfoliation of its internal 
bilayers, appeared to significantly enhance nanoparticle’s loading capabilities.  
 

II.7.2. Aspirin incorporation 
 
Aspirin is a common anti-inflammatory drug, used for reduction of pain, fever, inflammation, 
but also for the treatment of cardiovascular diseases.  [23] It is classified as NSAID (Non-Steroidal 
Anti-Inflammatory Drug), able to inhibit an enzyme producing prostaglandins, the messenger 
molecules triggering processes in the body, like inflammation. Moreover, it prevents the 
platelets from clumping and clotting in arteries. [24] Despite beneficial properties, the active 
molecule shows limitations in facile dissolution, therefore characterizes with low absorption 
rate and inability to maintain effective concentration in the body. To overcome this constraint, 
new methodologies are being investigated, including application of nanotechnology. 
Incorporation of aspirin within inorganic as well as organic nanoparticles was explored, such as 
mesoporous silica, [25] Fe3O4 magnetic nanoparticles [26] and albumin [27] or chitosan [28] 
nanoparticles. Seeking for other nanocarriers with unique drug release characteristics, together 
with low-cost and facile encapsulation methodologies, leaded to examination of halloysite 
nanoparticles. Pioneer work of Lun et al. [29] was based on aspirin loading into inner lumen of 
pristine and APTES-modified halloysite. The methodology discriminated enhanced 
incorporation efficiency into HNT-APTES, explained by stronger electrostatic forces triggered 
between deprotonated drug and positively charged terminal groups silane grafted on halloysite 
surface. The aspirin loading was based on 12 h stirring of both components, active molecule 
and nanomaterial. Instead, we aimed to examine whether the application of vacuum pump 
procedure can be used for aspirin loading and weather the loading capacity is improved by the 
proposed methodology.  
 

II.7.2.1. Formation and physico-chemical characterization of HNT-
APTES-aspirin nanoconstruct 
 
Briefly, solution of aspirin in ethanol was mixed with prior prepared HNT-APTES (mR 1.5:1). 
Prepared suspension was placed in the vacuum chamber with decreased pressure for 30 min, 
to then be mixed at atmospheric pressure for the following 15 min. Such loading cycles were 
repeated 3 times, in order to induce inner lumen filling of HNT-APTES with aspirin. After 
completing the loading procedure, the powder was recovered by centrifugation and washed 
with fresh portions of ethanol in order to remove aspirin from external surfaces of the 
nanoparticles. APTES-modified halloysite nanotubes filled with aspirin were dried using Büchi 
pump. Obtained dry powder of HNT-APTES-aspirin was then characterized by means of 
qualitative and quantitative techniques, including FTIR, XRD, TGA and UV-vis spectroscopy in 
reflectance mode analysis. 
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IR spectrum of HNT-APTES-aspirin is presented in comparison to the pristine nanoparticle 
(Chapter II.1.3.), HNT-APTES (Chapter II.5.1.) and aspirin. Successful loading of aspirin into 
APTES-modified nanoparticles was verified by the presence of molecule’s band in the formed 
HNT-APTES-aspirin nanocomplex (Fig.II.7.13.). IR peaks at 1622 nm (overlapped with interlayer 
water bending vibration of pristine HNT) and 1486 nm corresponded respectively to 
antisymmetric and symmetric stretching vibration of aspirin carboxylate. The vibration bands 
of aspirin C=C benzene ring displayed at 1458 nm, bands positioned at 1384 nm and 1302 nm 
were ascribed to C-O stretching vibration. [30]  
 

 
Fig.II.7.13. FTIR spectra superposition of pristine halloysite (black), aspirin (green), HNT-APTES (red) and HNT-

APTES-aspirin (blue). Inset showing the zoom on the 1700–1200 nm spectral window. 

 
Fig.II.7.14. compares X-ray Powder Diffraction pattern of three samples: pristine HNT, HNT-
APTES and HNT-APTES-aspirin. APTES grafting and aspirin loading procedure shielded the 
presence of hydrated halloysite (10 Å), since its typical diffraction peak disappeared. [16] 
Experimental procedures leaded to dissolution of HNT coexisting minerals, namely quartz and 
aluminum sulfate, recognized by decrease in intensity and disappearance of (011), (11-2), (101) 
and (113) diffraction peaks. The analysis demonstrated that the loading procedure did not 
perturbate crystalline structure of halloysite nanoparticles.  Moreover, after conducted 
procedure of aspirin loading, two additional diffraction peaks at 17.7 ° and 46.9	° in 2θ region 
were recognized and attributed to amorphous/ nanocrystal form of aspirin in formed HNT-
APTES-aspirin nanoconstruct. [10] 
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Fig.II.7.14. XRD spectra superposition of commercial HNT (black), HNT-APTES (red) and HNT-APTES-aspirin (blue).  

 

The TGA curve of pristine aspirin (control) degraded in two steps, in the 40–810 ℃  temperature 
range. 35 %wt of the molecule was decomposed at 110–200 ℃, while following 61.4 %wt at 
200–347 °C. Left 3.6 %wt corresponded to undegraded part of the substance. The TGA analysis 
executed at each step of nanocomplex formation, showed added mass loss upon organosilane 
functionalization and forward aspirin immobilization (Fig.II.7.15.). HNT-APTES-aspirin showed 
distinguishable degradation band at 270–460 ℃, which was attributed to the second 
degradation step of aspirin, thus additionally confirming the presence of incorporated molecule 
in the nanoconstruct. 2.2 %wt of APTES and 1.1 %wt of aspirin were successfully immobilized 
on nanoparticles. The vacuum pump procedure came out as an alternative, facile technique to 
immobilize aspirin molecules within halloysite nanotubes. However, its loading capacity was 
not improved, when compared to loading procedure based on long-term stirring (12 %wt). [29]  
 
Following UV-vis reflectance spectroscopy on HNT-APTES-aspirin nanoconstruct was 
performed with respect to the pristine halloysite, HNT-APTES and aspirin (controls). The 
analysis revealed appearance of absorption bands of controls, including absorption bands of 
aspirin at 226 nm and 307 nm (Fig.II.7.16.). Thus, immobilization of aspirin within modified 
HNTs was confirmed.  
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Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 

Commercial HNT 15.5 NA 
HNT-APTES 17.6 2.2 

HNT-APTES-aspirin 21.7 1.1 
 

Fig.II.7.15. TGA spectra superposition of aspirin (green), commercial HNT (black) and formed HNT-APTES (red) 
and HNT-APTES-aspirin (blue). Inset magnifying region of interest. Table presenting mass loss in-between 40–810 

℃ for the three samples with quantification of the APTES and aspirin on halloysite support. 

 
 
Fig.II.7.16. UV-vis spectra recorded in reflectance mode of powders: pristine halloysite (black), HNT-APTES (red), 

HNT-APTES-aspirin (blue) and aspirin (green). 
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II.7.2.2. Study of kinetics of aspirin release from HNT-APTES-aspirin 
nanoconstruct 
 
Study of aspirin diffusion from aspirin loaded APTES-modified halloysite nanoparticles was 
performed in PBS buffer (pH 7). Briefly, the powder of HNT-APTES-aspirin was mixed with the 
release medium and upon completed time, left to settle down by centrifugation. Next, the 
supernatant with released aspirin was collected at chosen time intervals (every 10 min, from 
20–100 min of pending the experiment) and replaced with fresh portion of the solvent. 
Gathered supernatants were then analyzed by Liquid Chromatography–Mass spectrometry 
(LC-MS) technique on the presence of released drug by the analysis of mass spectra of resolved 
UV-vis peaks. Within LC-MS analysis, it was possible to apply liquid chromatography for 
separation of compounds present in collected aliquots (Fig.II.7.17. a) and mass spectrometry 
for further compounds’ mass analysis (Fig.II.7.17. b). Peaks’ intensity quantification is shown in 
a form of cumulative release profile in Fig.II.7.17. c. Partial decomposition of aspirin into 
salicylic acid was observed along the release. Intensity of bands, corresponding to the diffused 
compounds were quantified (I (aspirin): retention time 5.0 min, 179 m/z; II (salicylic acid): 
retention time 5.9 min, 137 m/z). Data of drugs release were elaborated as reported by Pan et 
al. [31] Based on cumulative absorbance studies, we could estimate that the nanoform released 
45.0 % of incorporated molecule within first 20 min. Following drug release showed slower 
aspirin leakage, reaching 76.2 % after 30 min, 92.2 % and 97.5 % after respectively 40 min and 
50 min. Within 60 min, 100 % of immobilized drug was fully released from the nanoparticle. 
The analysis of kinetics of drug release showed a strong burst of aspirin release shortly after 
nanoarchitecture immersion in the medium. Further studies on overcoming dose dumping 
effect will be presented in Chapter II.8. 
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Fig.II.7.17. Liquid chromatography plots superposition of collected HNT-APTES-aspirin release medium within 100 
min (a), mass spectrometry plot for further mass analysis of compounds present in the release media (b), 

quantified cumulative absorbance of released aspirin from HNT-APTES-aspirin into PBS release medium (c). 

 

II.7.3. Epirubicin incorporation 
II.7.3.1. Formation and physico-chemical characterization of HNT-
epirubicin nanoconstruct 
 
Epirubicin as an epimer of doxorubicin, is commonly used as an anticancer drug for various 
malignancies treatment (breast and lung cancer, malignancy, etc.). [32] The chemotherapeutic 
intercalates into DNA double-strands, which inhibits synthesis DNA synthesis and function. It 
also triggers DNA cleavage and generates reactive oxygen species (ROS) that cause cancer cells 
death as well.  [33] This active pharmaceutical shows to induce less cardiotoxic effects and lower 
myelosuppression than doxorubicin, thus can be applied with higher doses and more cycles of 
treatment, comparing to other common chemotherapeutics. Therefore, cancer therapy with 

-1
6
13
20
27
34
41
48
55
62
69
76
83
90

55 65 75 85 95 105 115 125 135 145 155 165 175 185 195

In
te
ns
ity

(a
.u
.)

m/z

0

10

20
30

40

50

60
70

80

90
100

0 10 20 30 40 50 60 70 80 90 100

%
 C

um
ul

at
iv

e 
ab

so
rb

an
ce

time (min)

aspirin release in PBS 10X

b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 



Katarzyna FIDECKA_PhD thesis 2016 - 2019 
 

168 

the use of epirubicin allows to achieve improvements in patients’ hospitalization and morbidity 
decrease. Despite many essential advantages, the conventional treatment shows limitations in 
regard to sustainable drug release and its biodistribution. With the development of 
nanotechnology, novel complexes of based on epirubicin encapsulation in inorganic/ organic 
nanoparticles have been developed. Scientific literature reports active agent incorporation 
with mesoporous silica nanoparticles, superparamagnetic iron oxide nanoparticles, liposomes 
and cholesterol-chitosan nanoaggregates. However, methodologies for epirubicin 
incorporation remain too complex, thus translation of nanopharmaceuticals to the market has 
not been achieved. To the best of our knowledge little is known about epirubicin encapsulation 
in halloysite nanotubes. HNT seems to be an interesting candidate for the efficient delivery of 
epirubicin, thanks to its unique characteristics, including loading and release capabilities. [34]  
 
Our study intended to immobilize the active agent inside the aluminosilicate skeleton of 
halloysite using the above-described vacuum pump methodology (Chapter II.7.1.1.). Briefly, the 
suspension of halloysite nanotubes in physiological water was adjusted to pH 7 using NaOH 
base (0.1 M). Thus, the interior charge of the nanoparticle was neutralized (Chapter II.1.7.). 
Next, epirubicin was added and such mixture was submitted to three vacuum cycles. Such 
prepared nanoconstruct was further collected by centrifugation (4500 r.p.m. for 5 min) and 
further washed 5 times with physiological water until the supernatant was not colored 
anymore. The resultant HNT-epirubicin powder was then lyophilized until completely dry. HNTs 
filled with epirubicin became red colored (Photograph II.7.2.).  
 
 
 
 
 
 
 
 
 
 

Photograph II.7.2. Digital images of pristine halloysite powder (left), HNT-epirubicin nanoconstruct (right). 

 
Due to hazards involved with HNT-epirubicin sample manipulation, its physico-chemical 
characterization was limited to quantitative thermogravimetric method. TGA plot of the 
nanoparticle filled with chemotherapeutic was superimposed with the one of pristine halloysite 
nanotube Fig.II.7.18. It highlighted higher mass loss of HNT-epirubicin sample than of the one 
without loaded drug, due to the contribution of chemotherapeutics fast decomposition at 
lower temperatures. With TGA analysis, the loading capacity of epirubicin into halloysite inner 
lumen was estimated to be 5.1 %wt.   
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Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
Commercial HNT 15.5 NA 
HNT-epirubicin 20.6 5.1 

 
Fig.II.7.18. TGA spectra superposition of commercial HNT (black) and formed HNT-epirubicin nanoconstruct 

(blue). Table presenting mass loss in-between 40–810 ℃ for the two samples with quantification of the epirubicin 
loaded into halloysite nanotubes. 

 

II.7.3.2. Biological evaluation of HNT-epirubicin nanoconstruct 
 
Cytotoxic effect of HNT-epirubicin nanoconstruct was examined by the set of MTT cell 
metabolic activity assays. To do that, two model cancer cell lines, namely 5637 urinary bladder 
cancer cell line (Fig.II.7.19. a) and HeLa cervical carcinoma cell line (Fig.II.7.19. b) were 
incubated for 72 h under increasing concentration of halloysite nanotubes filled with epirubicin. 
Results are presented in comparison to the outcome of MTT cell viability assays of free 
epirubicin. The obtained results revealed that free epirubicin exerts high cytotoxicity against 
both 5637 and HeLa cells at concentrations above 0.002 µg/mL. IC50 of epirubicin was 
determined at 0.5 µg/mL for 5637 cells and 0.04 µg/mL for HeLa cells. Instead, the 
concentration of HNT-epirubicin, which exhibited 50 % 5637 cell viability was equal to 2.5 
µg/mL, while 1.8 µg/mL for HeLa cell line. The cytotoxicity plot of HNT-epirubicin indicated 
cancer cell viability inhibition with respect to the free chemotherapeutic. This could be 
understood in term of slow release of epirubicin from nanotubes. Cytotoxicity of HNT-
epirubicin nanoconstruct increased with the increase of HNT-epirubicin concentration. Both 
cell lines expressed similar toxicity to epirubicin and HNT-epirubicin nanoform. The MTT cell 
viability assay confirmed sustain chemotherapeutic agent release from halloysite nanotubes 
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and maintenance of chemotherapeutics activity upon adsorption and desorption from the 
nanoparticle. 

 
Fig.II.7.19. MTT assay of 5637 (a) and HeLa (b) cancer cells after incubation for 72 h with epirubicin (red) and 

HNT-epirubicin nanoconstruct (blue) at different concentrations. 

 
The anticancer activity of formed HNT-epirubicin nanoconstruct was further investigated by 
qualitative multiphoton microscopy studies, using Glioma C6 cancer cell line (Fig.II.7.20.). The 
cells were incubated for 72 h HNT-epirubicin nanoform and further stained with annexin V dye, 
which acted as a probe for detection of apoptotic cells. Biological samples were excited at 920 
nm, while the emitted signal was collected by 2 sets of 4 NDD detectors. Comparison of the  

 
 

Fig.II.7.20. 2D Multiphoton micrographs of Glioma C6 cells stained with annexin V dye and incubated with 
halloysite-epirubicin nanoconstruct for 72 h (c, d). The results compared to Glioma C6 cells 2D MPM images (a, 

b). In columns presented bright field images and signal detected in R/T 550/88 detectors. Red color: fluorescence 
emission from membranes of apoptotic cells. Wavelength of excitation: 920 nm. 10 µm scale bar. 
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bright field images of Glioma C6 cells without (Fig.II.7.20. a) and with HNT-epirubicin nanotubes 
(Fig.II.7.20. c) showed malformation of cancer cells upon contact with the nanoconstruct. No 
fluorescence signal from Glioma C6 cells (control) was detected (Fig.II.7.20. b). Instead, intense 
fluorescence signal from cellular membranes was detected (R/T 550/88 detectors) from the 
sample where Glioma C6 cells were incubated with HNT-epirubicin (Fig.II.7.20. d).  
 
The obtained result can be explained as follows. In healthy cells, phosphatidylserines (PSs) as 
phospholipids, take part in cell cycle signaling, including apoptosis.  [35] Phosphatidylserines are 
placed on the inner layer of cell membranes, therefore hindered from cell media (Scheme 
II.7.3.) During apoptosis, rapid PSs exposure on the outer leaflet of the plasma membranes 
takes place, thus they are no longer held in the cytosolic side of cellular membrane. Applied 
annexin V is able to bind to phosphatidylserines, to further emit fluorescence in 535–617 nm 
wavelength range. It is believed that halloysite nanoconstructs reached vicinity of Glioma C6 
cells and performed extracellular sustain release of epirubicin, which when free, acted against 
cancer cells inducing apoptosis, therefore confirming that HNTs behaved as inert nanovectors 
that remained epirubicin upon loading and release from their cavities. 
 

 
 

Scheme II.7.3. Illustration of annexin V activity towards cell apoptosis identification, induced by released 
epirubicin from HNT-epirubicin complex. 

 

II.7.4. Halloysite-mediated gene delivery 
 
Gene therapy includes the delivery of integrating or non-integrating exogenous 
Deoxyribonucleic acid (DNA) in order to treat or prevent many diseases, through gene 
expression interference. Affecting the genetics of target cells using DNA focuses on the delivery 
of functional copy of a defective gene and the formation of a silencing complex with it, to 
further degrade it or modulate its expression. Yet, the year 2012 resulted in European 
Medicines Agency (EMA) approval of the first gene therapy treatment named Glybera 
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(alipogene tiparvovec), which is an adeno-associated virus (AAV)-mediated delivery system of 
DNA, aimed to treat lipoprotein lipase deficiency. [36] Gene delivery studies-to-market 
perspective has stimulated further development of viral gene delivery vectors. However, 
despite significant benefits, the major challenge of such systems is to overcome hosts’ immune 
system activation, thus perturbation of the transfection efficiency. [37] Recent advances in gene 
therapy focused much of scientific attention to emphasize novel non-viral methods’ 
development for efficient gene delivery promotion. [38] Potential utility of nanotechnology for 
the purpose of selective genes transportation to tissues and cells with improved transfection 
efficiencies, opens up a new era in pharmacotherapy. [39] Halloysite nanotube, with its unique 
characteristics, such as submicron particle size, large surface area and flexibility in 
nanoconstructs design through NPs surface properties alternations with minor cytotoxicity, 
demonstrates a unique object of study. [7] HNTs can act as a support for gene immobilization 
and conduct selective intracellular delivery of desirable genetic materials, such as plasmid DNA, 
RNA and siRNA to tissue and cells. First trials on the development of halloysite-based carriers 
for therapeutic genes transportation were described by Shi et al. [40] and Long et al. [41] Willing 
to make a foreseen progress in the field, we come up with an alternative methodology for non-
viral halloysite-mediated gene nanosystem formation, with a peculiar focus on application of 
novel characterization techniques for nanoarchitecture verification on its physico-chemical 
properties and biological effectiveness.  
 

II.7.4.1. Concept of pGFP plasmid complexation via LbL technique 
 
The study has concentrated on plasmid DNA (pDNA) complexation within the halloysite 
nanotube structure for therapeutic application. Among those, plasmid system, based on the 
Green Fluorescent Protein (GFP) was selected as a model gene material, in order to examine 
the designed halloysite nanocarrier on its functionality. pGFP plasmid is a suitable platform for 
determination of successful intracellular delivery of genes, since only when reached the 
nucleus, it is transcribed into mRNA, transferred to the cytosol where it is translated into 
protein, which emits detectable fluorescence (395 nm excitation maxima, 509 nm emission 
maxima). [42] [43] Given the properties of pGFP, such as a large size and significant charge, free 
pGFP cellular uptake is rendered, thus needs a carrier to be transported through the cellular 
membrane. [44] It was aimed to employ short halloysite nanotubes as efficient intracellular 
vehicles for pGFP plasmid. Short HNTs are also imaging vectors (Chapter II.2.), thus it was 
expected to create HNT-pGFP dual imaging system, able to be detected using Multiphoton 
microscope (Scheme II.7.4.). 
 
The concept of pGFP plasmid complexation within halloysite nanotubes required formation of 
multi-component assembly, hybridized by layer-by-layer (LbL) adsorption technique. The 
method is based on a repetitive deposition of reversely charged layers of material in order to 
create a multi-layer film. In comparison to Langmuir-Blodgett (LB) and self-assembled 
monolayer (SAM) techniques for ultrathin-film drug delivery materials preparation, the LbL 
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Scheme II.7.4. Schematic illustration of pGFP delivery to cells via complexation in modified halloysite nanotubes.   

 
adsorption methodology offers a freedom in materials selection and structural design. 
Moreover, it characterizes with less dense packing, thus prompted to release drugs from the 
assembly via diffusion. Interactions between layers can be stabilized electrostatically, but also 
via hydrogen bonging or other biospecific interactions. [45] Of a particular interest is the use of 
biological substances, such as proteins, [46] nucleic acids, [47] saccharides [48] and virus particles 
[49] for LbL assembly’s formation. The incorporation of pGFP plasmid within non-viral halloysite 
nanocarrier via LbL technique was performed in three step procedure (Scheme II.7.5.). 
Nanoparticles were first functionalized with the surface-bound linker, named APTES (HNT-
APTES) (Chapter II.5.1.). It was expected that the majority of the organosilane was immobilized 
in HNT inner lumen, however to some extent also on the outer surface of the tubules. Further 
modification of such grafted organosilane with the excess of methyl iodide was conducted in 
order to create a positive charge on the terminal amine groups (HNT-APTES+). Finally, such 
prepared HNT-APTES+ were coated with the layer of negatively charged pGFP plasmid (HNT-
APTES+pGFP-). Three qualitative characterization techniques were implied to follow variations 
in physico-chemical properties of formed organic-inorganic hybrid system, namely FTIR, zeta 
potential and TGA. In order to obtain supportive information about successful immobilization 
of pGFP on the external walls of modified nanocylinders, the HNT-APTES+pGFP- sample was 
treated with the Bovine pancreatic deoxyribonuclease (DNase) enzyme, towards pGFP 
degradation through hydrolytic cleavage of phosphodiester linkages in DNA backbone. Thus, it 
was expected that such nanoform with deposed genetic material will vary in physico-chemical 
properties, expressing similar ones of the nanoconstruct without pGFP plasmid attached (HNT-
APTES+). Likewise, such treated sample (HNT-APTES+pGFP- + DNase) was submitted to the set 
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of qualitative characterizations. In vitro Multiphoton microscopy studies were performed in 
order to investigate biological effectiveness of prepared HNT-APTES+pGFP- nanoform.  
 

 
 

Scheme II.7.5. Illustration of HNT-APTES+pGFP- nanoform formation, via NPs grafting with APTES (HNT-APTES) 
(a), positively charged NP formation (HNT-APTES+) (b) and pGFP immobilization of positively charged NP 
(HNTAPTES+pGFP-) (c). Additional verification of attached pGFP to the nanoparticle via HNT-APTES+pGFP- 

treatment with DNase to digest the plasmid (HNT-APTES+pGFP-+ DNase) (d). 

 

II.7.4.2. Physico-chemical characterization of HNT-APTES+pGFP- 
nanoconstruct 
 
Qualitative characterization of HNT-APTES+pGFP- nanoform was performed by monitoring 
raised variations in nanoparticle’s physico-chemical properties at each step of the hybrid 
formation, from pristine HNT, APTES-functionalized HNT, HNT-APTES+, to HNT-APTES+pGFP- 
and decomposition: HNT-APTES+pGFP- + DNase.  
 
Applied FTIR analysis is presented in a form of superimposed IR spectra (Fig.II.7.21.). The 
description of diagnostic bands of halloysite and HNT-APTES is reported respectively in Chapter 
II.5.1. Tertiary amine formation on the terminal group of HNT-APTES, resulted in intense IR 
bands appearance at 2965 nm, 2930 nm and 2865 nm, which corresponded to stretching 
vibration of CH3 and CH2. Forward distinguished bands at 1470 nm and 1262 nm attributed to 
wagging vibration of CH2. [15] Presence of pGFP plasmid was verified by appearance of the three 
following bands positioned at 1742 nm, 1545 nm and 1320 nm that were ascribed to IR 
vibration of C-C bond in DNA molecule, C-O-P mode and P=O band. [50] Additional step aimed 
at genetic material degradation from the surface of nanoparticles demonstrated significant 
diminution and disappearance of the three above described pGFP plasmid IR bands.  
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Fig.II.7.21. FTIR characterization of HNT-pGFP hybrid while its formation (a). Inset showing the zoom at 4000–
2200 nm of HNT-APTES and HNT-APTES+ (b), HNT-APTES+ and HNT-APTES+pGFP- (c) and 1800–1210 nm of HNT-

APTES+pGFP- and HNT-APTES+pGFP- + DNase (d). Commercial HNT (black) and HNT-APTES (red), HNT-APTES+ 
(blue), HNT-APTES+pGFP- (green), HNT-APTES+pGFP- + DNase (orange). 

 

pH-dependent ζ–potential analysis measured on five examined samples discriminated 
significant differences between them (Fig.II.7.22.). Pristine halloysite with characteristic net 
negative charge and highly negative value of ζ–potential, become positive upon 
functionalization with APTES (Chapter II.5.1.). IEP of HNT-APTES was estimated at pH 9.8. 
Following exhaustive methylation shifted isoelectric point to pH 9. pGFP plasmid (163.4 µg/mL) 
characterized with a highly negative ζ–potential value, -32.7 mV. Adsorption of pGFP on the 
nanoparticle surface increased the zeta potential to high negative value. Due to the expected 
pH-sensitivity of the hybrid, the zeta potential was measured only at its native pH (6.6). 
Immobilization of genetic material reversed the trend and lowered zeta potential value, thus 
decreased positive charge of HNT-APTES. The measurement of HNT-APTES+pGFP- showed two 
populations with 14.5 mV (96 % of area) and -21.8 mV (4 % of area). The observation might 
mean that the genetic material adsorbed heterogeneously, more on one tubules than another. 
The repeated analysis on the sample of HNT-APTES+pGFP- + DNase with cleaved pGFP from NPs 
surface, showed the same trend and IEP, as prior to pGFP plasmid incorporation. Thus, pGFP 
digestion and HNT-APTES+ nanoform recovery was achieved, confirming successful 
incorporation of pGFP in the halloysite-mediated hybrid.   
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Fig.II.7.22. ζ – potential curves superposition of commercial HNT (black) and HNT-APTES (red), HNT-APTES+ 
(blue), HNT-APTES+pGFP- (green), HNT-APTES+pGFP- + DNase (orange).  

 

In this study, TGA analysis was implemented for qualitative characterization of formed HNT-
APTES+pGFP- nanoarchitecture (Fig.II.7.23.). Superimposed thermogravimetric plots revealed 
variations in mass loss upon thermal treatment. APTES grafting on the surface of nanoparticles 
demonstrated added degradation at lower temperatures, due to decomposition of 
organosilane (Chapter II.5.1.). Further positively charged tetraamine formation with 
electrostatically attached iodine counter ion showed significantly progressed mass loss. While 
pGFP plasmid immobilization on HNT-APTES+, the negatively charged gene substituted I-, which 
further formed NaI salt with sodium cations originally present in the pGFP medium. The 
hypothesis was justified by the TGA trend observation. TGA plot of HNT-APTES+pGFP- was 
placed in-between HNT-APTES+ and HNT-APTES. Therefore, lower mass loss was observed for 
HNT-APTES+pGFP-, comparing to HNT-APTES+, meaning NaI release to the solution upon pGFP 
attachment. Distinguished higher mass loss of HNT-APTES+pGFP- than HNT-APTES, meant layer 
addition while nanohybrid formation. Finally, HNT-APTES+pGFP- + DNase expressed lower mass 
loss with respect to HNT-APTES+pGFP-, suggesting pGFP plasmid digestion.  
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Fig.II.7.23. TGA plots superposition of commercial HNT (black) and HNT-APTES (red), HNT-APTES+ (blue), HNT-

APTES+pGFP- (green), HNT-APTES+pGFP- + DNase (orange).  

 

II.7.4.3. Biological evaluation of HNT-APTES+pGFP- nanoconstruct 
 
The investigation of designed organic-inorganic gene delivery system on efficiency in 
intracellular delivery into Glioma C6 cells, was performed with the biological qualitative 
Multiphoton microscopy. To visualize the cells, their membranes and cellular compartments 
were stained with DiO dye (Chapter II.3.1.3.). Visualization of label-free nanoparticles was 
performed by HNTs SHG signal imaging (Chapter II.4.1.2.). Successful pGFP plasmid 
transportation into cells was verified by detection of GFP expression, which yielded 
fluorescence emission. Two biological samples were analyzed upon 72 h incubation time, 
namely stained Glioma C6 cells without (control) and with HNT-APTES+pGFP- nanoconstruct. 
Looking at the bright field images it could be concluded that Glioma C6 cells incubation with 
HNT-APTES+pGFP- hybrids, did not seem to induce cytotoxicity (Fig.II.7.24.), since cells’ 
morphology changes upon contact with the nanoconstruct was observed. The 2PE at 730 nm, 
810 nm and 920 nm was performed to selectively excite three analyzed units: Glioma C6 
membranes, halloysite nanoparticles and expressed GFP. Set of non-de-scanned detectors was 
applied (R/T 360/12, R/T 406/15, R/T 460/60, R/T 550/88). The fluorescence of stained Glioma 
C6 cellular membranes and compartments was detected exclusively in R/T 550/88 detectors 
when excited with three mentioned above wavelengths (Fig.II.7.25.).  
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Fig.II.7.24. Bright field images of DiO-stained Glioma C6 cells incubated for 72 h without (control) (a) and with 
HNT-APTES+pGFP- complex (b). Scale bar: 10	𝜇m. Objective 40X. 

 
 

 
 

Fig.II.7.25. Multiphoton images of DiO-stained Glioma C6 cells incubated for 72 h (control). Cell surface and 
intracellular membranes were stained with DiO dye (red) and excited with 2 Photon Excitation (2PE) at 730 nm, 

810 nm and 920 nm. Signal was detected in R/T 550/88 detectors. Scale bar: 10 𝜇m. Objective 40X. 
 

Multiphoton microscopy revealed GFP expression, detected in R/T 406/16 and R/T 460/60 
detectors, when sample was excited at 730 nm (Fig.II.7.26.). It was also partially detected in 
R/T 550/88 detector, while overlapping with the fluorescence emission of DiO dye. Parallelly to 
detection of expressed GFP, the applied Multiphoton microscopy allowed to simultaneously 
visualize halloysite nanotubes via their endogenously generated SHG signal in R/T 360/12 
detectors, thus at half of excitation wavelength. When exciting the sample at 810 nm, the SHG 
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signal of HNTs was observed in R/T 406/15 detectors, while minor GFP fluorescence was seen 
in R/T 460/60 detectors. Overlay of detected signals clearly showed that GFP was expressed 
and was localized inside cells. 920 nm of two photon excitation wavelength generated the SHG 
signal of HNTs at R/T 460/60 but did not lied within the excitation range of GFP. The applied 
MPM allowed to simultaneously visualize halloysite nanotubes from the HNT-APTES+pGFP- 
complex and expressed GFP. The Second Harmonic Generation signal from nanoparticles was 
observed always at half of the chosen wavelength of excitation. Intracellularly delivered pGFP 
by short HNTs, produced a fluorescent signal when expressed in Glioma C6 cells, thus 
successfully allowed protein localization in vitro and demonstrated gene expression.   

 

 
 

Fig.II.7.26. Multiphoton images of DiO-stained Glioma C6 cells, incubated for 72 h with HNT-APTES+pGFP- 
complex. Cell surface and intracellular membranes were stained with DiO dye (red), label-free detection of 

shortened HNTs was done by their endogenously generated SHG signal (cyan). Expressed GFP seen in green. 2 
Photon Excitation (2PE) done at 730 nm, 810 nm and 920 nm. Arrows indicating SHG signal from shortened 

halloysite nanotubes. Scale bar: 10	𝜇m. Objective 40X. 

 
II.7.5. Conclusions 
 
The study focused on the use of halloysite nanotubes as a potential drug delivery system. 
MMPP, aspirin and epirubicin, were applied as examples of active molecules to be encapsulated 
within the nanoparticle’s cavities via optimized vacuum pump procedure. The obtained results 
exhibited successful incorporation of MMPP (6.3 %wt), aspirin (1.1 %wt) and epirubicin (5.1 
%wt) within HNT inner lumens, verified qualitatively and quantitatively by the set of performed 
physio-chemical characterizations. Loading capacity and release performance were shown to 
be dependent on the properties of release medium and nanoparticle’s structure. Tuning of 
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loading efficiency and release kinetics was achieved through demonstrated variation in solvent 
of loading (1), enhancement of electrostatic forces between nanoparticle and a drug, via 
functionalization of HNT surfaces with an active linker (2), as well as NPs structure modification 
leading to increase of inner lumen volume (3). Moreover, conducted qualitative and 
quantitative activity studies using DPBF-probe on MMPP-loaded halloysite and in vitro toxicity 
studies on epirubicin-loaded halloysite polymorphs have demonstrated that HNTs are inert to 
carried molecules, remaining their activity after being released at intended site. Release studies 
have demonstrated 60 min to 18 days of long compounds’ dissolution from halloysite 
nanoparticles into release media. Nevertheless, the burst of drug release from pristine 
nanoparticles at first minutes after nanocomplexes immersion in the medium was 
distinguished. Mentioned above characteristics can act as a strong limitation of the 
nanoparticle, since it can lead to local drug overdose. Further research on this case topic will 
be presented in the following Chapter. Apart from incorporation and delivery of active 
molecules, the studies raised the possibility of halloysite nanotubes application as a carrier for 
gene transportation. Great focus was put on the design of the organic-inorganic hybrid and its 
further physico-chemical characterization upon formation. Biological evaluation of the 
fabricated halloysite-mediated gene carrier proved effective intracellular delivery of the 
therapeutic cargo. In vitro multiphoton microscopy application allowed to visualize 
simultaneously expressed GFP and nanoparticle. Overall, presented studies have shown that 
halloysite nanotubes can be used as a nanosupport to deliver wide spectrum of active 
(bio)organic compounds, taking advantage of its outstanding structure properties, loading 
methods, controlled-release characteristics, bio-safety and simply availability and low cost.  
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II.8. Concept of HNTs encapsulation in multi-functional collagen shell  
II.8.1. Overcoming burst of drug release from HNTs inner lumen 
 
Results presented in Chapter II.7 of this PhD thesis, supported by examples from our work and 
scientific literature [1] [2] [3] revealed unique capacity of halloysite nanotubes to efficiently 
immobilize various types of (bio)organic molecules within its empty hollow lumen. In addition, 
the capability of HNTs to liberate incorporated drugs in a sustain and long-lasting manner was 
also proven. [4] However, the desired sustain therapeutics release from halloysite nanocylinders 
was proceeded by initial great drug liberation in the first minutes, just after immersion of 
halloysite-drug nanoconstruct in the medium. [5] [6] Such phenomena, also known as dose 
dumping effect [7] [8] [9] could eventually cause severe consequences when applied in biological 
systems. Very possibly drug bursting perturbates stability of drug-loaded halloysite 
nanoarchitectures, resulting in an uncontrollable therapeutic’s liberation before reaching the 
targeted site and finally may cause unexpected local toxicity. Over the last years, scientific 
community has faced the problem by clogging tube-ends of the nanoparticles with synthetic 
polymers, such as polyethyleninmine (PEI) and polyacrylic acid (PAA) polyelectrolyte pair [10] or 
polyvinyl alcohol (PVA). [11] As far as sufficient results were obtained to overcome dose dumping 
effect, the biocompatibility of invented synthetic tube-end stoppers was unsatisfactory. Thus, 
the new generation of tube-caps composed of natural materials has been growing up in 
scientific attention. Key features of such alternative coatings, like low/non-toxicity, low 
immunogenicity and thereafter good biocompatibility have contributed to the turn in scientific 
direction of the halloysite use. [12] Up to date, the review on the state of the art shows drug-
loaded halloysite nanotubes coated with natural polymers, like chitosan [13] and dextrin [14] or 
alginate.[15] [16] Herein, we came up to engineer multi-functional collagen shell for encapsulation 
of drug-loaded halloysite nanotubes (Scheme II.8.1.). Proposed collagen layer acts as a 
biocompatible and bioresorbable [17] polymer shell, thus inert to the human body. At the same 
time collagen coating is able to perform its intended function, to then being biodegraded and 
expelled from the organism. [18] [19] Applied collagen in the context of halloysite was meant to 
cover nanoparticles and block the entrances of the halloysite hollow tubules, this way 
entrapping the drug of interest in cavities of HNTs, until nanoconstructs reach the suffering 
organ. More to the point, the coating is believed to be removable as a consequence of response 
to the pH- and/or enzyme-stimuli. [20] [21] Through triggered-release, the collagen can be 
digested, slowly releasing the incorporated drug in a time-extended manner. The proposed 
collagen coating has an exceptional feature over already explored natural polymers: 
promisingly it is able to selectively target wounds, fibrotic tissues and finally tumour cells, since 
it is recognized by several receptors of pathological cells. [22] Apart from qualitative and 
quantitative characterization of halloysite nanotubes encapsulated in collagen shell by set of 
standard techniques, the added value of conducted study is the use of unique collagen 
structure properties in the novel visualization of coated nanoarchitecture, by 3D multiphoton 
microscopy.  
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Scheme II.8.1. Concept illustrating the activity of drug-loaded halloysite nanotubes encapsulated in the collagen 
shell for anticancer therapy. Halloysite nanotubes presented as cross-sectioned tubules. Drug molecules 

presented as blue spheres, while collagen coating as a pink cloud. 

 

II.8.2. General information about collagen  
 
Collagen is the most abundant structural protein in the human body, making up about 25 % of 
all the proteins content in mammals. Among fibrous collagens subgroup (types I, II, III, V and 
XI), collagen units self-assemble into parallel fibers, creating a characteristic band pattern. [23] 
Collagen type I is the most abundant type in the humans’ body (90 %)[24] and is present within 
40–300 mg/mL concentrations in living tissues, in bones, skin, tendons, vascular, ligatures, 
except cartilaginous tissues at most. [26] Collagen type I is heterotrimetric, which means that it 
consists of two identical and distinct third	𝛼 chains reaches a size of 300 nm in length and 1.5 
nm in diameter and approximately 300 kDa in molecular weight: [26] 
 

 
Scheme II.8.2. Collagen triple helix with the distinction of helical and non-helical regions. 

The term collagen molecule corresponds to the right-handed triple helix. [27] Each collagen 
molecule consists of 3 chains of polypeptides, built up by regular arrangement of amino acids. 
Each polypeptide chain contains about 1000 amino acids with repetitive sequence of Glycine-
Proline-X or Glycine-Y-Hydroxyproline, where Glycine builds up 1/3 of the sequence; X and Y 
are various other amino acid residues. [28] Collagen triple helix can be divided into two regions: 
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central helical region (95 % of polypeptide) and two non-helical regions (N-telopeptide and C-
telopeptide) (Scheme II.8.2.). Telopeptides are situated at each end of the collagen molecule 
and constitute of 9–26 amino acids. [29] Processing of N-terminus and C-terminus leads to 
spontaneous assembly of collagen molecules, subsequently stabilized by the formation of 
covalent bonds, so called cross-links. Forward aggregation of 4–8 collagen molecules leads to 
formation of microfibrils to further assemble fibril and fibers. The fibers are aligned in parallel, 
creating highly hierarchical organized structure [30] (Scheme II.8.3.). The structural strength of 
collagen is provided by above mentioned cross-links. [31] Moreover, their presence makes the 

 
 

Scheme II.8.3. Representation of gradual organization of collagen fibers. Magnification on collagen polypeptide 
chain with repetitive amino acid sequence of Glycine (Gly)-Proline-X or Glycine (Gly)-Y-Hydroxyproline. Image 

based on https://public.wsu.edu/~rlee/biol103/lect01/sld022.htm  

biopolymer degrades slower. [32] Formation of collagen cross-links can be formed naturally, 
through a cascade of enzymatic or non-enzymatic reactions while polymer maturation. 
Synthetic cross-links can be generated by two methods: (I) through formation of imine or 
carbamate bonds between primary amine groups of lysine and/or hydroxylysine residues, using 
glutaraldehyde, formaldehyde or diisocyanates or (II) through formation of amide bonds 
between carboxylic acids of aspartic or glutamic acid residues and primary amine groups, using 
cyanamide/ acyl azide linking or carbodiimides. [33] 
 

For the purpose of this study, we have chosen to cross-link collagen polymer with 
glutaraldehyde, following other studies. [34] [35] [36] The choice of cross-linking technique was also 
driven by appreciation of its controlled-manner as well as facile and economic characteristics. 
However, important to note is that glutaraldehyde at its high concentrations can be cytotoxic, 
therefore its safe concentration needs to be applied. Other alternative safer crosslinking using 
e.g. diphenylphosphoryl azide (DPPA) should be also considered in the future studies. [37]  
 
Importantly, many unique features of collagen are consequence of its highly organized 
structure. Regardless characteristic mechanical strength [38] of this biopolymer, remarkable is 
also the lack of any centre of symmetry. [39] Therefore, it is known, proved by us and others [40] 
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that the biomaterial is able to emit endogenous Second Harmonic Generation signal, 
detectable by Multiphoton microscopy. Underlined property allowed to emerge non-labelled 
biomaterial imaging, which found an application in biomedicine, such as in analysis of diseases 
stages in diverse range of tissues, such as cancer, fibrosis and connective tissue disorders. [40] 
 
Through an enzyme-triggered digestion, performed by e.g. nonspecific proteinases, such as 
collagenase, gelatinase, and pepsin, [41] [32] the collagen structure can be broken down (Scheme 
II.8.4.) and be digested by the human body. Considering the exemplary case of combined 
pepsin activity and acidic pH[42] on the collagen degradation, the enzyme preferentially attacks 
phenylalanine residues in exposed telopeptides regions of collagen molecules, destabilizing 
cross-linking network by hydrolysis of polypeptide bonds. Telopeptides cleavage results in 
structure destabilization of the organized collagen network and formation of random coils of 
triple helixes, which are further consumed as functional foods. [18]  [19] 

 

 
 

Scheme II.8.4. Illustrative presentation of pepsin-activated collagen digestion through break down of its 
polypeptide bonds.  

Considering the unique properties of collagen, the biomaterial application in tissue 
engineering, [43] drug delivery[44] and many other domains has been extensively growing.  
 
II.8.3. Physico-chemical characterization of collagen  
 
Characterization of commercial collagen type I with standard techniques was necessary for its 
further identification in halloysite-based nanoarchitectures. Thus, the set of standard 
characterization methods, as FTIR, UV-vis spectrophotometry, TGA, ζ–potential, Kaiser test and 
water contact angle techniques were implemented for summarizing key characteristics of 
collagen physico-chemical properties.  
 
The collagen IR spectrum presents its diagnostic bands over 4000–500 nm spectral range 
(Fig.II.8.1.). The broad band at 3648–3098 nm could be ascribed to combined stretching 
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vibration of NH2 and hydrogen bond water, [45] whereas following low in intensity bands at 3106 
nm and 2960 nm correspond to the Fermi resonance overtone of 1555 nm band and C-H 
stretching vibration respectively. Peaks located at 1647 nm, 1555 nm, 1409 nm comprise amide 
C=O stretching, N-H bending and finally C-N stretching. At least, the C-N stretching vibration of 
amine was assigned to the band located at 1242 nm.  Similar results were demonstrated by 
Mitra et al. [46] 
 

 
Fig.II.8.1. IR spectrum of commercial collagen type I.  

 
The UV-Vis transmittance spectrophotometry analysis of collagen type I (0.05 mg/mL) dissolved 
in 2 mL of 1:1 acetic acid (0.1 %): DI water v/v mixture, generated a spectrum with a high degree 
of light absorption in the analyzed 200–320 nm wavelength region (Fig.II.8.2.). The 
distinguished maximum of light absorption was seen at 220 nm, due to the presence of amide 
linkages of peptide bonds in the collagen structure. [47] The broad absorption band at 240–285 
nm demonstrated the presence of aromatic residues: phenylalanine, tryptophan, and tyrosine, 
[48] which are the main collagen-building amino acids. Moreover, it was noticed that the 
baseline of the collagen UV plot was maintained at approximately 0.1 a.u. of absorbance value, 
since collagen is a macromolecule, that scattered the light intensively. Similar observations 
were reported elsewhere.  [49] [45]  
 
The TGA analysis demonstrated that 93.5 %wt of collagen thermal degradation occurred within 
40–560 ℃ temperature range (Fig.II.8.3.). Initial mass loss seen at 40–113 ℃ corresponded to 
the evaporation of bounded water. [45] The maximum of collagen degradation was observed 
within 205–580 ℃ and was assigned to degradation of its polymeric chains. [50] Undegraded 
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6.5%wt was assigned to the naturally present various ions in the native collagen, which take 
part in biopolymer structure stabilization. [51] 

 

 

 
 

Fig.II.8.2. UV-vis spectrum in transmittance mode of commercial collagen type I.  
 

 

 
Fig.II.8.3. TGA plot of commercial collagen type I.  

 

Undertaken ζ–potential analysis showed zeta potential variations of collagen as a function of 

solution’s pH (Fig.II.8.4.). Within the analyzed pH range, collagen showed the overall positive 
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charge. When pH was decreased below neutral value, the positive zeta potential magnitude 
was systematically increasing, reaching +23.2 mV at pH 2, due to the dissociation of collagen 
pH-dependent groups. On the contrary, titrating collagen solution to basic pH values, prompted 
to deprotonate the above-mentioned functional groups and decrease the positive value of zeta 
potential up to +1.5 mV±3 at pH 9.5, where collagen IEP was approximately estimated. Similar 
observations were reported by Andrade et al. [52] 

 

 
Fig.II.8.4. ζ – potential plot of commercial collagen type I.   

 
Two parallel Kaiser tests on dissolved collagen sponge (a) and collagen sponge as such (b) 
(Photograph II.8.1.) were executed. In the case of dissolved collagen, the Kaiser test gave the 
negative result, seen as unchanged yellow color of Kaiser solution. On the contrary, collagen  
 

 
 

Photograph II.8.1. Kaiser test on 1 mL collagen type I solution (5 mg/mL) (a) and native collagen sponge (0.5 mg) 
(b). 

 

sponge as such demonstrated color change of Kaiser solution into blue. The result of qualitative 
Kaiser test suggests the presence of primary amine groups in native collagen, which could be 
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protonated when dissolved in acidic medium. Thus, collagen sponge as such, having reactive 
primary amine groups, gave raise to coloration of Kaiser solution. Instead, collagen dissolved in 
acetic acid (0.1 %) had protonated primary amines, therefore maintained yellow color of Kaiser 
solution. 
 
Water contact angle analysis on collagen solution revealed 76 o±16, suggesting hydrophobic 
character of the surface spattered with peptide-rich collagen (Fig.II.8.5.). Similar results were 
reported elsewhere. [53] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.II.8.5. Water contact angle of collagen type I. 

 
II.8.4. Approaches for halloysite encapsulation in collagen shell  
 
Immobilization of collagen coating on the outer surface of halloysite nanotubes was achieved 
by two different approaches (Scheme II.8.5.): (I) through formation of a covalent bond between  
 
 
 

 
Scheme II.8.5. Presentation of two approaches for collagen immobilization on the outer surface of halloysite 

nanotubes. Left: I approach via formation of covalent amine bond between APTES-modified HNT and collagen. 
Right: II approach via adsorption of collagen into pores of HNT.  
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collagen and APTES-modified HNTs using glutaraldehyde cross-linker (so called HNT-APTES-
collagen) or (II) through collagen adsorption into NPs pores (so called HNT-collagen). 

 

II.8.4.1. Immobilization of collagen coating on halloysite surface via 
covalent bond 
Formation and physico-chemical characterization of HNT-APTES-
collagen nanoarchitecture 
 
Stabilization of collagen coating with covalent bond (I) was conducted on prior prepared APTES-
modified halloysite nanoparticles. Formation of imine double bond between terminal primary 
amine groups of APTES-grafted nanotubes and collagen amine functionalities on the lysine 
resides [49] was induced using glutaraldehyde linker. At the same time, glutaraldehyde cross-
linked collagen itself, through the reaction between left amine functionalities on the lysine 
resides, leading to formation of Schiff bases. It was expected that such prepared collagen 
coating with covalent bonds, could be characterized by greater stability on the nanoparticles 
and slower degradation of the biopolymer shell. Formed imine double bonds are known to be 
pH-sensitive, thus prompted to be cleaved at acidic pH. [54] Herein, apart from enzyme-
triggered collagen coating digestion, such formed shell is also pH sensitive.  
 
Stabilized by covalent imine double bonds [55] collagen coating (method I), was performed in 
two steps. Initially, pristine halloysite nanotubes were functionalized with APTES following the 
standard silanization procedure (Chapter II.5.1.). Next, such obtained HNT-APTES sample was 
re-dispersed in physiological water and mixed with dissolved collagen type I at 4 ℃ at pH 8. 
Then, glutaraldehyde was added and stirred for 8 h to covalently bond collagen amine 
functionalities on the lysine resides [49] and the reactive primary amine groups of HNT-APTES, 
but also to cross-link the biopolymer itself, thus stabilizing its network on the surface of 
nanoparticles. The reaction of HNT-APTES-collagen was ended with 3 cycles of washings with 
miliQ water, to then recover the obtained precipitate by centrifugation and dry it in air. To 
determine the presence of collagen in the formed nanoarchitecture, the physico-chemical 
alternations at each step of its formation were followed, using standard characterization 
techniques, such as Kaiser test, UV-vis reflectance spectroscopy, water contact angle, FTIR, ζ– 
potential analysis, TGA analysis, to finally apply novel Multiphoton microscopy.  
 
While conducting the reaction aimed at HNT-APTES-collagen formation, the powder color 
change was noticed. Initially white tone of HNT and HNT-APTES has changed into intensively 
orange of HNT-APTES-collagen (Photograph II.8.2. below). Characteristic coloration indicated 
Schiff base formation. Qualitative Kaiser test performed on three examined samples showed 
the negative result on the pristine halloysite nanoparticle and the positive result on the as 
follows formed HNT-APTES, to eventually demonstrate the negative result after conducting the 
final step of collagen attachment (Photograph II.8.2. above). Thus, using Kaiser test allowed to 
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follow step by step the proceeding of nanoarchitecture formation, through the creation of 
primary amine-rich halloysite nanotubes, for collagen attachment via imine bonds. 
 

 
 

Photograph II.8.2. Kaiser test (above) and corresponding powder appearance (below) of pristine HNT (a), HNT-
APTES (b) and HNT-APTES-collagen (c).  

 

Fig.II.8.6. presents UV-vis spectra superposition conducted in a reflectance mode and recorded 
within 800–200 nm wavelength range. Samples of pristine HNT, its following modifications with 
APTES and collagen were under examination. Halloysite nanoparticle and HNT-APTES did not 
show any absorbance bands, except of the aluminum oxide inter-band transitions at 257 nm. 
 
 

 
Fig.II.8.6. Superposition of UV-vis spectra in reflectance mode of pristine HNT (black), HNT-APTES (red) and HNT-

APTES-collagen (pink). 
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On the contrary, HNT-APTES-collagen sample characterized with a significant light absorbance 
all along analyzed wavelength range, which confirmed light-scattering of collagen 
macromolecule in the formed nanoconstruct. [56] The orange color of the HNT-APTES-collagen 
sample absorbed light at 480–490 nm. [57] 

 
Looking further for supporting evidences of collagen shell formation on halloysite nanotubes, 
the water contact angle analysis was implemented to determine alternations in surface 
wettability (Fig.II.8.7.). In comparison to the hydrophilic pristine nanoparticle (0 °), its further 
functionalization with APTES increased water contact angle (19.8 ° ±7), thus reduced sample 
hydrophilicity. Final nanoparticle encapsulation in collagen shell resulted in decrease of water 
contact angle back to 0 °. Hypothetically, the hydrophilic character of HNT-APTES-collagen was 
driven by combined effects of conformational change of the collagen protein chain and the 
interaction between collagen molecule and the nanoparticle. The fact that final collagen-coated 
nanoconstruct appeared to be hydrophilic, can be seen as its additional value, since 
hydrophilicity can affect beneficially cell proliferation and cell seeding, which are desired for 
nano biological and biomedical applications. [58] 

 
 

 
Fig.II.8.7. Water contact angle of pristine HNT (a), HNT-APTES (b), HNT-APTES-collagen (c) and the summary of 

obtained results emphasizing the water contact angle variation along formation of the nanoarchitecture (d). 

 
The data yielded by FTIR analysis are presented in Fig.II.8.8. By superimposing the IR spectra of 
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diminished intensity of HNT IR bands and made the grafted APTES IR bands disappear. Similar 
observations were reported by Zou et al. when silica nanoparticles were coated with gelatin 
biopolymer. [34] Thus, FTIR observation supports results of water contact angle analysis. On 
these grounds it can be assumed that the combined effects of conformational change in the 
collagen protein chain, thick collagen coating and finally the interaction between collagen 
molecule and the nanoparticle had occurred.  
 

 
Fig.II.8.8. FTIR spectra superposition of commercial HNT (black), HNT-APTES (red) and HNT-APTES-collagen (pink). 

Two insets magnifying the bands at 3300–2500 nm and 1800–1150 nm wavelength ranges. 
 

Studies of ζ–potential showed progressive charge variation through the two-step HNT-APTES-
collagen nanoarchitecture formation (Fig.II.8.9.). Pristine halloysite showed net negative 
charge along the analyzed pH range. Forward HNT functionalization with APTES characterized 
with the positively charged nanoparticle formation (pH <10). Following encapsulation in 
collagen shell decreased an overall positive charge of zeta potential magnitude, thus 
positioning the HNT-APTES-collagen curve in-between pristine HNT and HNT-APTES ones. The 
IEP of coated nanoparticles was shifted to lower pH (6.9–8.1). The gathered data may suggest 
that reactive primary amino groups of immobilized APTES that contributed to the raise of HNT-
APTES positive charge, were efficiently used for imine double bonds formation with collagen. 
Below pH 6.9 the zeta potential of HNT-APTES-collagen appeared to increase in value, reaching 
+17.7 mV at pH 2.7. Instead, at very basic pH, the zeta potential value of formed 
nanoarchitecture reached the one of prior nanoarchitectures. This is because formed imine 
linkers are known to be pH-sensitive. Specifically, at pH 8 imine double bonds are reported to 
be stable, while prompted to be cleaved in acidic conditions, starting from ~pH 6.5. [59] Thus, ζ–
potential analysis allowed to capture pH-triggered covalent bonds cleavage and related 
collagen shell detachment from the HNTs. Instead, the measurement revealed that HNT-APTES 
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Fig.II.8.9. ζ – potential curves superposition of commercial HNT (black) and HNT-APTES (red) and HNT-APTES-
collagen (pink). 

 
Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
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Fig. II.8.10. TGA plots superposition of commercial HNT (black), HNT-APTES (red) and HNT-APTES-collagen (pink). 

Table presenting quantification of the mass loss in between 40–810 ℃ of the three samples. 
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and HNT-APTES-collagen samples instability at strong basic conditions related to properties of 
the bond between HNT and APTES. The implemented thermogravimetric analysis addressed 
the quantification of collagen coating in the analyzed temperature range (40–810 ℃) 
(Fig.II.8.10.). Superimposed TGA plots showed added mass loss of the formed HNT-APTES, 
which was related to organosilane linker decomposition (5.0 %wt), above HNT decomposition 
itself. The TGA plot of HNT-APTES- collagen showed higher extent of degradation at lower 
temperatures, caused by the contributed thermal decomposition of collagen layer. TGA 
analysis revealed that the collagen shell was attached covalently to HNT-APTES with 3.7 %wt 
efficiency. 
 
At last, a novel visualization of formed HNT-APTES-collagen nanoconstruct using Multiphoton 
microscopy was performed (Fig.II.8.11.). Investigation of SHG signal emission from halloysite 
native nanotubes is presented in Chapter II.3. Here the results are shown for comparison. 
Briefly, HNTs were discovered to be strong SHG emitters, that propagated the signal both in 
backward and forward direction. It was also demonstrated that HNTs are non-fluorescent 
nanoparticles. According to that, when exciting the clay sample at 810 nm, the halloysite SHG 

 

 
 

Fig.II.8.11. Emitted backward (a) and forward (b) SHG signal from pristine halloysite nanotubes, collected by two 
NDD detectors: R406/15 and T406/15 respectively. No signal detected in R/T 460/60 (c) and R/T 550/88 (d). 2D 

(e) and corresponding 3D (f) overlay reconstruction of all signals emitted. Wavelength of excitation: 810 nm. 
Objective 16X used. 5	𝜇m scale bar.  
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signal was detected at half of the excitation wavelength and detected in F/B 406/15 detectors 
(Fig.II.8.11. a and b). No 2PEF signal in the rest of applied detectors (R/T 460/60 and R/T 550/88) 
was observed (Fig.II.8.11. c and d). The overlap of detected signals was projected in 2D 
(Fig.II.8.11. e)  and 3D mode (Fig.II.8.11. f).  
 
Forward application of multiphoton microscopy for the analysis of halloysite nanotubes coated 
with collagen layer, showed emission of both SHG and TPEF signal at the same time 
(Fig.II.8.12.). Precisely, it was found that SHG signal was propagated with significant high 
intensity from more than one halloysite nanotube in the analysed space and at the same time 
from collagen shell with much weaker intensity (Fig.II.8.12 a and b). Simultaneously, mentioned 
collagen shell emitted 2PEF, detected by R460/60 (Fig.II.8.12. c) and R550/88 (Fig.II.8.12. d) 
detectors. 
 

 
 

Fig.II.8.12. Emitted backward (a) and forward (b) SHG signal from pristine halloysite nanotubes and collagen, 
collected by two NDD detectors: R406/15 and T406/15 respectively. 2PEF from collagen, detected in R/T 460/60 
(c) and R/T 550/88 (d) detectors. 2D (e) and corresponding 3D (f) overlay reconstruction of all signals emitted. 

Wavelength of excitation: 810 nm. Objective 16X used. 5 𝜇m scale bar.  
 

Through simultaneous detection of SHG and 2PEF, the presence of two main components of 
the HNT-APTES-collagen nanoconstruct: halloysite nanotubes and collagen coating was 
confirmed (Scheme II.8.6.). The study revealed preferential encapsulation of more than one 
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HNT within the collagen shell. The 2D and 3D overlays of SHG and TPEF signals suggested that 
the collagen coating homogeneously covered all the incorporated nanocylinders (Fig.II.8.12. e 
and f). Particularly important is the fact that the signal corresponding to collagen emission was 
also detected at the tube ends of the halloysite nanoparticles, indicating the presence of 
collagen at the entrances of nanotubes as well, thereby potentially blocking lumens of HNT 
nanoconstructs. In Chapter II.3. of this PhD studies, SHG signal originating from HNTs was 
revealed and described. Further analysis of HNT-APTES-collagen with Multiphoton microscopy 
demonstrated additional SHG and TPEF emission from the collagen capsule. Collagen type I is 
known to emit SHG signal, due to its highly organized structure with no centre of symmetry. [39] 
While detected Two Photon Fluorescence Emission at 460 ±60 nm and 550 ±88 nm originated 
from the present fluorescent aromatic amino acids, e.g. phenylalanine and tyrosine, as collagen 
building blocks.[60] 
 

 
 

Scheme II.8.6. Schematic explanation of results obtained with multiphoton microscopy. Halloysite nanotubes 
emitting endogenous SHG signal (left) and HNT-APTES-collagen emitting simultaneously SHG and TPEF signals 

(right). 
 

Biological evaluation of HNT-APTES-collagen nanoarchitecture. 
Toxicity assessment via MTT cell viability assay 
 
Following biological evaluation of the formed nanoarchitecture was performed by cytotoxicity 
determination of prepared HNT-APTES-collagen sample, using metabolic activity assay based 
on the methyl tetrazolium salt (MTT). For that purpose, two representative cancer cell lines, 
namely 5637 urinary bladder cancer cell line and fibroblasts, were applied and incubated for 
72 h with examined HNT-based sample, varying its concentrations. The obtained results are 
compared to the control, HNT-APTES and are presented in a form of a graph of cell viability 
variations as a function of added nanoparticles concentration. It was observed that below 
applied 1 µg/mL of NPs concentration, both HNT-APTES and HNT-APTES-collagen maintained 
5637 cell viability at approximately 100 %, thus demonstrated biocompatibility (Fig.II.8.13. a). 
Difference in two examined samples’ cytotoxicity emerged at higher concentrations applied (>1 
µg/mL). HNT-APTES showed 85.7 % and 47.2 % of cell viability at respectively 10 µg/mL and 100 
µg/mL. On the contrary, HNT-APTES-collagen demonstrated biocompatibility at 10 µg/mL (99.9 
%) and started to become cytotoxic at the highest applied concertation, 100 µg/mL (75.3 %). 
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The half of maximal inhibitory concentration of HNT-APTES was determined at ~100 µg/mL. 
Instead, the concentration at which HNT-APTES-collagen sample exhibited 50 % cell viability for 
5637 cells was above the analyzed 0.01–100 µg/mL concentration range. Thus, the MTT assay 
revealed that the encapsulation of APTES-modified halloysite nanotubes in the collagen shell 
reduced NPs driven cytotoxicity. Furthermore, during performed 72 h incubation of the 
nanoarchitecture with 5637 urinary bladder cancer cells, no potential cytotoxicity derived from 
released synthetic constructs was observed. Consistent result was obtained performing the 
MTT assay on the second cell line, namely fibroblasts (Fig.II.8.13. b). Both HNT-APTES and HNT-
APTES-collagen appeared biocompatible when applied at <1 µg/mL concentrations. Moreover, 
both HNT-APTES and HNT-APTES-collagen evidenced higher percentage than 100 % of cellular 
viability in the applied 0.01–1 µg/mL concentration range, therefore suggesting that fibroblasts 
incubation with examined samples could stimulate cells growth and proliferation. The 
observation was more significant for HNT-APTES-collagen sample, suggesting that formed 
collagen capsule reduced HNT-APTES driven cytotoxicity and enhanced fibroblasts’ enzymatic 
activity. At concentrations above 1 µg/mL, HNT-APTES has started to become cytotoxic, 
reducing cell survival to respectively 89.6 % (10 µg/mL) and 76.7 % (100 µg/mL). Thus, collagen 
coating shifted tenfold NPs safe concentration (from 1 µg/mL to 10 µg/mL). Instead, HNT-
APTES-collagen maintained biocompatibility at 10 µg/mL (98.1 %), while reduced cell viability 
(79.9 %) at the highest concentration applied (100 µg/mL). Comparison of obtained results 
might suggest that fibroblasts appear to be less sensitive to the presence of nanoparticles, than 
5637 urinary bladder cancer cells. 
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Fig.II.8.13. MTT assay of HNT-APTES (control) (red) and HNT-APTES-collagen (pink) taken up by 5637 urinary 
bladder cancer cells (a) and fibroblasts (b). 

 

Drug-loaded HNTs encapsulation in collagen shell. Formation and 
physico-chemical characterization of HNT-APTES-aspirin-collagen 
nanoarchitecture  
 
The efficient encapsulation of hollow halloysite nanotubes in the cross-linked collagen shell, 
stabilized on the nanoparticles surface by covalent bonds was previously described. In the 
following step it was examined, whether the coating protocol is also suitable for halloysite 
nanotubes filled with therapeutics. Moreover, it was aimed to present collagen shell digestion, 
activated by pH- and enzyme-triggered stimuli. To then further determine, if the drug release 
from coated halloysite nanoforms is performed in time-extended manner, thus overcoming 
burst of therapeutic release due to slowly digested collagen coating.  
 
For this purpose, the nanoconstruct of halloysite nanotubes modified with APTES, loaded with 
model drug, aspirin and encapsulated in the collagen shell was formed. In order to prepare 
HNT-APTES-aspirin-collagen nanoconstruct, already explored protocols of nanoparticles 
surface grafting with organosilane (Chapter II.5.1.), HNT-APTES nanoforms loading with aspirin 
(Chapter II.7.2.) and nanoparticles coating with collagen via covalent bond (Chapter II.8.4.1.) 
were implied. The experimental action consisted of three reaction steps. Briefly, the surface of 
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pristine nanoparticles was firstly functionalized with APTES (1), to then load into HNT-APTES 
the model drug, aspirin (2). Such prepared HNT-APTES-aspirin nanoconstruct was then 
immobilized in collagen shell (3) (Scheme II.8.7.) via covalent bonds between exposed reactive 
primary amine groups of APTES on the outer surface of NPs and primary amine groups of 
collagen’s lysine resides through the addition of glutaraldehyde. The glutaraldehyde induced 
cross-linking of biopolymer shell itself as well. 

 

 
 

Scheme II.8.7. Illustration of 3 step formation of HNT-APTES-aspirin-collagen nanoform. Halloysite nanotubes 
presented as cross-sectioned tubules. Functionalization with APTES shown in red. Aspirin molecules presented as 

green spheres, while collagen coating as a pink cloud.  

 
While HNT-APTES-aspirin-collagen nanoarchitecture preparation, the coloration of the powder 
was observed, providing a first clue of the efficient grafting of the collagen moiety (Photograph 
II.8.2.). Pristine HNT, prepared HNT-APTES and HNT-APTES-aspirin samples  
 

 
 

Photograph II.8.2. Illustration of a color change while HNT-APTES-aspirin-collagen nanoarchitecture formation.  
 
characterized with white color tones. Attachment of collagen biopolymer induced the powder 
color change into orange, due to formation of the Schiff base. The same color change was 
recognized while performing the functionalization reaction of unloaded HNT-APTES with 
collagen. 
 
The verification of successfully formed HNT-APTES-collagen nanoarchitecture was performed 
by quantitative thermogravimetric method (Fig.II.8.14.). The results obtained from TGA 
characterization, conducted at each step of nanoform preparation were superimposed. 
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Immobilization of APTES was performed with 2.1 %wt efficiency, while loading of aspirin into 
APTES-modified inner lumen of halloysite proceeded with capacity of 1.2 %wt. Finally, 2.9 %wt 
of collagen were immobilized on HNT-APTES-aspirin nanoforms. The analysis showed the 
added mass loss at each step of the nanoconstruct formation, due to the additional presence 
of incorporated moiety (APTES, aspirin, collagen) in the process of making the 
nanoarchitecture. 
 

 
 

Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
Commercial HNT 15.5 NA 

 HNT-APTES 
HNT-APTES-aspirin 

HNT-APTES-aspirin-collagen 

17.6 
18.8 
21.7 

2.1 
1.2 
2.9  

 
Fig.II.8.14. TGA plots superposition of commercial HNT (black), HNT-APTES (red), HNT-APTES-aspirin (blue) and 

HNT-APTES-aspirin-collagen (pink). Table presenting quantification of the mass loss in between 40–810 °C of the 
four samples. 

 
pH- and/or enzyme-triggered drug release. Kinetics of drug release from 
HNT-APTES-aspirin-collagen 
 
Final evaluation of formed HNT-APTES-aspirin-collagen nanoarchitecture focused on studies of 
sample stability and kinetics of drug release activated by the presence of enzyme stimuli at 
decreased pH. Sample of HNT-APTES-aspirin-collagen was immersed in PBS buffer (pH 7), left 
to settle down by centrifugation and incubated at 37 ℃.	Upon completed time, the supernatant 
with released aspirin was collected at chosen time intervals (every 10 min, from 20–100 min of 
pending the experiment) and replaced with fresh portion of the solvent. Gathered supernatants 
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were then analyzed by Liquid Chromatography–Mass spectrometry (LC-MS) technique on the 
presence of released drug, by the analysis of mass spectra of resolved UV-vis peaks. Fig.II.8.15. 
corresponds to results of HNT-APTES-aspirin-collagen stability in the PBS buffer (pH 7). 
Fig.II.8.15. a. shows that no appearance of peaks at 5.0 min and 5.9 min, thus signifying that 
lack of presence of bands that relates to the released compound (salicylic acid/ aspirin). 
 

 
 

             
 
 

Fig.II.8.15. Liquid chromatography plots superposition of collected HNT-APTES-aspirin-collagen release medium 
within 20–100 min (a), mass spectrometry plot for further mass analysis of compounds present in the release 

media (b), cumulative absorbance of released aspirin from HNT-APTES-aspirin-collagen into PBS release medium 
(c), schematic illustration of drug-loaded HNTs encapsulated in collagen shell, stable in physiological environment 

(d).  
 

Corresponding mass spectrum (Fig.II.8.15. b.) supported the observation, since no mass of 
aspirin (179 m/z) and salicylic acid (137 m/z) was evidenced. Basing on LC-MS analysis, it was 
concluded that no drug was released from HNT-APTES-aspirin-collagen within the analysis time 
(Fig.II.8.15. c.). Therefore, collagen coating on aspirin-loaded HNTs appeared to be stable in 
time, in physiological environment and neutral pH. It efficiently capped the ends of the NPs 
tubules, stopping the release (Fig.II.8.15. d.). The result is of particular importance, when 
compared to aspirin release from naked HNT-APTES-aspirin (Chapter II.7.2.2.). 

 
Following studies of HNT-APTES-aspirin-collagen nanoconstruct capability to perform stimuli- 
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triggered collagen shell digestion and release of immobilized drug was performed following the 
same experimental procedure as described above but changing the release medium to an 
aqueous solution of pepsin (10 mg/mL) with adjusted pH to 5.5 by HCl (0.1 M) (Fig.II.8.16.). The 
time of sample incubation was instead increase to 9 h, while supernatants were collected every 
3 h. Resolved UV-vis spectra of supernatants were superimposed and presented in Fig.II.8.16. 
a. 3–6 h of HNT-APTES-aspirin-collagen incubation in release medium with pepsin and slightly 
acidic pH at 37 ℃, has resulted in peaks appearance at 5.0 min and 5.9 min, signifying 
compound release (salicylic acid and aspirin). Following time observation showed high in 
intensity band at 5.9 min, thus continued salicylic acid leakage. Corresponding mass spectrum 
identified the mass of salicylic acid (137 m/z) present in the release medium (Fig.II.8.16. b.). 
HNT-APTES-aspirin-collagen nanoform incubated in enzyme solution at slightly acidic pH, 
showed very slow drug liberation within prolonged time of 9h (Fig.II.8.16. c.). 
 

 

 
 

    
 

Fig.II.8.16. Liquid chromatography plots superposition of collected HNT-APTES-aspirin-collagen release medium 
within 20–100 min (a), mass spectrometry plot for further mass analysis of compounds present in the release 
media after 9 h release (b), cumulative absorbance of released aspirin from HNT-APTES-aspirin-collagen into 

release medium: aqueous solution of pepsin at pH 5.5 (c), schematic illustration of stimuli-triggered release of 
drug from HNT-APTES-aspirin-collagen nanoconstruct (d).  

 
No dose dumping effect was observed. The experiment made evident variation in kinetics of 
drug release from HNT-APTES-aspirin-collagen nanoform, while varying the solvent of release. 
As far as the collagen coating was stable in PBS solvent at pH 7, maintained drug in hollow 
cavities of halloysite nanotubes and prevented from its release. When incubated in the 
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presence of pepsin activated at acidic pH, it became destabilized and showed to release 
therapeutics. It is believed that enzyme-triggered digestion, performed by e.g. nonspecific 
proteinases (such as collagenase) occurred on the external surfaces of HNT-APTES-aspirin-
collagen, destabilizing collagen cross-linking network by hydrolysis of its polypeptide bonds. 
Proceeding destabilization of the organized collagen network on HNTs surfaces, leaded to slow 
opening of halloysite tube ends and forward molecules release from their inner lumens. 
Decreased pH could induce additionally the cleavage of acid-labile imine bonds between 
APTES-modified nanoparticles and biopolymer, therefore detachment of the coating from the 
surface of halloysite nanotubes. 
 

II.8.4.2. Immobilization of collagen coating on halloysite surface via 
adsorption into pores 
Formation and physico-chemical characterization of HNT-collagen 
nanoarchitecture 
 
Aimed to increase methodologies for halloysite nanotubes encapsulation in collagen shell, an 
alternative formation of the nanoarchitecture was explored. The study focused on the 
possibility evaluation of biopolymer adsorption into outer surface pores of pristine halloysite 
nanotubes (II). The coating network was stabilized by cross-links formation, thus covalent 
bonds formation between amine functionalities on the collagen lysine resides,[49] using 
glutaraldehyde. Such formed collagen shell was also sensitive to the activity of enzymes, e.g. 
nonspecific proteinases (collagenase, gelatinase, pepsin, etc.), [41] [32] while its cross-links 
prompted to be degraded at acidic pH. [54] Not being covalently attached to the surface of 
nanoparticles, this form of bio shell was expected to be less stable and to be degraded in a 
faster manner. Nevertheless, this alternative methodology of halloysite nanoparticles coating 
with collagen has its key features as well. For instance, it does not require to functionalize 
nanotubes with organosilane and allows to immobilize drugs in unmodified halloysite cavities.   
 
The protocol for collagen coating formation on halloysite nanotubes via adsorption in NPs pores 
was inspired by Zou et al., [34] who coated mesoporous silica nanoparticles with gelatin layer. 
Briefly, the pores of pristine halloysite tubules were saturated with collagen, by nanoparticles 
dispersion in physiological water and gentle mixture with dissolved collagen at 30	℃ for 9 h and 
at room temperature overnight. Next, cold milliQ water was quickly added into the mixture, to 
then thoroughly wash obtained precipitate. In the following step, the powder was re-dispersed 
in physiological medium and mixed with glutaraldehyde for 8 h at 4 ℃, at pH 8, in order to 
cross-link collagen layer already adsorbed into HNT pores. Once the reaction completed, the 
obtained powder was washed by 3 cycles of centrifugations and washings with milliQ water, to 
then be separated and air-dried. Following physico-chemical characterization of HNT-collagen 
nanoconstruct was performed using set of methods, like UV-vis reflectance spectroscopy, 
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water contact angle, FTIR, ζ–potential analysis whereas, the quantification of immobilized 
collagen layer was performed by the TGA analysis. 
 
Applied UV-vis reflectance spectrophotometry analysis of commercially available HNTs 
(control) and HNT-collagen nanoarchitecture revealed absorbance band positioned at 257 nm 
in both examined samples, suggesting aluminum oxide inter-band transitions in present 
halloysite nanoparticles (Fig.II.8.17.). The plot of HNT-collagen nanoconstruct in the analyzed 
200–800 nm wavelength range characterized with the added light absorption, when compared 
to the pristine nanoparticle. The result can be understood, considering that collagen as a 
macromolecule, is able to scatter light intensively. [56] Additionally, no absorbance band 
attributed to orange color at 480–490 nm was detected, since the HNT-collagen powder 
remained white.  
 

 
 

Fig.II.8.17. Superposition of UV-vis spectra in reflectance mode of pristine HNT (black) and HNT-collagen (pink). 

 
The water contact angle measurement of HNT-collagen nanoform is shown in comparison to 
the result of native collagen type I (Fig.II.8.18. a) and pristine halloysite nanotubes (Fig.II.8.18. 
b). It was observed that fallen water droplet was initially focused on the surface of HNT-collagen 
(0 s) (Fig.II.8.18. c), to then being absorbed in the following 10 seconds (Fig.II.8.18. d). Thus, the 
surface of collagen coated nanotubes appeared to be hydrophilic and therefore promisingly 
suitable for cell adhesion, proliferation and viability of cells. Similar observations were reported 
elsewhere. [61] 
 
FTIR analysis was carried out on HNT-collagen and compared to IR spectrum of pristine 
halloysite (Fig.II.8.19.). Results revealed nanoparticle diagnostic bands diminution when 
encapsulated in biopolymer shell, due to halloysite covering with the layer of polymer. 
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Fig.II.8.18. Water contact angle of native collagen (a), commercial HNT (b), HNT-collagen after 0s of fallen water 
droplet (c) and HNT-collagen after 10s of fallen water droplet (d). 

 

Low in intensity IR bands of collagen appeared in IR spectral window of the clay (1600–1200 
nm). The most distinguishable band placed at 1544 nm corresponded to the stretching 
vibration of N-H bending of collagen in HNT-collagen. [34] As in the case of HNT- APTES-collagen,  
 

 
 

Fig.II.8.19. FTIR spectra superposition of commercial HNT (black), HNT-collagen (pink). Inset magnifying the 
bands in 1900–1150 nm wavelength range. 
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the reduction in bands intensity corresponded to combined effects of conformational change 
in the collagen protein chain and interaction occurred between collagen molecule and the 
nanoparticle. [62] 

 
Following examination of the nanoparticle zeta potential upon coating with collagen layer via 
non-covalent bonding is presented in Figure II.8.20. Once the biopolymer was immobilized on 
the outer surface of halloysite nanotubes, the zeta potential curve of HNT-collagen was shifted 
to lower values, thus signifying pristine HNT net negative charge reduction along the analyzed 
pH range. In strong acidic conditions (pH 3), the zeta potential value of HNT-collagen (-8.6 mV) 
and pristine HNT (-12.7 mV) become very similar, thus suggesting degradation of the collagen 
coating.  
 
 

 
 

Fig.II.8.20. ζ – potential curves superposition of commercial HNT (black) and HNT-collagen (pink). 

 
 
Figure II.8.21. presents quantification of formed collagen coating. While comparing the thermal 
decomposition pattern of the nanoparticle covered by collagen layer with the pristine 
nanoparticle, the greater mass loss in the analyzed 40–810 ℃ thermal range was appreciated. 
The added weight loss corresponded to the adsorbed biopolymer, which degrades at lower 
temperatures. Finally, the TGA analysis estimated efficiency of collagen layer immobilization on 
the surface of halloysite nanoparticles with 1.8 %wt.  
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Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
Commercial HNT 15.9 NA 

 HNT with adsorbed collagen  
 

17.7 1.8 

Fig.II.8.21. TGA plots superposition of commercial HNT (black) and HNT-collagen (pink). Table presenting 
quantification of the mass loss in between 40 –810 ℃ of the two samples. 

 

Biological evaluation of HNT-collagen nanoarchitecture.  
Toxicity assessment via MTT cell viability assay 
 
Cytotoxicity of the halloysite nanotubes with adsorbed collagen in pores was evaluated by 
metabolic activity assay based on the methyl tetrazolium salt (MTT). 5637 urinary bladder 
cancer cells were incubated for 72 h with the sample of HNT-collagen at different 
concentrations. Obtained results were compared to the one of pristine nanoparticle and 
presented in Fig.II.8.22. Up to the concentration ~10 µg/mL, both commercial halloysite and 
HNT-collagen were not cytotoxic. Above this concentration the examined samples expressed 
toxicity and reduced cell survival up to 82.6 % and 47.8 %, respectively for commercial HNT and 
HNT-collagen. Therefore, at the highest concentration applied, the coated nanoparticle 
appeared to be more toxic to cells than the uncoated one. The observation might suggest 
added toxicity from decomposed collagen cross-links.  According to obtained results, the safe 
concentration of HNT-collagen was estimated (<10 µg/mL). Thus, halloysite nanoparticles with 
collagen adsorbed into pores characterized with comparable biocompatibility as collagen 
coating stabilized on the NPs surface via covalent bond (<10 µg/mL), (Chapter II.8.4.1.).  
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Fig.II.8.22. MTT assay of commercial HNT (control) (black) and HNT-collagen (pink) taken up by 5637 urinary 
bladder cancer cells.  

 

Drug-loaded HNT encapsulation in collagen shell. Formation and 
physico-chemical characterization of HNT-epirubicin-collagen 
nanoarchitecture  
 
Examination of the collagen coating functionality in halloysite-based drug delivery was 
performed by biopolymer immobilization on epirubicin-loaded halloysite nanotubes. The 
experimental procedure consisted of two prior-conducted steps (Scheme II.8.9.). 
 
 
 
 
 
 

 
 

Scheme II.8.9. Illustration of two-step formation of epirubicin-loaded halloysite nanotubes, encapsulated in the 
collagen shell. Halloysite nanotubes presented as cross-sectioned tubules. Epirubicin molecules presented as blue 

spheres, while collagen coating as a pink cloud. 

 
Firstly, nanoparticles were filled up with chemotherapeutic following already established 
procedure described in Chapter II.7.3. Prepared HNT-epirubicin nanoconstruct was then 
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subjected to the reaction aimed at collagen adsorption into NPs outer surface pores. However, 
reactions time of performed epirubicin-loaded halloysite nanotubes mixing with dissolved 
collagen type I and further collagen cross-linking was reduced to respectively 1 and 4 hours. 
Due to the high toxicity of formed HNT-epirubicin-collagen nanoconstruct, its physico-chemical 
analysis was restricted to visual color change observation and quantitative TGA analysis. 
 
Upon epirubicin loading into HNTs, the 
characteristic white clay powder became 
red (Photograph II.8.3.). Forward 
encapsulation of epirubicin-loaded 
nanotubes in collagen matrix, resulted in 
sample color change into light red/orange.  
 

 
 

Photograph II.8.3. Variation in halloysite powder color at each step of HNT-epirubicin-collagen formation. 

 
Superimposed thermogravimetric plots of commercial HNT, HNT-epirubicin and HNT-
epirubicin-collagen are shown in the Fig.II.8.23. Within 40–810 ℃, the thermal decomposition 
of all three analyzed samples was appreciated. Pristine nanoparticle weight loss was equal to 
15.9 %. Following immobilization of epirubicin and collagen layer, respectively inside and 
outside halloysite nanotubules, resulted in samples’ greater mass loss, due to added 
decomposition of chemotherapeutic and biopolymer at lower temperatures. The amount of 
loaded epirubicin was equal to 4.8 %wt, while collagen capsule was attached to NPs with 0.6 
%wt efficiency. 
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Sample Mass loss in 40–810 ℃ (%wt) Loading (%wt) 
Commercial HNT 15.9 NA 
 HNT-epirubicin  

HNT-epirubicin-collagen 
20.6 
21.3 

4.8 
0.6 

 
Fig. II.8.23. TGA plots superposition of commercial HNT (black), HNT-epirubicin (blue) and HNT-epirubicin-
collagen (pink). Table presenting quantification of the mass loss in between 40–810 ℃ of the four samples. 

 

pH- and/or enzyme-triggered drug release. In vitro kinetics of epirubicin 
release from HNT-epirubicin-collagen 
 
The kinetics of drug release was directly studied in vitro using metabolic activity assay based on 
the methyl tetrazolium salt (MTT). Sample of halloysite nanotubes loaded with epirubicin and 
sample of HNTs loaded with epirubicin with externally attached collagen layer, were incubated 
for 72 h at different concentrations parallelly with two cell lines, 5637 urinary bladder cancer 
cells (Fig.II.8.24. a) and HeLa cells (Fig.II.8.24. b). Results are presented in comparison to the 
activity of free epirubicin. Set of MTT assays on two cancer cell lines demonstrated similar 
cytotoxicity trend of examined samples. Whereas, 5637 cells appeared to be more sensitive to 
added compounds. Investigated samples showed the same plot trend, that is increased 
cytotoxicity, upon increasing concentration of applied halloysite-based powder. Epirubicin 
strongly decreased cell viability, even when applied at low concentrations (>0.002 µg/mL), thus 
expressing strong anticancer activity. In the case of HNTs loaded with epirubicin, the 
cytotoxicity was shifted to higher concentrations, since in the same incubation time (72 h), 
nanoparticles slowly released immobilized epirubicin from inner lumens. Thus, less amount of 
epirubicin leaked out and was active against cancer cell. The sample of HNT-epirubicin-collagen 
expressed forward retardation in cytotoxicity against both examined cell lines. The observation 
suggests that the coating slowed down chemotherapeutic liberation from halloysite within 72 
h, since more time was needed for prior collagen digestion in the cellular environment. At the 
highest concentration applied (~100 µg/mL), all of the examined samples reduced cell viability 
to nearly 0 %, thus become strongly cytotoxic to two types of cancer cells. 50 % of inhibitory 
concentration for free epirubicin was achieved when applied 0.5 µg/mL and 0.04 µg/mL 
concentration, respectively for 5637 and HeLa cells (Fig.II.8.24. c and d). IC50 determined for 
epirubicin immobilized in halloysite nanoparticles was determined at 2.5 µg/mL (5637 cells) 
and 1.8 µg/mL (HeLa cells). The concentration corresponding to a 5637 and HeLa cells survival 
rate of 50 % when incubated with collagen coated HNT-epirubicin increased to respectively 
10.0 µg/mL and 13.3 µg/mL. Thus, clear trend of cytotoxicity inhibition in time was revealed 
upon chemotherapeutic incorporation with HNTs and further nanoforms tube-ends clogging 
with collagen.  
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Fig.8.24. Summary of MTT assays performed on 5637 (a) and HeLa (b) cancer cells. Table presenting IC50 for 
three examined samples in 5637 and HeLa cells (c). Graph visualizing IC50 trend of slow epirubicin release from 

HNT inner lumen and cytotoxicity retardation when epirubicin-loaded nanoparticles were immobilized in the 
collagen capsule (d).  

 

II.8.5. Conclusions  
 
Methods for halloysite nanotubes coating with collagen biopolymer via covalent and non-
covalent immobilization were presented and such formed encapsulated nanoparticles were 
characterized on their physico-chemical and biological properties by various techniques. Set of 
qualitative Kaiser tests and FTIR analysis allowed to follow the presence of introduced 
functional groups and biopolymer conformational changes. UV-vis reflectance spectroscopy 
determined the presence of collagen coating on nanocylinders, through assigned light 
absorbance. With water contact angle measurement, the surface hydrophilicity of halloysite 
nanotubes encapsulated in collagen shell was estimated. Thereby, promising application of 
collagen-coated nanoparticles in biomedical domains has been raising up. Sequence of pH-
dependent ζ–potential measurements determined charge variations at each step of 
nanoarchitectures formation. Zeta potential analysis at strong acidic pH conditions, suggested 
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pH-triggered collagen coating decomposition. Moreover, novel 2D and 3D imaging of formed 
nanoconstruct using Multiphoton microscopy was proposed. The visualization was based on 
endogenous properties of two components: inorganic halloysite nanotubes and collagen 
biomaterial. Discovered ability of HNTs to convert light into its Second Harmonics, as well as 
ability of collagen to emit both SHG and TPEF, allowed to visualize and distinguish halloysite 
nanotubes and attached shell of biopolymer. The research was also extended to laboratory 
conditions and in vitro experiments of kinetics of drugs release, using model drugs, namely, 
aspirin and epirubicin. The studies showed that collagen coating efficiently blocked the tube 
ends, stopping/retarding this way release of incorporated drug. Finally, it was proven that the 
coating is sensitive to pH- and/or enzyme-activity, therefore being easily decomposed and 
resorbed by the human body. Thanks to formation of collagen coating on halloysite nanotubes, 
the dose dumping effect was overcome, allowing to sustain time-extended drug release. Both 
of two methodologies for external immobilization of collagen in HNTs expressed key 
advantages. For instance, covalent attachment of biopolymer is expected to be more stable 
and consequently digested in a slower manner. Its site-specific attachment on HNT surfaces, 
leaves terminal amine-rich organosilane in the inner lumen of HNTs, thus opens the possibility 
for improved drug loading into HNTs inner lumens. Instead, non-covalent collagen network 
stabilization might result in less steady immobilization of the coating on HNTs, however is a 
useful alternative for drugs, that must be loaded to the non-modified HNT inner lumen. The 
analysis of proposed halloysite nanoarchitectures encapsulated in collagen shell in regard to 
selective targeting of wounds, fibrotic tissues and finally tumour cells remains an emerged field 
to study. Following Zeltz et al., [22] collagen might be recognized by several receptors of 
pathological cells, thus preferentially reaching abnormal cells rather than healthy ones. That 
implies that the collagen coating could also perform the function of a selective targeting 
moiety. Mentioned in vitro experiments of selective targeting, would be very beneficial and 
bring new information to the field of study.  
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II.9. Medical output 
 
Newly developing nanotechnology-based therapies hold a promise to not only improve 
therapeutic efficacy of the medical treatments, but also to limit their negative side-effects. The 
present PhD thesis particularly express benefits of the application of halloysite in 
nanomedicines. Use of halloysite nanotubes as a nanocarrier guarantee diverse nanoconstructs 
preparation, adjustable for carried drugs or genes with additional capabilities of being 
monitored via SHG imaging, targeted delivery and controlled therapeutics release in response 
e.g. to tumor microenvironment. Tomorrow’s medicine based on drug-mediated halloysite 
nanosystems will allow production of low-cost medicaments, moreover will take advantage of 
the nanoparticles’ biocompatible characteristics, as compared to synthetic inorganic NPs. The 
results obtained in this PhD thesis are believed to make advances in the development of the 
halloysite field of study and contribute to increase in understanding of the physico-chemical 
and biological properties of the nanoparticle itself as well as forward strategies for 
nanocostructs engineering.  
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II.10. Industrial application of halloysite 
 
Current worldwide reinforcement of BASF company in major markets of chemical industry has 
led the company to look for innovative products, come out to customers with intelligent 
solutions and welcome changes as potential growth opportunities. Bearing that in mind, 
Northern America Group of BASF company has directed its attention to the smart use of 
innovative nanotechnology that could eventually enhance performance of its offered kaolin-
based products. Therefore, it has been decided to explore the potential of aluminosilicate clay 
mineral, named halloysite nanotubes (HNTs), in the development of various industrial products, 
such as paints, coatings, plastics and catalysts. This up to date quite unknown nanoparticle, is 
being noticed as a high-performance functional additive, for enhancing various products 
properties, such as optical and mechanical ones. Specifically, addition of halloysite clay is 
associated with enhancement of products brightness, whiteness and opacity [1] [2] and 
furthermore improves products mechanical strength, [3] [4] provides thermal stability of ceramic 
composition,  [5] with optimum porosity. [6] Nevertheless, the use of halloysite contributes to 
cost attractive and sustainable development, since it is a low-cost, natural and environmental-
friendly nanoparticle. [7] Despite above-described benefits of halloysite, preliminary 
experimental trials have shown several challenges during the full scale implementation stage 
at BASF manufacturing facility, particularly dispersion and make-down of final halloysite 
products in slurry form in order to be able to use them in various applications such as industrial 
coatings etc. Samples of pristine NPs dispersion [8] as well as HNTs bulk sample separation from 
significant amounts of iron bearing impurities [9] appeared to be difficult to achieve. 
Scientifically challenging is also the removal of moisture (~2 %) from the pristine HNT bulk 
sample. In this regard, overcoming above-raised unfavorable aspects could promise successful 
enlargement of halloysite market. In order to provide scientific solutions for raised difficulties, 
as well as increase knowledge in the newly developing halloysite field, BASF company has 
established co-beneficial collaboration with the international research group of Professor 
Emanuela Licandro (University of Milan, Italy) specializing in halloysite nanotechnology. The 
common goal was to bridge fundamental research on halloysite of academia with addressed 
needs of the industry. Therefore, the joint objective was to perform validation and properties 
enhancement of halloysite-based products potentially manufacturable in BASF production 
facility on an industrial scale. The project addresses aspects, such as (a) optimization of 
experimental recipes for halloysite-based samples preparation, (b) their detailed physico-
chemical characterization, (c) verification of products stability and lastly (d) tests mimicking 
halloysite products for proper design of processing equipment.  
 
Following studies are presented respecting the confidential agreement between the University 
of Milan and BASF. The experimental procedures as well as some of results of physico-chemical 
characterization and performed process activities remain confidential, thus will not be 
discussed in this PhD thesis.  
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II.10.1. BASF halloysite-based products development and products 
process optimization 
 
Ongoing HNT performance enhancement in BASF has resulted in production of seven 
experimental halloysite-based products. HNT compounds named as Sample 1, Sample 2, 
Sample 3, Sample 4, Sample 5, Sample 6 and Sample 7 were prepared by the novel processing 
techniques, which is a superior method for the clay treatment, comparing to the already 
existing state of the art processing methods. All of the samples were made in powder form and 
then transformed into aqueous mixtures, called slurries. The preparation of slurries was 
required, to enhance dispersion of nanosize halloysite particles prior to use in various 
applications. The performance of such prepared halloysite-based samples was compared to the 
one of commercial untreated halloysite product made via current state of the art processing 
method. Various dispersion and make-down schemes were tested for preparation of different 
halloysite-based products. Table below summarizes the dispersants used for production of 
halloysite product in dry form (Table II.10.1.) 
 

Sample Description Dispersant Type 
Sample 1 Ammonia at pH 9.5 
Sample 2 Ammonium polyacrylate and ammonia at pH 

9.5 
Sample 3 Potassium tripoly phosphate (KTPP) at pH 5.5 
Sample 4 AMP-95 at pH 7.5 
Sample 5 Sodium hexametaphoshate (SHMP) and 

NaOH at pH 7.0 
Sample 6 Proprietary process method, Dispersed w/ 

Ammonia at pH 9.5 
Sample 7 Proprietary efficient process method, 

Dispersed w/ Ammonia at pH 9.5 
Sample 8 (Control) Untreated halloysite 

 
Table II.10.1. Various dispersants used and halloysite samples produced for characterization studies. 

 

II.10.2. Methodologies for halloysite dispersion improvement  
 
In order to facilitate dispersion and de-agglomeration of dried halloysite particles and form 
well-dispersed stable halloysite slurries, the HNT bulk samples were made-down in slurry form 
by using different dispersants as described in Table II.10.2. Dispersion of HNT clusters can be 
achieved by enhancement of electrostatic or steric repulsion forces using respectively 2-amino-
2-methyl-1-propanol (Degussa AMP-95) (0.5 % to 1 % based on dry weight of halloysite clay) or 
low molecular weight polymeric dispersants, namely ammonium polyacrylate (Kemira’s 
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KemiKal 102) (1.25 kg/t based on dry weight of halloysite clay) and sodium polyacrylate 
(Kemira’s KemiKal 211) (1.25 kg/t based on dry weight of halloysite clay) as dispersants during 
the slurry make-down for the preparation of HNT slurries. For the slurry make-down, high shear 
mixers such as Cowles mixer can be used.  
 

Dispersion improvement  
Approach Used compounds 

Enhancement of electrostatic repulsion 2-amino-2-methyl-1-propanol 
Enhancement of steric repulsion ammonium polyacrylate, sodium polyacrylate 

 
Table II.10.2. Summary of approaches implied for dispersion improvement of halloysite tubules. 

 
The studies have begun with fundamental investigation of halloysite bulk sample dispersion. 
For this purpose, we have chosen to examine the influence of (1) electrostatic as well as (2) 
steric forces on the halloysite nanotubes dispersion in aqueous medium. For the evaluation of 
studies objective, two different characterization techniques were implemented, namely 
sediment observation and Microtrac particles size distribution analysis.  
 
In order to visually analyze induced (1) electrostatic forces influence on halloysite nanotubes 
aggregation, four aqueous HNT suspensions (1:10 v/v) were prepared and the pH of each 
mixture was adjusted to the value in the range of 3 – 10. The sodium hydroxide (0.1M) allowed 
to adjust pH of HNT aqueous suspensions to desired basic pH range. While, sulfuric acid (0.1M) 
was used to reduce pH of pristine halloysite samples to acidic values. Such prepared 
suspensions of nanoparticles in water with adjusted pH were mixed vigorously and then 
observed at 3 h and 24 h, after the suspension has reached to equilibrium (Photograph II.10.1). 
It is evident that at acidic pH, halloysite precipitated very fast at the bottom of flasks, leaving 
almost clear supernatants. While increasing pH, suspensions were becoming more and more  
 

 
Photograph II.10.1. Time-dependent observation of halloysite aqueous dispersions at different pH values. 

 

milky. Above neutral pH, mixtures looked very cloudy, with minor precipitate noticed. Clear pH-
dependent trend of the halloysite dispersion was evidenced. The most stable suspension of 

pH 4pH 3 pH 7 pH 10

pH 3 pH 4 pH 7 pH 10

3h after equilibrium
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halloysite nanotubes was achieved at pH 10, a highly basic pH. Moreover, solid-liquid phase 
separation is more pronounced between highly acidic (i.e., pH 3) and highly basic pH (i.e., pH 
10.0), when the slurries were settled longer. The results outcome was enhanced in time. Clear 
phases separation at pH 3 and increasingly displayed nanoparticles stability in aqueous medium 
through pH 4–10 was detected also 24 h after reached equilibrium. The water dispersion of 
HNT at pH 10 as the only tested sample did not characterize with aggregated sediment at the 
bottom of the flask. Instead, it showed stable dispersion of the clay within 24 h of observation 
time.  
 
Obtained result was supported by the second characterization technique, namely Microtrac 
particle size analysis. The Microtrac is a laser-based particle size analysis instrument that 
enables reliable and repeatable characterization of different sized and shaped particles using 
three red laser diodes, multidetector and multiangle optical system.[10]  Thus, the instrument is 
commonly applied in characterization of pigments, coatings and polymers etc. The method was 
implemented in order to provide accurate information about halloysite particles size in 
prepared samples (Fig.II.10.1.). Clay suspensions with adjusted pH from 3 to 10, were examined  
 

 
Fig.II.10.1. pH-dependent variation in HNT particle size distribution. Following extreme size regions presented: 

micrometer sized aggregates (grey) and nanometer sized particles (blue). 

 
on the units’ size range in the 176.0–0.5 μm range. Two extreme size regions were 
discriminated, respectively large HNT aggregates, having 176.0–124.5 μm size (grey 
background) and submicron HNT species that indicated presence of separated halloysite 
nanotubes, having 1.2–0.5 μm size (blue background). The conducted analysis evidenced 
significant presence of HNT aggregates and very small number of separated nanotubes in 
samples having acidic and neutral pH. On the contrary, at pH 10 the biggest HNT aggregates 
merging 176.0 μm in size, were disaggregated. The percentage of HNT clumps having 148.0–

0
0,1
0,2
0,3
0,4
0,5
0,6
0,7

176,00

148,00

124,50
1,16

0,97
0,82

0,69
0,58

0,49

%
 C

ou
nt

s

Size (um)
pH 3 pH 4 pH 7 pH 10

Micrometer sized aggregates Nanometer sized particles



PhD thesis_Katarzyna FIDECKA 2016 - 2019 225 

124.5 μm size, significantly decreased as well. Instead, the appearance of numerous 1.2–0.5 
μm sized species were detected, which could be assigned to the separated halloysite 
nanoparticles. Detected heterogeneity in size distribution of separated halloysite HNTs comes 
from the origin characteristics of the clay deposit in Utah, USA. [11] 

 
The results obtained from the two independently performed analyses, clearly demonstrated 
that the halloysite aqueous suspension is influenced by the pH factor. Detailed explanation of 
this aspect is described in Chapter II.1.7. (Scheme II.10.1.).  
 

 
Scheme II.10.1. Illustration of pH-dependent groups of halloysite, which contribute to its charge variation. 

 
According to Derjaguin, Landau, Verwey, and Overbeek (DLVO) Theory, [12] if the induced 
repulsion force is dominant, it prevents two nanoparticles to adhere together and aggregate. 
On the contrary, below neutral pH, repulsion forces between HNT units are being diminished 
and overcome by hydrodynamic interactions. Consequently, the clay nanoparticles aggregate, 
precipitating and subsequently separating from the supernatant phase.  
 
Along with the fundamental analysis of the pH influence of the surrounding medium on the 
HNTs agglomeration tendency, we aimed to evaluate its overall effect on the rheological 
properties of the BASF halloysite-based products. To do that, five exemplary slurries of Sample 
1 were prepared, and their pH was adjusted to the values from 8 to 10 with a basic pH 
regulator/dispersant, named 2-Amino-2-methyl-1-propanol (AMP 95). Such prepared slurries 
were then analyzed for low shear viscosity (Fig.II.10.2.). As shown, the low shear viscosity of 
slurry gradually decreases with increasing pH. The test results indicate that a target of 400 to 
500 cps low shear viscosity on final slurry can be achieved when the dispersion pH is kept at 
9.5 or above. Below pH 9.5, slurry low shear viscosity is very high, which indicates excessive 
thickness, slurries deformation, including its structure breaking up. The study clearly 
highlighted importance of pH adjustment to the basic value in the halloysite-based products, 
in order to enhance repulsion forces between nanoparticles and thus achieve efficient 
agglomerates separation. The pH optimization of halloysite nanotubes dispersions has shown 
to have a significant impact on final BASF products rheological properties, thus their final 
performance and quality. 
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Fig.II.10.2. Low shear viscosity correlation with the slurry’s pH in the HNT-based product (Sample 1). 

 
The following study addressed evaluation of the induced (2) steric repulsion forces influence 
on the dispersion efficiency of halloysite nanotubes. The analysis included direct validation of 
halloysite-based products (exemplary Sample 1) on the low shear viscosity, while varying the 
amount of dispersant used, namely sodium polyacrylate (K 211) and ammonium polyacrylate 
(K 102). Afterwards, optimized slurries were analyzed for the solids loading capacity. 
Specifically, K 102 and K 211 dispersants were gradually added to the slurry of Sample 1, at 
varying pHto evaluate dispersant’s effectiveness on nanoparticles separation through induced 
steric force. Overall, the dispersant dosage and slurry pH was optimized based on low shear 
viscosity values of the final slurry products. Figure II.10.3. presents the correlation between the 
low shear viscosity, and K 102 dosage and pH of the medium simultaneously. The study 
revealed that slurry of Sample 1 at pH 8, characterized with very high low shear viscosity values, 
while adding 0.88–1.44 g of K 102. The increase of pH resulted in significant low shear viscosity 
decrease, below the ~400–500 cps threshold, when adding the same amount of K 102 (0.88–
1.44 g). The best outcome was obtained when pH of the Sample 1 slurry was adjusted to  
 

 
 

Fig.II.10.3. Correlation of Sample 1 low shear viscosity with mass of added K 102 and slurry’s pH. 
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9.5–10 and 0.88–0.99 g of K 102 were added. The result clearly demonstrated that by adjusting 
pH to the very basic values with AMP-95, sufficient low shear rates can be achieved. In such 
induced conditions triggered by the use of precise amount of K 102, repulsion forces between 
nanoparticles become dominant and overcome hydrodynamic interactions, so that halloysite 
nanotubules repulse and recede from each other, preventing this way from aggregation and 
precipitation.  
 
Keeping above optimized parameters (pH 9.5, 0.90 g of K 102 or 1.25 kg/t of K 102 based on 
dry halloysite clay basis), solids loading capacity of Sample 1 slurry was established (Fig.II.10.4.). 
The gradual addition of Sample 1 dry powder tended to increase the percentage of solids 
loading in the aqueous mixture and consequently increased the Sample 1 low shear viscosity. 
The analysis estimated the maximum of powder loading in Sample 1 to be 52–53 %wt, while 
maintaining its low shear viscosity at the acceptable value.  
 

 
Fig.II.10.4. Correlation of low shear viscosity with %Solids, while maintaining Sample 1 slurry pH at 9.5 and mass 

of added K 102 equal to 0.90 g.   

 
The influence of K 211 compound together with suspension’s pH on Sample 1 low shear 
viscosity was also assessed. As in the case of K 102 studies, the gradual increase of slurries pH 
from 8 to 10, caused significant low shear viscosity decrease (Fig.II.10.5.). The minimum low  

 
Fig.II.10.5. Correlation of Sample 1 low shear viscosity with mass of added K 211 and slurry’s pH. 
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Shear viscosity values were obtained at pH 9.5–10, while adding 0.88–0.99 g of K 211. Forward 
preparation of Sample 1 slurry at pH 9.5 with addition of optimized K 211 amount (0.9 g or 1.25 
kg/t) was compiled. To then analyze its low shear viscosity, while gradually adding Sample 1 
powder. The study revealed significant impact of pH and dispersant mass on sample’s 
rheological properties (Fig.II.10.6.). Use of K 211 compound allowed to load up to 55 %wt of 
Sample 1 powder, while maintaining low shear viscosity value below the threshold. 

 
Fig.II.10.6. Correlation of low shear viscosity with %Solids, while maintaining Sample 1 slurry’s pH at 9.5 and mass 

of added K 211 equal to 0.99 g.   
 

Presented data revealed that enhancement of steric repulsion with the use of K 211 dispersant 
(a sodium polyacrylate dispersant), was more effective than with K 102 (an ammonium 
polyacrylate dispersant), thus allowed higher solids loading capacity with nearly the same 
dispersant’s quantity added. Results continued to demonstrate that efficient and stable 
nanoparticles’ dispersion has a tremendous impact on solids loading capacity and rheological 
properties of the final halloysite-based products. 
 
Based on the learning from the foregoing section, the methodologies for halloysite dispersion 
enhancement was employed for the preparation of other seven final halloysite-based products. 
Particle size of halloysite samples was measured by Microtrac and the results are presented in 
Table II.10.3. The study revealed that pristine, dry processed halloysite powder (Untreated 
Halloysite, Control sample) contains a large number of coarse particles mainly with 63.7–15.5 
μm size range. Additional sample screening with the use of 325 mesh screen (Sample 5) slightly 
reduced the average size of clusters to the range of 45.8–3.8 μm. Sample 3, prepared at pH 5.5, 
showed high content of agglomerates as well, due to the minor presence of repulsion forces 
between halloysite units and thus induced aggregation. On the contrary, halloysite slurries 
prepared at increased pH values, namely Sample 4 (pH 7.0) and Sample 1 (pH 9.5), Sample 2 
(pH 9.5), Sample 7 (pH 9.5), showed preferential pH-dependent disaggregation. 95 percentiles 
of the sample prepared at acidic pH consisted of units having 30.5 μm (Sample 3). The major 
units in the sample reduced in size gradually upon pH increase: 20.8 μm (Sample 4), 17.0 μm 
(Sample 1), 12.1 μm (Sample 2) and 1.1 μm (Sample 7). The results suggest great impact of pH 
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on halloysite nanotubes dispersion in BASF halloysite-based slurries. Sample 7 showed efficient 
disaggregation of HNT agglomerates (e.g. 95 percentiles of the sample consisted of 1.1 μm 
sized units, 50 % of the sample consisted of 0.2 μm sized units). Thus, characterizing with the 
best result among the analyzed samples.  
 

Particle 
Size 

Microtrac size distribution of corresponding sample (μm) 

 Untreated 
halloysite  

Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

Sample 
5 

Sample 
6 

Sample 
7 

d95 63.7 17.0 12.1 30.5 20.8 45.8 17.7 1.1 
d90 47.7 10.8 9.0 21.7 14.6 31.8 12.7 0.7 
d80 34.1 7.2 6.4 14.2 9.6 18.0 7.7 0.5 
d60 20.2 4.6 3.9 7.5 5.4 5.9 4.1 0.3 
d50 15.5 3.8 3.1 5.6 4.2 3.8 3.1 0.2 
d40 11.4 3.1 2.4 4.2 3.3 2.5 2.3 0.2 
d30 8.1 2.5 1.8 3.2 2.6 1.4 1.5 0.2 
d20 5.4 1.9 1.1 2.3 2.0 0.6 0.6 0.2 
d10 3.2 1.1 0.6 0.9 1.1 0.3 0.3 0.1 

 
Table II.10.3. Microtrac particle size analysis on prepared halloysite slurries  

 
Further testing was carried out to determine the amount of 325 mesh (45 microns) residue 
content on seven different halloysite-based slurry samples prepared and the results are 
presented in Table II.10.4. As shown in this table, untreated halloysite sample (control sample) 
contains the highest amount of 325 mesh residue with 1.5 g 325 mesh residue in 100 grams 
sample or 1.5 % residue. In contrast, the alternative methods employed for halloysite 
preparation resulted in efficient removal of plus 45 μm residue particles (Samples 1 through 7 
in table). The influence of pH of samples prepared on halloysite nanotubes disaggregation was 
also noticed while performing 325 mesh residues analysis.  

 

Halloysite-based product 325 mesh residues (g/100 g sample) 
Untreated halloysite 1.500 

Sample 1 0.018 
Sample 2 0.041 
Sample 3 0.311 
Sample 4 0.098 
Sample 5 0.004 
Sample 6 0.003 
Sample 7 0.022 

 
Table II.10.4. 325 mesh residue content of halloysite-based products tested.  
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As compared to other samples, Sample 3, which was prepared at pH 5.5 has the high amount 
of >45 μm clusters (0.311 g in 100 g sample). Changing the pH to neutral value (Sample 4), 
induced sample disaggregation visible as 325 mesh residues reduction to 0.098 g. Further rise 
of pH to the 9.5 value, significantly minimized presence of >45 μm aggregates below the 
amount of 0.04 g (case of Sample 1, Sample 2, Sample 7). 
 

II.10.3. Additional characterization of BASF halloysite-based products  
 
Apart from examination of halloysite-based products on aggregate structure and dispersion 
properties, the properties with respect to the other important factors were also evaluated. The 
composition of the established halloysite dry powders were further analyzed on (a) the 
percentage of moisture, carbon and elements. The (b) optical parameters were also 
determined by two parallel methods, namely TAPPI and ISO brightness analysis. Dispersion of 
(c) dry halloysite-based products in non-aqueous solvents was performed using Hegman gauge 
method and oil absorption analysis. Finally, examination of halloysite-based products on their 
(d) flowability was conducted.  
 

Halloysite-based products composition  
 
The analysis of samples composition with respect to the moisture content, showed that pristine 
untreated halloysite sample (control) contained high amount of naturally entrapped water in 
its structure (3.5 %wt) (Table II.10.6.). Also shown further in Table II. 10.6, moisture content 
varied from 1.6 % up to 2.9 % on other samples. Percentage of carbon in the untreated sample 
is 0.04 %, while other samples prepared contain varying levels of carbon from 0.06 % up to 0.70 
% due likely to the use of carbon containing dispersants. The observation also highlighted the 
tendency of added chemicals to remain in the final products.  
 

Sample %Moisture %C 
Untreated halloysite 3.5 0.04 

Sample 1 2.3 0.09 
Sample 2 3.3 0.48 
Sample 3 2.9 0.19 
Sample 4 2.3 0.70 
Sample 5 2.5 0.25 
Sample 6 1.6 0.06 
Sample 7 2.0 0.10 

 
Table II.10.6. List of halloysite-based products and their evaluation on the presence of moisture and carbon. 

 
Elemental composition of halloysite samples was performed by the X-Ray Fluorescence (XRF) 
technique on halloysite products. Table II.10.7 summarizes the XRF results of halloysite 
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products tested. SiO2 and Al2O3 along with loss on ignition (LOI) numbers on all samples indicate 
that these are typical for the halloysite clay, which is an alumina-silicate. As compared to other 
samples, K2O and P2O5 contents are higher on Sample 3, which indicates the presence of added 
inorganic dispersant in the final product. Sample 3 and Sample 5 were characterized with a 
higher levels of Na2O, respectively 0.25 % and 0.35 %.  
 

Sample % 
SiO2 

% 
Al2O3 

% 
Na2O 

% 
K2O 

% 
CaO 

% 
MgO 

% 
P2O5 

Loss on 
Ignition 

% 
Untreated 
halloysite 

43.5 37.2 0.02 0.04 0.13 0.03 0.56 17.00 

Sample 1 43.4 37.4 0.07 0.04 0.11 0.02 0.83 17.44 
Sample 2 43.2 37.1 0.07 0.06 0.09 0.02 0.68 17.93 
Sample 3 42.1 36.3 0.25 1.29 0.10 0.01 2.13 17.68 
Sample 4 42.7 36.7 0.09 0.04 0.11 0.02 1.21 17.94 
Sample 5 44.0 37.4 0.35 0.04 0.08 0.05 1.02 17.43 
Sample 6 43.6 37.6 0.10 0.03 0.09 0.02 0.98 17.60 
Sample 7 44.8 38.2 0.06 0.02 0.02 0.01 0.11 16.95 

 
Table II.10.7. Elemental analysis of halloysite-based products. 

 

Halloysite-based products optical properties  
 
The optical properties of halloysite clay powders were evaluated by the brightness 
measurement according to the two different methods, namely TAPPI and ISO (Table II.10.8.). 
Based on the brightness measurement results, as presented in Table II.10.8, a wide range 
halloysite products with the range from 81.7 up to 94.5 GE brightness value (as per TAPPI  
 

Halloysite-based product Brightness   

TAPPI (a.u.) ISO (a.u.) 

Untreated halloysite 90.6 88.9 
Sample 1 81.7 80.5 
Sample 2 84.9 84.2 
Sample 3 86.0 85.5 
Sample 4 87.2 86.4 
Sample 5 94.5 92.4 
Sample 6 90.1 88.4 
Sample 7 91.1 89.4 

 
Table II.10.8. Result on brightness value of halloysite-based dry products, determined by two methods, TAPPI and 

ISO.  
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brightness measurement method) could be produced. Along with untreated halloysite 
(control), Samples 5, 6 and 7 give the highest brightness value on halloysite products obtained. 
 

Dispersion of halloysite-based products in non-aqueous solvent 
 
In the forgoing section, a pH-dependent aggregation tendency of that is related tothe nanosize 
nature of halloysite nanotubes in the aqueous medium dispersions was overviewed.  Similarly, 
the performance evaluation of HNT-based powders dispersibility in non-aqueous medium has 
an equal importance, specifically to further evaluate the possible application of experimental 
halloysite samples in the oil-based paints, plastics and coatings formulations. To do so, two 
common techniques were applied, namely Hegman gauge and oil absorption methods (Table 
II.10.9.). 
 

Halloysite-based 
product 

Dispersion in non-aqueous medium 

Oil absorption 
(wt/100 wt) or 

% 

Hegman unit  
(a.u.) 

Corresponding to Hegman 
unit’s dominant size average of 

aggregates (µm) 
Untreated halloysite  51 3 63.5 

Sample 1 50 0 0 
Sample 2 55 0 0 
Sample 3 58 0 0 
Sample 4 58 0 0 
Sample 5  42 4.5 44.5 
Sample 6 48 5 38.1 
Sample 7 37 5 38.1 

 
Table II.10.9. Result of oil adsorption analysis and Hegman test with corresponding dominant size of aggregates 

in halloysite-based dry products. 
 

Implementation of Hegman gauge technique in the study allowed to estimate the ability of 
clays to deagglomerate in non-aqueous medium and examine their particle size distribution in 
a gauge path, after mild shear mixing. Hegman gauge test was performed by dispersing 
halloysite powders in Dioctyl Phthtalate (DOP) oil and then such prepared clay-oil mixtures 
were subjected to the analysis when distributed on a flat metal support. As shown in Table 
II.10.9, untreated halloysite (control) sample and Sample 5 showed relatively higher Hegman 
values, respectively 3 and 4.5. Such Hegmanvalues correspond to dominant 63.5 μm and 44.5 
μm sized aggregates in oil dispersions. On the other hand, Hegman value was 0 on Samples 1, 
2, 3 and 4, which is an indication of aggregated structure and heterogenous distribution of 
halloysite particles in non-aqueous medium. It is important to note that exceptionally high 
Hegman values were measured for both Sample 6 and Sample 7 (both of which with 5 Hegman). 
The result indicates that the Samples 6 and 7 can be easily dispersed in oil-based systems as 
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confirmed by the high Hegman number of 5 on both samples, which corresponds to 38.1 μm 
average-sized particles distributed in oil medium. The results obtained from Hegman gauge 
analysis were supported by the oil absorption set of experiments. The method involved 
quantitative analysis of titrated linseed oil, which determined the preferential oil absorption by 
halloysite-based powders. Specifically, untreated halloysite and Sample 5 powders required 
respectively 51 % and 48 % of oil absorption value, respectively. Processing the pristine 
halloysite crude to the form of halloysite-based products, such as Sample 2, Sample 3 and 
Sample 4 resulted in the higher oil absorption. As can be seen from the table, oil absorption 
values range from 55 % to 58 % on Samples 2 through 4.  

 

It is interesting to note also that Samples 5, 6 and 7 have relatively lower oil absorption values, 
with the range from 37 % to 48 %. In summary, Samples 5, 6 and 7 exhibited the highest 
Hegman value and lower oil absorption as compared to the other samples characterized. 
Therefore, it can be concluded that   Samples 5, 6 or 7 could be advantageously used in oil-
based formulations for industrial products manufacturing. Similarly, such high Hegman value 
of 4.5 to 5 is a good indication that these samples (Samples 5, 6 and 7) would disperse easier 
and perform better in water-based formulations as well.  
 

Halloysite-based products flowability properties 
 
The flowability properties of prepared dry halloysite powders were tested by (a) Loose and 
Tapped Bulk Density method, (b) Degussa beaker flow test and (c) Angle of repose analysis. 
Through the understanding of bulk powder’s flow properties, we aimed to design equipment 
for clays production scale up, storage and transportation. The study was initiated with Loose 
Bulk Density (LBD) and Tapped Bulk Density (TBD) analysis. Application of LBD test aimed to 
define packing mass of halloysite powders in a fixed total volume of occupancy, under exclusive 
influence of gravity. To perform the test, 100 mL container was filled up with the dry, loose 
powder through the dry flow funnel (Scheme II.10.3. a). After the container was filled with 
powder, it was weighed on a balance, and Loose Bulk Density was calculated based on weight 
and volume of powder tested. Loose bulk density of untreated halloysite sample was measured 
to be 30.5 lbs/cu ft. All other halloysite-based samples had higher LBD value (in the range of 
44.8–49.6 lbs/cu ft). The bulk density results indicate that less space pores and consequently 
more compacted packing of the treated halloysite products. Bulk Density (BD) analysis with 
applied mechanical tapping was performed within Tapped Bulk Density (TBD) test (Scheme 
II.10.3. b). The method included the record of initial powder’s mass inserted in 100 mL 
container, to further conduct mechanical tapping during fixed time and finally measure the 
mass variation of the powder before and after induced tapping vibration. High TBD values were 
obtained on treated halloysite samples (Sample 1–7). Instead, untreated halloysite sample had 
a lower TBD value of 40.2 lbs/cu ft. The analysis highlights the difference in products’ dynamic 
packing efficiency, between treated and untreated halloysite-based products. Comparing to 
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LBD to TBD, the application of tapping vibration resulted in more compressed material’s 
packing.   
 

 
 

Scheme II.10.3. Schematic presentation of Loose (a) and Tapped (b) bulk density analysis. Grey tubes are 
schematically presenting halloysite nanotubes, while blue cylinders containers for packing halloysite-based 

powders. 

 
In this study, another flow characterization test method, called Degussa beaker flow test, was 
also utilized to determine the flow properties of halloysite based products. In this test, different 
cylinder-conical beakers with varying opening diameter were filled with corresponding powder 
and the time it took to flow the powder through beaker until it was fully emptied was measured 
and recorded.  Opening diameters of beakers: 18 mm, 12 mm, 8 mm, 5 mm and 2 mm. The 
method of analysis allowed to determine powders behavior during industrial processing and 
obtain fundamental information about necessary equipment design for manufacturing 
halloysite clay. Scheme II.10.4. presents used Degussa beakers with varying diameter (mm)  
 

 
Scheme II.10.4. Schematic presentation of Degussa Beaker Flow test performed on halloysite-based powders. 
Grey tubes are schematically presenting halloysite nanotubes, while blue area the shapes of Degussa beakers. 

Loose bulk density (lbs/cu ft) Tapped bulk density (lbs/cu ft)

Untreated halloysite: 30.5
Sample 2: 49.6
Sample 7: 46.6
Sample 4: 45.9
Sample 3: 45.8
Sample 1: 45.7
Sample 5: 44.8

tapping

tapping

Untreated halloysite: 40.2Sample 5: 59.8
Sample 7: 58.3
Sample 3: 55.9
Sample 2: 55.2
Sample 4: 53.4
Sample 1: 53.2

12 mm 8 mm 5 mm 2 mm

Untreated halloysite:     - - - - -
Sample 1: 5 8 17 63        -
Sample 2: 3 5 12 31        -
Sample 3: 3 5 14 37        280
Sample 4: 4 5 14 112      367
Sample 5: 1 1 2 - -
Sample 6:                        38 62 - - -
Sample 7:                        1 - - - -

18 mm

a)                                   b) 
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openings and time (s) needed for each analyzed halloysite-based powder to pass through the 
beakers. The generated data suggests that Sample 1–5 appeared to be relatively fine and free 
flowing powders, which passed through beakers having 18–5 mm diameter opening relatively 
fast. Instead, the untreated halloysite, Sample 6 and Sample 7 were reported as fluffy batches 
with non-free flowing characteristics. 
 
On the basis of Angle of repose test, the angle of halloysite powders’ pile at rest was 
determined (Scheme II.10.5.). Based upon the analysis, it was aimed to design of an adequate 
equipment and estimate space needed for processing of halloysite-based products. The 
analysis was carried out by passing fixed amount of BASF powders through the funnel and when 
stabilized, measure the angle between the peak of the pile and the horizontal ground. From all 
the analyzed powders, the Control sample, Sample 1, Sample 3 and Sample 4 characterized 
with the highest angle of repose. Sample 2 and Samples 5–7 formed flatter piles with smaller 
angle at which they stood without falling apart.  
 

 
Scheme II.10.5. Presentation of angle of repose test performed on halloysite-based powders. 

 

II.10.4. Conclusions 
 
The fundamental studies conducted on HNTs dispersion and powder characterization, 
composition as well as optical properties allowed to rationalize different performances of seven 
complex halloysite-based products. HNT aqueous slurries prepared at basic pH appeared to 
induce the strongest repulsive forces between the tubules, thus consist of well dispersed 
halloysite particles and result in the best slurry stability over a long storage time. Studies of 
HNT-based products dispersion in non-aqueous medium revealed strong dependence on the 
size of present particles as well. The most finely ground samples showed the best performance 
among halloysite clay samples tested and could advantageously be used in oil-based as well as 
water-based formulations on an industrial scale. Great focus of the project was put on the 
optimization of clay production and treatment processes, including adjustment of additive 
types and dosages used in the final formulations, regulation of their pH and low shear viscosity. 

Untreated halloysite: 45
Sample 3: 32.5
Sample 1: 32
Sample 4: 31.5

Sample 2: 29.5
Sample 6: 19
Sample 5: 17.5
Sample 7: 23.0
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The primary objective of the study included also determination of characterization tools to 
expose key properties of halloysite-based products. Thus, various qualitative techniques were 
implemented to evaluate BASF experimental samples on their physico-chemical properties, 
such as Microtrac size distribution analysis, 325 mesh residues technique, CEM %moisture and 
LECO %C analysis, XRF measurement, TAPPI and ISO brightness analysis as well as Hegman 
gauge and oil absorption methods. The particular focus was put on the process optimization 
for recovery improvement in halloysite unit operations, such as dispersion, and powder 
characteristics by using various analytical tools. . The project finalized with the process and 
treatment optimization, necessary for production scale up of halloysite-based products.  
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II.11. Industrial output 
 
The collaborative study of BASF together with the University of Milan represented by the group 
of Professor Emanuela Licandro, aimed to demonstrate efficient technology transfer for the 
purpose of knowledge increase in the halloysite-field and bringing forward placement of 
halloysite-based products on the market. Performed research provided detailed specification 
of experimental HNT samples preparations with final products’ detailed physico-chemical 
characterization. Gained knowledge and experience will be further used to evaluate suitable 
powders for corresponding target applications, such as production of industrial paints, 
coatings, adhesives, ceramic honeycomb catalysts, rubber, etc. Moreover, the conducted 
research enables practical and rapid scaled-up commercialization. Overall, the foremost 
achievement of performed study was to present successful example of co-beneficial industrial-
academic collaboration that provided latest research results in halloysite topic and their 
application in innovative methodologies for the BASF market success.   
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II.12. Final remarks and future perspectives  
 
First part of conducted PhD research contributed to the statement that modified halloysite 
nanoparticle can be identified as a potential carrier for drug delivery. Based on conducted 
studies, it was indicated that HNTs exhibit appealing physico-chemical and biological 
properties, recognizable while fabricating halloysite-based nanosystems and their biological 
effectiveness in terms of nanomedicine. Thanks to HNTs structure properties, site-specific 
reactivity, large surface area and porosity, negative surface charge, active molecules loading 
capabilities and release characteristics as well as tunable internal volume, various complex 
halloysite nanoconstructs can be engineered with abilities to overcome limitations of 
traditional drug delivery. The therapeutics immobilization/ release from halloysite was 
demonstrated using model MMPP, aspirin and epirubicin molecules. Modified halloysite 
nanoparticles showed improved biological and physico-chemical properties with respect to 
pristine halloysite. In this context, tubes’ length shortening exhibited NPs ability to pass across 
cell membrane, while inner lumen volume increase demonstrated increased drug loading 
capacity. Moreover, it was discovered that halloysite is able to convert light to its second 
harmonic, at twice of the frequency (and therefore half of the wavelength) while using high 
intensity femtosecond pulsed laser. Thus, halloysite nanoparticles can be used as imaging 
agents, taking advantage of their endogenous properties. The disclosed property was used for 
alternative label-free bioimaging of halloysite-based nanoconstructs. Subsequent progress in 
studies was concentrated on formation of multi-functional halloysite delivery system with 
targeting, imaging and controlled drug release properties, which was achieved by nanoparticles 
coating with collagen biopolymer. 
 
Second part of the performed PhD studies concentrated on halloysite nanoparticles application 
in industrial sector, to enhance performance of BASF offered products’ portfolio. In this case 
study, halloysite appeared as a high-performance mineral additive, embracing various 
products’ properties, such as optical and rheological ones. Nevertheless, the use of halloysite 
contributed to low-cost and sustainable development, since it is a cheap, natural and 
environmentally friendly nanoparticle. The study focused on performance validation and 
properties enhancement of halloysite-based products, further potentially manufacturable in 
BASF company on an industrial scale. Conducted research between University of Milan and 
BASF SE stood out as an example of an efficient collaboration to achieve a shared goal: the 
simultaneous extensive knowledge on halloysite of academia and the continuous search for 
world-leading resources of the industry.  
 
The development of HNTs application as an imaging agent requires simultaneous progress of 
Multiphoton microscopy technique, especially in the direction of SHG signal quantification. In 
specific, to improve image resolution and proceed with 3D projection of biological halloysite 
samples, the objective with higher numerical aperture needs to be applied. The preliminary 
conducted studies on halloysite-mediated nanosystem fabrication for PNA transportation need 



PhD thesis_Katarzyna FIDECKA 2016 - 2019 240 

to cover experiments repetition for reproducibility confirmation. Moreover, further physico-
chemical characterization of formed redox-sensitive PNA-S-S-PNA nanoconstruct should be 
applied, including FTIR, TGA, ζ–potential analysis.  
 
Concluding, performed PhD studies recognized halloysite nanoparticles as functional material 
with potential in multidisciplinary research domains. Further investigations on halloysite 
properties and its complex hybrids formation will contribute to the development of 
nanoparticle in various industrial sectors. Future prospects seem to show a rise of novel 
applications of halloysite, however more research should be focused on regulatory framework 
applicable to HNTs. Particularly important is determination of halloysite and its polymorphs 
safety, toxicity and biodistribution on an in vitro and in vivo levels using different models and 
systems, thus analysis of NPs influence on the environment and human health.  
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III. Experimental section 
III.1. Materials  
 
Pristine halloysite nanotubes (HNTs), sodium hydroxide (NaOH), hydrochloric acid (HCl), (3-
Aminopropyl)triethoxysilane (APTES), 3-(2-Aminoethylamino)propyldimethoxymethylsilane 
(AEAPS), (3-Mercaptopropyl)trimethoxysilane (MPS), aspirin, Kaiser kit, dry and fresh toluene, 
fluorescein isothiocyanate (FITC), dimethyl sulfoxide (DMSO), piperidine, ammonium chloride 
(NH4Cl), iodomethane (CH3I), glutaraldehyde, magnesium monoperoxyphthalate (MMPP), 1,3-
diphenylisobenzofuran (DPBF), collagen type I, pepsin were purchased from Sigma Aldrich.  
Also sodium carbonate and sodium bicarbonate were provided by Sigma Aldrich. Ethanol was 
provided by Merck. N,N-Diisopropylethylamine (DIPEA) was obtained from Fluorochem, while 
Fmoc chloride (Fmoc-Cl) from Fluka. Dichloromethane (DCM), ethyl acetate, methanol and 
hexane solvents were obtained from Schorlau. Acetic acid was bought from Carlo Erba, while 
salt free physiological water was purchased from Eurospital. Epirubicin, green fluorescent 
protein (GFP) plasmid, deoxyribonuclease (DNase), tris hydrochloride (trisHCl) and phosphate 
buffered saline (PBS) buffers were a generous gift from San Raffaele hospital, Milan, Italy. 
 

III.2. Characterization techniques  
 
Prior to physico-chemical characterizations, halloysite-based samples were manually grounded 
in an agate mortar to the fine powder. Halloysite-based suspensions were instead sonicated 
for 5min in the sonication bath.  
 

III.2.1. Microscopy (SEM, TEM, MPM)  
 
Two electron microscopes were involved in conducted PhD studies, namely Scanning Electron 
Microscope (SEM) and Transmission Electron Microscope (TEM). SEM was firstly introduced by 
Von Ardenne in 1938 and up now has become a very important tool to study surface features, 
like topography, morphology and composition of materials. SEM studies require analyzed 
material to be conductive. Thus, non-conductive sample should be coated with conductive 
surface of electrons (e.g. sputtered with gold). The basis of SEM operation is concentrated on 
the production of high energy primary electrons by electron gun, which are then accelerated 
by the grid and anode when applying high energy voltage/heating. Emitted electrons are 
focused and confined to a monochromatic beam, by magnetic lenses and metal slits in the 
column. Electron beam is focused on the specimen with the use of lenses, scanning and 
stigmator coils as well as aperture in the column. When accelerated primary electrons strike a 
sample, the production of variety of signals is triggered, including formation of secondary 
electrons (SEs), backscattered electrons (BSEs) and characteristic X-rays, which provide 
different information about the sample. Mostly used are SEs, which escape from the surface of 
the sample (~10nm near the surface), when part of the energy is transferred from primary 
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electrons ‘hitting’ the surface, to the electrons of the specimen. Released secondary electrons 
are then collected at each point of the specimen by the detector, which transforms them into 
an electric signal and forward 3D images (Fig.III.1.). [1] [2] 
 
 

 
 

Fig.III.1. Illustration of Scanning Electron Microscope set up. Image taken from Inkson et al. [2] 
 
Prior to SEM studies on halloysite-based samples, the analyzed material (1 mg/mL) was sputter 
coated with Au. Top SEM images were collected by Quanta Feg250 SEM microscope (FEI 
Company, USA) in ISIS institute, Strasbourg, France.   
 
The TEM microscope was firstly built by Knoll and Ruska in 1932. This type of microscope 
provides information about internal composition of the material. On the contrary to Scanning 
Electron Microscope, TEM produces images using electrons transmitted through the sample. 
The emission source can be a cathode, tungsten filament or needle as well as a lanthanum 
hexaboride (LaB6) single crystal. When the gun is connected to such high voltage light source 
and given sufficient current, it begins to emit electrons either by thermionic or field of electron 
emission into the vacuum. TEM illuminates the analyzed material with a high energy of 
electrons, to then collect electrons that pass through the sample in the detector. Next the signal 
from transmitted electrons is converted to the bright image. Instead, electrons that were 
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stopped on the sample correspond to the black areas. The set of lenses, such as condenser, 
objective and projector ones, provide respectively aperture opening, light focus on the sample 
and first intermediate image generation, to then form the final 2D image. As in the case of SEM, 
analyzed sample needs to be conductive, otherwise sputtered with a conductive layer. The 
accelerated voltage of TEM is much higher them of SEM, thus this type of microscope 
characterizes with high speed of electrons, high resolution and magnification properties 
(Fig.III.2.).[3] 
 

 
 

Fig.III.2. Illustration of Transmission Electron Microscope set up. Image taken from 
https://en.wikipedia.org/wiki/Transmission_electron_microscopy. 

 
Prior to TEM studies of halloysite-based samples, the analyzed material was dispersed in 
aqueous solution (0.75 mg/mL) and deposited on the 300-mesh cooper grid coated with carbon 
and Formvar. Such prepared samples were dried in air overnight and analyzed with CM TEM 
(80 kW) (Philips) equipped with CCD camera (Morada), at the University of Milan, Italy.  
 
Multiphoton Microscope (MPM) refers as a light microscope, which prototype dates back the 
year 1620. Optical microscopes use visible light and the system of lenses to magnify images. 
MPM implies multi-photon excitation by more than one photon, e.g. two- or three-photons of 
a particular energy, instead of single-photon absorption. Specifically, the two-photon excitation 
(2PE) involves excitation with 2 near-infrared photons, each of half of the energy necessary to 
get the molecule to the excited state (Fig.III.3.). The two-photon excitation requires all the 
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absorbed photons to be in the vicinity of the molecule within a limited time frame since the 
likelihood for a multi-photon excitation event to occur is much lower than the chance for a 
single photon event. The chance of a single photon event is proportional to the number of  

Fig.III.3. Jablonsky diagram showing energy levels of real states (full line) and the relevant transitions between 
them (dashed line). Schematic representation of Two Photon Excitation Fluorescence (TPEF) and Second 

Harmonic Generation (SHG). [4] 

photons 'hitting' the molecule, and therefore proportional to the intensity. On the other hand, 
the chance of two photons ‘hitting’ the molecule in a short time interval is proportional to the 
square of the intensity. Furthermore, multi-photon excitation is restricted to the focal plane 
(Fig.III.4.). As a consequence of localized excitation in the high photon flux, the decrease in 
photobleaching and photodamage in the analyzed sample occurs. Following two-photon 
excitation, the non-linear optical phenomena: non-coherent Two photon excitation 
fluorescence (TPEF) and coherent Second harmonic generation (SHG) scattering can occur. 
Once the molecule is excited, its electron promoted to the excited state, subsequently decays 
to the ground energy state, giving off a photon: fluorescence. TPEF always involves some  

 

Fig.III.4. Single-photon (a) and multi-photon (b) excitation throughout a path of the laser beam. 
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energy loss in the sample, due to the fact that internal conversion in the excited state precedes 
TPEF. Whereas SHG is an optical process, in which excited molecule decays from the virtual 
state to the ground state, simultaneously scattering SHG photon. The advantage of SHG over 
TPEF is lack of the energy loss. Biological materials with non-centrosymmetric molecules and 
high crystalline structure are considered as good second harmonic generators. Depending on 
the propagation direction of the SHG scattering, the forward (F) and backward (B) SHG signal 
can be distinguished. All gathered, the multi-photon excitation microscopy has several superior 
advantages over the standard single-photon excitation microscopy. By the excitation of the 
sample with longer wavelength of light, the cell penetration is improved (i), absorption and 
scattering in the sample are reduced (ii), no overlap between excitation and emission band 
occurs (iii). Moreover, by the localized excitation volume, photodamage and photobleaching in 
living specimens are also reduced (iiii). Moreover, the major advantage of these technique is 
that the SHG is generated endogenously, without the need for extrinsic probes (iiiii) (Katarzyna 
Fidecka master thesis, Soleil Synchrotron).  

The multiphoton microscope (MPM) (Nikon A1+ MP) at SOLEIL Synchrotron in Paris, France was 
equipped with pulsed Ti:S laser (Spectra Physics: Mai Tai), tuneable between ~710–950 nm 
(Fig.III.5.). The Ti:S laser produces intense light in pulses of ~100fs of 2.5W average power and  

 

Fig.III.5. Optical path of Multiphoton Micrscope (Katarzyna Fidecka, master thesis).  

of mW power at the sample. The laser is capable of sample excitation with the light of chosen 
wavelength. Different water immersion objectives can be used to focus the laser beam. The 
microscope allows to simultaneously detect visible light, 2PEF and SHG. Two sets of 4 channels 
non-de-scanned detectors (NDD) (Nikon) are mounted to collect forward and backward (F/B) 
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SHG signals. The backward propagated scattering passes through the objective. Next, both 
forward and backward propagated signals are separately reflected by the set of dichroic mirrors 
(DMs) and collected by detector channels depending on their wavelengths. Band-pass filters 
are implied in order to pass a narrow set of wavelengths to detectors.  
 
The MPM analysis of pristine HNTs and halloysite-based nanoforms was performed on 
powders’ suspension in DI water (1 mg/mL). Excitation of samples was accomplished with 
pulsed near-infrared laser, tilted at variable angle with respect to the placed sample. Two water 
immerse objectives were implemented, namely 16X and 40X, respectively having numerical 
aperture (NA) 1.25 and 0.80. Excitation wavelength, power of the beam and acquisition time 
were chosen in order to maximize the resolution and signal intensity in each detector channel.   
 

III.2.2. TGA analysis 
 
Thermogravimetric analysis (TGA) is used in order to provide information of the analysed 
sample composition in a qualitative as well as quantitative manner. The scheme of the 
equipment is presented in the Fig.III.6. The principal of the method involves measuring changes 
of the probe weight, when submitted to the thermal treatment, such as heating, cooling or 
maintenance at constant temperature. TGA characterization method finds its application in 
determination of thermal events and processes, such as physical and chemical stability of a 
material in different conditions, kinetics of decomposition processes, oxidation reactions, etc. 
The analysis starts with an accurate and precise measurement of the sample’s mass placed in 
the crucible, on the internal balance. To then be submitted to the thermal treatment, e.g. 
gradually increasing the temperature in the furnace.  Using set of sensors in the  
 

 

 
 
 
 

 
Fig.III.6. Illustration of TGA set up. Image taken from https://www.mt.com/hk/en/home/library/product-

brochures/lab-analytical-instruments/TGA_DSC_3Plus_brochure.html 

1. Baffles    5. Furnace heater 
2. Reactive gas capillary   6. Furnace temperature sensor 
3. Gas outlet    7. Adjustment ring weights 
4. Temperature sensors   8. Protective and purge gas connector 
9. Thermostated balance chamber 
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thermogravimeter, it is possible to detect triggered mass loss of the analysed sample. The 
results are presented in a form of the thermograph, where the mass of the sample is plotted 
as a function of temperature or time. [5] In the context of these PhD studies, the application of 
TGA was concentrated on verification of thermal stability and composition of pristine 
nanoparticle and halloysite-based nanomaterials, including quantification of incorporated 
organic molecules that induced added mass loss upon the thermal treatment. 
 
Within conducted PhD studies, the TGA analysis was performed in facilities of University of 
Milan, Italy, ISIS Institute in Strasbourg, France and University of Turin, Italy. Following the 
recommendations of Mettler Toledo company from 2016, the sample of 5mg on average, was 
first equilibrated in ambient atmosphere, to then perform its complete thermal analysis from 
ambient temperature to values over 800 ℃ with determined heating rate and air flow. 
 

III.2.3. FTIR spectroscopy 
 
The Fourier Transform Infrared (FTIR) analysis is considered to be the most available type of 
analytical techniques, finding application in various domains. Using absorptive and emissive 
properties of materials, FTIR provides their unique molecular fingerprint. By monitoring 
changes in characteristic infrared (IR) bands pattern, alternations in composition of the 
material, presence of additives or sample contamination can be identified. The FTIR principle is 
focused on sample interaction with the electromagnetic fields in the IR region. As a 
consequence, some of the electromagnetic waves couple with molecular vibrations of chemical 
bonds that connect atoms with frequencies that correspond infrared-wavelength of light 
(Fig.III.7.). Consequently, molecules are excited to a higher vibrational state by absorbing IR 
radiation, commonly in the wavelength range of 200–4000 nm. The analysis covers sending IR 
light of many frequencies from the beam source to the beam splitter, in order to split it into  

 
Fig.III.7. Illustration of FTIR set up. Image taken from https://www.findlight.net/blog/2019/03/27/ftir-principles-

applications. 



Katarzyna FIDECKA_ PhD thesis 2016 - 2019 
 

248 

half. One part reaches the fixed mirror, while the other half reaches the mirror that moves with 
a constant velocity. Then, the reflection and recombination of two split beams occur, aiming to 
construct the interference pattern. Such interference pattern is sent to the sample, while its 
transmitted portion to the detector, where it is post-processed, comparing the reference 
spectrum with a performance of Fourier transform. The FTIR spectrum is shown as a function 
of wavelength. Four major sampling techniques in FTIR can be distinguished: Transmission (1), 
Attenuated Total Reflection (ATR) (2), Specular Reflection (3) and Diffuse Reflectance (4). In the 
case of Attenuated Total Refection, the changes of an internally reflected IR beam are captured, 
while the beam interacts with the analyzed sample. The optically dense ATR crystal 
characterizing with the high refractive index, collects IR beam directed at a certain angle. In 
regions where IR is reflected from the inside surface of the ATR crystal, series of standing 
(evanescent) waves are attenuated, and penetrate the sample at each reflected point, to then 
be directed to the detector.[6] 
 
During conducted PhD studies, the FTIR analysis was performed at the University of Milan, Italy. 
The FTIR spectra of dry powders (~3 mg) were analyzed PerkinElmer spectrum 100 instrument 
(Perkin Elmer, Waltham, MA, USA) in attenuated total reflection mode. A single-bounce 
diamond ATR crystal was used with an incidence angle of 45. The measurement initiated with 
background subtraction, to then perform an average of 7-14 consecutive scans of the analyzed 
samples. FTIR analysis was performed in 4000nm to 500nm wavelength region.  
 
III.2.4. XRD spectroscopy 
 
In 1895 Röntgen discovered X-rays, which are the form of electromagnetic radiation with a 
short wavelength of light. Not until 20th century, the mathematics explanation by Lawrence 
and Bragg behind the discovery, catalyzed the development of analysis using X-rays and their 
application in various domains. The revelation progressed further to determination of biological 
molecules, such as vitamin B, penicillin and finally DNA. Moreover, it contributed to the 
development of characterization methods such as X-ray crystallography. X-ray diffraction (XRD) 
spectroscopy is a very powerful technique broadly used for structure determination of crystals, 
identification of amorphous content, estimation of size and orientation of crystallites. The 
cornerstone of XRD spectroscopy comes down to the Bragg’s law, which states that when the 
incident X-ray is directed on the crystalline surface, at angle of incidence θ, the X-ray will be 
reflected back at the same angle of scattering θ (Eq.3.1.): 
 

nλ= 2dsinθ     (Eq.3.1.) 
 
where n is an integer, λ is the wavelength of X-ray, d is the spacing of crystal layers, θ is the 
incident angle of incoming ray and the scatter plane. 
 
The XRD spectroscopy set up consists of the cathode ray tube, usually filament, which when  
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heated, consequently produces electrons, the X-ray beam (Fig.III.8.). By acceleration of 
electrons in the direction of a target species together with the voltage application, make the X-
rays reach the crystalline sample. The incident beam is filtered and concentrated by the use of 
filter coils and monochromator, to then reach the examined surface and consequently diffract 
from it. Only waves that are in phase and satisfy Bragg’s law produce dark spots on a pattern, 
so called diffraction pattern. Sample holder and the detector are rotating, respectively at an  
 

 
 

Fig.III.8. Illustration of XRD spectroscopy set up. Image taken from 
https://sites.google.com/a/hartdistrict.org/ms-smith/home/modern-solid-materials/chapter-11-intermolecular-

forces-and-liquids-and-solids/11-5-x-ray-diffraction-by-crystals. 
 

angle of θ and 2θ. The detector records and process the X-ray signal, converting it into the 
count rate. The typical XRD output is collected at 2θ from ~5–70 o angles as a function of 
counts/ counts per second/ intensity. [7] 

 
Along these PhD studies, XRD analysis was performed in ISIS institute, Strasbourg, France. The 
XRD data were collected by Bruker D2-PHASER diffractometer using CuKα radiation (λ= 1.5418 
Å) at 300 W (30 kV, 10 mA) power with Ni Kβ-filter and equipped by a 0.1 mm divergence slit 
and 1 mm air scatter screen. The samples were deposited on a zero-background silicon sample 
holder. All the measurements were performed in the Bragg-Brentano geometry, with 2theta 
values ranging from 6 to 40 ° with an exposure time of 5 seconds per step. All samples were 
measured at room temperature and room pressure.  
 
III.2.5. UV-vis spectroscopy  

 
UV-vis spectroscopy was invented by Beckman in 1940 and since then has been a powerful 
technique broadly used for photometric researches, such as reaction kinetics determination or 
chemical species quantification. The UV-vis absorbance spectroscopy technique refers to light 
absorption in the part of ultraviolet and full visible wavelength range. Those regions of 
spectrum comprise photon energies, respectively 72–143 kcal/mol and 36–72 kcal/mol. 
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Absorption of such energy by molecules having bonding or non-bonding electrons, promotes 
excitation from the ground state (highest occupied molecular orbital (HOMO)) to the excited 
state (lowest occupied molecular orbital (LUMO)). Specific frequencies at which the analyzed 
species (chromophores) absorb light, depend on their structure and environment. The easier 
the excitation, the longer wavelength of light absorption. UV-vis spectroscopy is commonly 
used for qualitative and quantitative analysis of various analytes, including highly conjugated 
organic compounds. The solvents of choice for liquid UV-vis spectroscopy are usually those with 
a very weak absorption at most wavelengths, such as water or ethanol. The quantification of 
UV-vis spectroscopy comes down to calculations of the species’ concentration in the solution, 
using Beer-Lambert law (Eq.3.2.). The law states that the absorbance is directly proportional to 
the concentration of absorbing species and the path length: 
 

Α = log10 (I0/I) = 𝜀CL      (Eq.3.2.) 
 
Where A is absorbance measured at the chosen wavelength, I0 is the intensity of the incident 
light before reached the sample, L is the path length through the sample, C is the concentration, 
𝜀 is the molar absorptivity or extinction coefficient.  
 
UV-vis instrumentation can be double or single beam kind. It includes light source, 
monochromator (prism or grating) and detector (Fig.III.9.). The source of light comes from  

 
Fig.III.9. Schematic presentation of UV-vis set up. Image taken from https://aavos.eu/glossary/uv-vis-

spectrometry/. 
 

deuterium lamp (D2) for ultraviolet light and tungsten lamp for visible light. In double beam UV-
vis spectrophotometer, the incident beam is divided into two by the beam splitter, where the 
first part is used as a reference and passes through the sample holder with cuvette filled up 
with the reference solution (no absorbance), while the second part is directed on the sample 
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holder with the cuvette having analyzed solution. UV-vis spectrophotometers are equipped 
with the filter and monochromator, which allow selection of one wavelength at the time. Set 
of lenses, direct the beam on the cuvettes. The resultant output reaches the photodetector 
(photodiode) that compares the relative intensity of the two paths and converts light signal into 
electrical one. The UV-vis spectrophotometry output is shown as a plot of UV-vis wavelength 
range as a function of Absorbance. [8] The analysis can be done on liquids, but also on solid 
samples. Transmission through solids and powders is difficult, since the light does not 
penetrate through them, but is reflected from their surface. In this case an alternative Diffuse 
Reflectance spectroscopy (DRS) can be conducted. Reflected light from the solid sample can 
occur in the form of specular and diffuse reflection. Such analyzed specimens are placed in 
front of the incident beam and irradiated. To then collect the reflected light and concentrate 
the output on the detector using barium sulfate coated sphere (Fig.III.10). [9] 
 

 
 

Fig.III.10. Schematic presentation of Diffuse Reflection measurement, including Specular Reflection, using an 
integrating sphere. Image taken from https://www.ssi.shimadzu.com/products/uv-vis-

spectrophotometers/diffuse-reflectance-measurement.html.  

 
Fluorescence spectroscopy is a complementary technique to absorption spectroscopy, which 
analyzes fluorescence from the sample.  In general, molecules that consists of more than one 
aromatic group in their structure emit fluorescence. However, fluorescence emission from non-
fluorescent species can be induced by e.g. labelling with the fluorescent dye. The fluorescent 
spectroscopy is commonly used to determine concentration of a specie in the solution, taking 
advantage of its fluorescent properties. In fluorescence spectroscopy the beam of light at 180-
800 nm wavelength range is directed on the sample placed in the cuvette, which absorbs it. 
Light absorption induces molecule excitation from the ground state to the excited state, to then 
fall back to the ground state, parallelly emitting a photon. Molecules return to any of vibrational 
levels of the ground state, therefore emitted photons characterize with different energies and 
related frequencies. The concentration of the analyte is directly proportional to the intensity 
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of the emission therefore the fluorescent emission can be used for analytes’ quantification. 
General device that measures fluorescence is named fluorometer and consists of light source 
(e.g. xenon arcs, mercury-vapor lamp, laser), two filter/ monochromators, sample holder and 
the detector system, with read-out device. Filter/ monochromator transmits light of a particular 
wavelength and let the incident light pass through it, to strike the sample. Fluorescence light is 
emitted in all directions, but only some of it reaches the second filter/ monochromator, to then 
be directed to the single-/ multi-channeled detector, usually placed at 90 ° with respect to the 
incident beam. The output from the detector is amplified and displayed on the readout device 
(Fig.III.11.). [10] 
 

 
 

Fig.III.11. Schematic presentation of fluorescent spectroscopy device. Image taken from 
https://oceanoptics.com/knowledge-support/example-setups/. 

 
Liquid UV-vis spectral absorbance characterization was performed using double beam UV-vis 
spectrophotometer (500 Evolution Thermo Electron Corporation) at the University of Milan, 
Italy. The analysis was preceded with background subtraction and standard curve formation, to 
then analyze species of interest. Quartz cuvettes were used along the measurements. Solid UV-
vis spectral reflectance was analyzed using UV-vis spectrophotometer (Shimadzu UV-2600 
240V IVDD instrument) at the University of Milan, Italy. Each sample (~400 mg) was placed in 
the sample holder made with quartz glass and compressed. The measurement was resumed 
with the base-line correction using standard KBr sample, supplied by the manufacturer as a 
reference material. Fluorescence spectroscopy (FL-322 Fluorolog 3 spectrophotometer, 450 W 
xenon arc lamp) was measured in 420–600 nm wavelength range, while exciting the sample at 
410 nm and setting the emission slits to 2 nm. Quartz cuvettes were used along the 
measurements. The analysis was preceded with background subtraction.  
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III.2.6. Water contact angle measurement 
 
By water contact angle analysis, it is possible to estimate the surface wettability of the material 
and thus its hydrophobic or hydrophilic behavior. Wettability implies water droplet deposition 
on the surface, which can spread out or stay attached to the examined layer (Fig.III.12.). 
Wettability is measured by water contact angle, between deposited water droplet and the 
analyzed support. The larger is the wetting, the stronger is the affinity between liquid and the 
analyzed surface, thus the lower is the value of contact angle. Wetting takes place when the 
dropped water spread on the surface and the contact angle is equal to 0 °. The measurement 
of contact angle is based on Young’s equation (Eq.3.3.) and Newmann approach (Eq.3.4.): 
 

COSθ= (γSV –	γSL)/ γLV    (Eq.3.3.) 

COSθ= -1+2)γSV/γLVexp ⌊−β(γSV − γLV)3⌋   (Eq.3.4.) 
 
Where 𝛾LV is a surface tension/ free energy of liquid in equilibrium with vapour; 𝛾SV is a surface 
tension/free energy of the solid surface in equilibrium with vapour; 𝛾SL is a solid-liquid 
interfacial tension, 𝛽 is a parameter of the solid and liquid.  
 

 
Fig.III.12. Water contact angle of liquid droplet deposited on the solid surface. 

 
The standard equipment for contact angle analysis (goniometer) consists of the light source, 
adjustable stage to place the sample on, the dispensing system, which precisely deposit the 
liquid volume on the analyzed surface and the camera, which captures photos that can be 
further analyzed in the computer (Fig.III.13.). [11] [12] 
 
Applying water contact angle analysis in the halloysite field, aqueous suspensions of halloysite- 
based samples under investigation were prepared (0.6 mg/mL). Uniformly dispersed 
suspensions were placed on a glass support and let dry in air. Four layers in total were deposited 
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Fig.III.13. The water contact angle set up. Image taken from Huhtamäki et all. [13] 

 
in order to provide homogenous sample coating on a glass plate. The analysis was performed 
using Krüss EasyDrop (Krüss, Hamburg, Germany), on at least 5 independent measurements, 
using 3.0 µL of liquid volume and 300.0 µL/min flow rate. The water contact angle results are 
shown as mean ± SD. The measurements were conducted at the University of Milan, Italy.  
 
III.2.7. ζ–potential analysis  
 
ζ–potential analysis of nanoparticles is based on the measurement of electrical double layer 
around each charged NP (Fig.III.14.). The electrical double layer is formed when nanoobjects 
with net charge on their surface are immersed in the ions-rich medium, trying to maintain 
electric stability. Thus, charged nanoparticles trigger concentration of counter ions on their 
surface and this way affect distribution of ions in the medium. The layer of counter ions 
 

 
Fig.III.14. Image extracted from https://www.coursehero.com/file/19030225/Zetasizer-chapter-16/. 
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surrounding NP consists of inner and outer region. Internal one, also named as Stern layer, 
characterizes with strongly attached ions. Instead, the external one consists of loosely bonded 
ions. Due to the particle movement, the interface between the moving and static ions 
hydrodynamic shear occurs (so called slipping plane), which defines zeta potential. The 
magnitude of zeta potential informs about potential stability of the system. Charged 
nanoparticles suspended in the medium, repel each other, therefore are homogenously 
suspended in the solution. On the contrary, less charged nanoparticles or neutral ones do not 
have sufficient force to prevent from NPs coming together, aggregating and as a consequence 
precipitating. The general established zeta potential value, which divides systems into stable or 
unstable ones is ±30 mV. Above this value, suspension of nanoobjects is considered to be 
stable, while below it said to be unstable. The most important factor affecting zeta potential is 
pH. Negatively charged nanoparticles tend to have more negative charge in basic pH, while in 
acidic conditions their negative charge will be neutralized and further become positive. The 
zeta potential equal to 0 mV is called isoelectric point (IEP) and indicates the least stable system. 
The measurement of zeta potential is done by immersing the deep cell having two gold 
electrodes (Fig.III.15.). Application of voltage triggers charged nanoparticles to move towards 
the electrode of the opposite charge. The velocity of particles movement (electrophoretic 
mobility), depending on the applied voltage is being directly measured and then using Henry 
equation, converted to zeta potential (Eq.3.5.):  
 

UE=
39𝓏;(<=)

>?
      (Eq.3.5.) 

 
Where 𝓏= zeta potential; UE= electrophoretic mobility; 𝜀= dielectric constant; 𝜂= viscosity; 
f(Ka)= Henry’s function, equal to 1.5 for aqueous media.  
 

 
 

Fig.III.15. Zeta potential deep cell and principal of the measurement. Image extracted from 
https://www.coursehero.com/file/19030225/Zetasizer-chapter-16/. 

 
The laser beam is then directed through the sample when particles are concentrated in the 
vicinity of the electrode. The scattered light at angle of 17 ° is detected and combined with the 
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reference beam. Such produced flocculating intensity signal has the rate of fluctuation 
proportional to the speed of moving nanoparticles. Finally, refinement of the system involves 
modulating the laser beam with an oscillating mirror, thus measure of the zeta potential.[14] 
The zeta potential instrument is presented in the Fig.III.16.  
 
 

 
 
 
 

 
 

Fig.III.16. Zeta potential set up. Image extracted from https://www.coursehero.com/file/19030225/Zetasizer-
chapter-16/. 

 
pH-dependent ζ–potential measurements were done at the University of Milan, Milan, Italy. 
Prior to analysis, samples were dispersed in DI water medium (C= 0.5 mg/mL) for halloysite-
based powders and C= 0.02 mg/mL for dissolved collagen) were prepared and disaggregated 
(5min) using sonication bath (5510 Branson, Italy). The analyzed material was titrated using 
NaOH (0.1M) and HCl (0.1M) solutions in order to obtain adequate pH. The pH was measured 
by pH-meter (Amel Instruments, 338 pH-meter, Italy). Such prepared samples were then placed 
in cuvettes, to then immerse in them zeta dip cell (Zen 1002). The zeta potential analysis was 
performed using zetasizer (Malvern Zetasizer Nano series 2S) at the University of Milan, Italy. 
Each measurement was performed three times and consisted of 10–100 runs with equilibration 
time of 60 s. The zeta potential results are shown as mean ± SD. Other detailed measurement 
specifications are listed below: Material: SiO2 (for halloysite-based samples), protein (for 
dissolved collagen); Refractive Index (RI): 1.485; Absorption: 0.01; Dispersant: water; 
Temperature: 25 ℃; Model: Smuchowski.  

1. Laser    5. Computer 
2. Cell     6. Attenuator 
3. Detector    7. Compensation optics 
4. Digital signal processor 
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III.2.8. Kaiser test 
 
Kaiser test was developed by E. Kaiser in 1970 and applied for detection of free terminal amino 
groups in the Solid-Phase Synthesis of Peptides (SPPS). [15] Up to date, the method expanded 
its usage also to the Solid Phase Organic Synthesis (SPOS) [16] as well as nanotechnology. [17] The 
Kaiser test is based on monitoring the coloration of the solution upon reaction of Kaiser 
component, ninhydrin with the reactive primary amines if present in the analyzed sample. Dark 
blue color appearance signifies formation of diketohydrin chromophore (Ruhemann’s Blue 
complex) upon reaction of ninhydrin with the present reactive primary amines (Fig.III.17.). In 
the case of absence of reactive primary amine groups in examined sample, the Kaiser solution 
remains yellow. [18] [19]  
 
 

 
 

Fig.III.17. Image extracted from: https://www.onlinebiologynotes.com/ninhydrin-test-principle-requirements-
procedure-and-result/?fbclid=IwAR2KnY3hOF1_hJA6rQfud5-UsJlKqzFek6CdWGg4VJn4d800jFWfapF3Xfs. 

 
In the context of this PhD study, we aimed to adopt and optimize the qualitative Kaiser test 
characterization method for examination of halloysite-based nanoarchitectures on the 
presence of reactive primary amines in their structures. The characterization was performed at 
the University of Milan, Milan, Italy. Briefly, beads of analyzed halloysite-based samples (1 mg) 
were transferred into the glass vial. 0.5 mL of each kit component (phenol 80 % in ethanol (1), 
KCN in water/pyridine (2), and ninhydrin 6 % in ethanol (3)) were added in the following 
sequence. Such prepared suspension was mixed and heated at 100 ℃ for 1 minute in a sand 
bath. Variation in color of Kaiser solution was under visual examination. 
 

III.2.9. Nitrogen adsorption BET measurement 
 
Brunauer-Emmett-Teller (BET) theory was introduced in 1938 by Brunauer, Emmett and Teller 
as an extension of Langmuir theory developed in 1916. Up to date, the method of analysis finds 
its importance in determination of surface area and porosity of the materials, thus their 
physical properties and finally overall material quality. The nitrogen adsorption BET analysis is 
commonly used in ceramic, pharmaceutical, catalysis industry, where the control of surface 
area and porosity along the processing is highly important. The analysis is based on the physical 
multilayer adsorption of unreactive gas molecules (e.g. nitrogen known from high purity and 

Ruhemann’s BlueNinhydrin Primary amine-rich compound

-H2O
+
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strong interaction with solids) on the solid surface, in order to quantify its specific surface area. 
Adsorption of gas molecules on the analyzed adsorbent layer is related to the weak van der 
Waals forces to the sample. The amount of adsorbed gas is measured at the temperature of 
liquid nitrogen by volumetric or continuous flow procedure. When the saturation pressure is 
achieved, no more gas can be adsorbed. When this stage is achieved, the sample is heated up, 
in order to release the adsorbed gas from the solid support, thus able to be quantified 
(Fig.III.18.). The necessary calculations, which assume the monomolecular layer are performed, 
are performed according to the Brunauer, Emmett and Teller (BET) adsorption isotherm 
 

 
 

Fig.III.18. Principle of BET method. Image taken from https://www.particletechlabs.com/analytical-testing/gas-
adsorption-porosimetry-analyses/bet-specific-surface-area 

 
equation. BET characterization comprises Brunauer-Emmett-Teller (BET) theory (Eq.3.6), which 
explains that gas molecules physically absorb on a solid in layers infinitely and each layer follows 
Langmuir theory. Moreover, the enthalpy of adsorption for the first layer is constant and always 
greater than for the higher ones. The higher ones characterize with enthalpy of adsorption the 
same as the enthalpy of liquefaction: 

 
A

B[DEFE GHA]
 = JHA

BK	J
 ( L
LF

) + A
BK	J

   (Eq.3.6) 

 
Where p is the equilibrium pressure, p0 is the saturation pressure of adsorbates at the 
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temperature of adsorption, 𝜐 is the quantity of adsorbed gas, 𝜐N is the quantity of adsorbed 
gas monolayer, C is the BET constant.  
 
The analysis includes sample placement in the glass cell and at least its 16 h lasted degassing, 
as recommended by IUPAC. Next, degassed sample is analyzed through stepwise nitrogen gas 
release into the cell takes place with applied vacuum, at low temperature (Fig.III.19.). 
Decreased temperature is required to make interactions of gas and sample surface strong 
enough to be measurable. The amount of adsorbed gas on the sample is related to its available 
surface, temperature, gas pressure and the strength of interaction between the porous solid 
support and the gas. When the saturation is reached, no more gas adsorption takes place. The 
blank is made using helium gas, since it does not adsorb on the sample. Pressure transducers 
monitor the pressure variations. Afterwards, the sample is removed from the nitrogen 
atmosphere and heated up in order to release adsorbed gas from the material pores and 
quantify it. The collected data is presented in the form of BET isotherm (I-V types) that plot 
amount of gas adsorbed/desorbed as a function of the relative pressure. [20] 

 

 
 

Fig.III.19. Illustration of the porosimeter schematic set up. Illustration taken from J. Sun et al. [21] 
 
The BET nitrogen adsorption-desorption analysis during these PhD studies was performed in 
ISIS institute, Strasbourg, France using Micromeritics porosimeter (model ASAP-2020). Prior to 
analysis, halloysite-based samples were preconditioned by degassing (60 min, 300 ℃), which 
allowed to remove physically bonded impurities from the analyzed material. In the case of 
studies of aspirin incorporation, the degassing took 60 min, at 90 ℃. Then the analysis was 
continued at 150 ℃ for 300 min. The Barrett–Joyner–Halenda (BJH) equation was applied with 
Kruk-Jaroniec-Sayari correction, to calculate the pore volume and the average pore size by 
exploiting the nitrogen desorption–adsorption results. 
 
III.2.10. FTIR-TGA coupled analysis 
 
FTIR-TGA analysis was based on synergic FTIR and TGA measurements performed in real time.  
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At the same time halloysite-based samples were submitted to both methods of analysis, 
following specifications written in Chapter II.3.2.2. and II.3.2.3.  
 

III.2.11. ICP-OES 
 
ICP-OES (Inductively Coupled Plasma – Optical Emission Spectrometry) is an analysis method 
used to determine the composition of sample’s elements, with the use of plasma and a 
spectrometer. The analyzed sample, liquid at most is nebulized into aerosol, using peristaltic 
pump and nebulizer, to then be transported into spray chamber. The aerosol is transformed 
into an argon plasma at the end of quarts torch by a cooled induction coil. Induced alternated 
magnetic field accelerates electrons into a circular trajectory, to then form stable, hot plasma 
by collision of argon atom and ionization electrons. Electrons are excited to the higher energy 
state, by the thermic energy take up. Adding energy to the electrons using coil is called 
inductive coupling. When electrons return back to the ground level energy level, light is 
emitted. The intensity of light with respect to the wavelength is measured and with the 
calibration calculated into a concentration. Each element characterizes with particular emission 
spectrum, recognized by the spectrometer (Fig.III.20). [22] 
 

 
Fig.III.20. Scheme of ICP-EOS set up. Image taken from https://www.ru.nl/science/gi/facilities-activities/elemental-

analysis/icp-oes/. 
 

200 mg of such prepared samples were totally destructed with 4 mL of aqua regia and heated 
up at 200 ℃ for 1.5h in a platinum crucible. Cooled down and filtrated extract was then diluted 
with MiliQ water (50 mL) and transferred into a plastic flask to be then subjected to the ICP-EOS 
analysis at University of Milan, Italy. Samples were analyzed by ICP-OES (Jobin Yvon model 24), 
for determination of Mg content.  
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III.2.12. LC-MS 
 
Liquid chromatography–mass spectrometry (LC-MS) is a combined analysis of liquid 
chromatography (LC) and mass spectroscopy (MS), which allows to perform physical separation 
of compounds in mixtures and their mass analysis with improved accuracy and reduced 
experimental error. Recently, the method finds its broad application mainly in pharmaceutical 
synthesis, providing information about molecular weight, structure, identity and quantity of 
analyzed sample’s components. The analysis includes on average 20 μL of the sample’s 
injection into the column with polar mobile phase stream. Mobile phase (liquid solvent) then 
permeates through the non-polar stationary phase bed, triggered by the force of gravity. 
Depending on the chemical affinity to mobile and stationary phases of components in the 
analyzed sample, repeatable sorption and desorption are caused, which lead to consequent 
compounds separation. Mobile phase passes through the column under high pressure with a 
constant flow rate, in order to flow out separated components at different time. Components 
characterizing with the highest affinity to the stationary phase, pass slower through the 
column, thus are the last ones to be separated. Separated components are then introduced to 
mass spectrometer, which uses electric or magnetic fields to influence the motion of ions 
produced from an analyte and therefore determines the mass-to-charge ratio (m/z) of charged 
particles. The LC part of apparatus is equipped with the stationary phase, placed in the column. 
The instrument consists of ion source (electron/ photon/ laser beam, electrospray or corona 
discharge), which ionize the inserted sample’s components. To then, sent them to mass 
analyzer, where the application of electric and magnetic fields takes place. This induces 
determination of the masses of sample’s charged ions. The detector receives formed ion 
current, to measure and amplify it, while the data system gives information of each mass-
resolved ion (Fig.III.21). [23] 

 
 

Fig.III.21. Schematic illustration of LC-MS set up. Image taken from 
https://www.chemyx.com/support/knowledge-base/applications/basic-principles-hplc-ms-lc-ms/. 

 

LC-MS (Shimadzu LC-10 instrument), equipped with the Agilent Zorbax RX-C18, 5microm, 
2.1X150MM column was applied. Water + 0.1 % HCOOH mixture/ CH3CN + 0.1 % HCOOH 
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mixtures were used as eluents and changed gradually along 15min of analysis (Table III.1.). The 
measurement was done in negative mode (range 50-500 M/Z), at 25 ℃, with 0.25 mL/min flow.  
 
 
 
 
 
 

Table III.1. Detailed specification of the conducted LC-MS analysis. 

 

III.2.13. In vitro MTT cell viability assay  
 
Prior to SEM in vitro analysis of prepared nanoconstructs, suspensions were sonicated in a 
sonication bath for approximately 10 min.  
 
MTT assay is a cellular metabolic test, which assess the number of present viable cells. It is 
applicable in the measurement of cytotoxicity and cytostatic activity. The key point of the assay 
is set on monitoring the mitochondrial NAD(P)H-dependent oxidoreductase enzymes present 
in the cytosolic compartment of viable cells. Under peculiar conditions, the enzymes have the 
capability to reduce added yellow-colored 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) compound, to the purple-colored (E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-
diphenylformazan (formazan) (Fig.III.22.). The cells that characterize with low metabolism, 
reduce MTT compound to a low extent. Instead, the cells that divide fast, reduce MTT molecule 
efficiently. The absorbance of the colored solution is measured spectrophotometrically at 500-
600nm wavelength range and then its intensity further used for cell viability calculations. [24] 
 

 
 

Fig.III.22. Principal reaction of MTT assay. Reaction scheme taken from https://en.wikipedia.org/wiki/MTT_assay 
 

In the context of these PhD studies, the MTT assay was performed as following. Cultured cell 
lines were seeded in 96 wells plates and incubated for 72 hours with scalar logarithmic 
concentrations of the examined sample in quadruplicate. After 72 hours of incubation at 37 ℃, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (stock solution 5mg/ml in 
PBS) was added (0.5 mg/ml working solution). After 1-hour incubation at 37 ℃, supernatants 

Mitochondrial Reductase

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT)

(E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-diphenylformazan
(Formazan)

Time (min) % (H2O + 0.1% HCOOH) % (CH3CN + 0.1% HCOOH) 
0 80 20 
4 35 65 

10 35 65 
15 80 20 
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were removed and 100 μl/well of dimethyl sulfoxide were added to dissolve formazan crystals. 
Cell viability was assessed by measuring the absorbance at 570 nm and expressed as 
percentage to untreated control. The toxic activity was evaluated as IC50, shown as mean ± SD. 
 

III.2.13. In vitro SEM 
 
Prior to in vitro analysis of prepared nanoconstructs, suspensions were sonicated in a 
sonication bath for 10 min.  
 
Cell culture experiments 
Glioma C6 cells were cultured in culture medium (CM) containing 88% Dulbecco’s Modified 
Eagle Medium (DMEM), 10 % Fetal Bovine Serum (FBS), 1 % Penicillin-Streptomycin and 1% L-
Glutamine 200 mM at 37°C under 5% of CO2 atmosphere and let grown until reaching 80 to 90 
% confluency. Then, cells were washed twice with Phosphate Buffer Solution (PBS) and treated 
with trypsin to detach them from the flask surface. Cells were split every 2-3 days. 
Cell study under SEM 
10000-50000 of Glioma C6 cells were grown on round glass cover slips placed inside 12 well 
plates. Pristine halloysite nanoparticles (pre-sonicated for 15min in the sonication bath) were 
incubated at a concentration of 50 µg/mL parallelly for 5, 10, 15, 20, 30 and 60 min. After the 
incubation finished, the media was removed and the cell layer on glass cover slips were washed 
3x gently with PBS, followed by cell fixation by immersing the cells inside 2.5% glutaraldehyde 
in 0.1M PBS solution for 1 h at r.t. and additional 45 min at 4 ℃. Cells were washed another 3x 
with PBS. The cells were dehydrated through immersion of a series of EtOH/water (autoclaved) 
50 %, 60 %, 70 %, 80 %, 90 % and 100 % (twice) of EtOH, for about 20 min each. In addition, 
chemical drying agent, Hexamethyldisilazane (HDMS) was used as an alternative to critical point 
drying process. After immersion of 1:2, 2:1, 100 % (HDMS/EtOH) for 20 min each, the cells were 
put under the fume hood overnight to evaporate the chemical. Gold was sputtered on the top 
of the specimen and the samples were observed under SEM.  
 
III.2.14. In vitro MPM 
 
Prior to in vitro analysis of prepared nanoconstructs, suspensions were sonicated in a 
sonication bath for  approximately 10 min.  
Cell culture experiments 
Cells were routinely cultured in DMEM (supplemented with 10% of FBS) and 1% of 
penicillin/streptomycin) in an incubator at 37 ℃ with 5 % CO2. The cells were split 1:3 every 3 
days in 75 cm2 flask. The confluency was kept between 70-90 %. The cultures were kept until 
the number of passages reached 15. After this, a new culture was prepared.  
Cell study under MPM 
For the internalization and release studies, 7 000 cells in 500 μL of complete medium (DMEM 
with 10 % of and 1 % of streptomycin/penicillin) were seeded on square coverslips (20 x 20 mm 
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# 1) in a 6 well-plate. The cells were incubated 4 h at 37 ℃ with 5 % CO2 to allow them to attach 
to the glass surface and, after that, 1.5 ml of complete medium were added and were incubated 
24 h with the same condition. The cells were fixed with 4 % paraformaldehyde for 15 min and 
then incubated at chosen time frame with prepared suspensions of halloysite-based samples. 
Specifically, commercially available and shortened halloysite suspensions (50 µg/mL) in PBS 1X 
were incubated with Glioma C6 cells for 24 h and 72 h. HNT-APTES+pGFP- nanohybrid was also 
dispersed in PBS 1X (30 µg/mL) and incubated for 72 h with cells. 5 washings with PBS 1X buffer 
was performed. Next, cells were stained with the DiO dye. 5 µL of staining medium was added 
to 1 mL of normal growth medium, to then insert 100 µL of it in each coverslip. Then, coverslip 
was gently shaken and incubated at 37 ℃ for 20 min. Upon incubation realization, staining 
medium was drained off from coverslips and 3 executive washings with fresh, warm growth 
medium was performed. The incubation cycle was repeated during the following 10 min. In the 
case of cells incubated with epirubicin-loaded halloysite nanoparticles, cells were first 
incubated for 72h with the halloysite-based sample (4 µg/mL) dispersed in PBS 1X + 2.5 mM 
calcium, to then be washed 5 times with PBS 1X + 2.5mM buffer was performed. Dissolved 
Annexin V dye (0.25 µg/mL) in the culture medium was added to cells.  Incubation at 37 ℃ for 
the following 15 min in the dark was executed. Upon incubation realization, staining medium 
was drained off from coverslips and 3 executive washings with fresh, warm growth medium 
was performed. Then, cells were fixed with 2 % paraformaldehyde with 2.5 mM calcium. Finally, 
prepared cells were washed 3 times with PBS 1X buffer with 2.5 mM calcium. All biological 
samples were observed under MPM, adjusting the power of the incident beam to 3, 
magnification 2-3, scan speed 1, count 16 and almost maximum of channels acquisition.  
 

III.3. Experimental procedures 
 

Structure modifications of halloysite  
Halloysite length modification. Pristine halloysite powder, suspended in DI water (10 mg/mL, 
20 mL) in 50 mL plastic falcon, was subjected to the 3-hours ultrasonication process, using 
probe sonicator (UP200S Hielscher Ultrasound Technology). Ultrasonication of halloysite 
suspension included 0.6 cycles with 100 % amplitude, while cooling the sample in an ice bath. 
Every 20 min, the procedure was stopped for 5 min in order to cool down the system. While 
conducting the experimental procedure, the halloysite powder become grey. Afterwards, such 
obtained material was precipitated using ultracentrifuge (Beckman Coulter Avanti J-26 XP) for 
25 min, at 45000 r.p.m., 4 ℃ and then separated from the clear supernatant by Pasteur pipette. 
Such prepared shortened halloysite nanoparticles were dried in air. Halloysite inner lumen 
modification. Pristine halloysite (10 mg/mL) were mixed with aqueous solution of NaOH (0.1M) 
in 50 mL plastic falcon and left over 84 days at r.t., without stirring. After completion of the 
reaction, the powder was recovered by centrifugation (Centrifuge 4222; 5 min at 6.000 r.p.m.; 
r.t.) and separated from the supernatant by Pasteur pipette. Sample intended for biological 
studies, was submitted to cycles of redispersions with fresh portions of HCl (1M) (7-10 times) 
and DI water (7-10 times) and MiliQ water (7-10 times). Finally, the obtained halloysite with 
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increased inner lumen was air-dried. halloysite nanotubes with increased inner lumen 
remained white colored.   
 

HNT functionalization with silanes  
HNT functionalization with APTES. 4.4 mass equivalents of APTES were dissolved in 4.17 mL of 
anhydrous toluene, in 50 mL two-neck round bottom flask, under N2 flow. Next, 100 mg of 
pristine halloysite were added and such suspension was sonicated for 45 min in the sonication 
bath (Elma S30H, Elmasonic). Then, the sample was stirred vigorously for the next 9 h under 
reflux (110 ℃), afterwards continued being stirred overnight at r.t. Upon completion of the 
reaction, the suspension was transferred into the centrifuge tube and centrifuged (Centrifuge 
4222; 5 min at 6.000 r.p.m.; r.t). The supernatant was separated from the precipitate by Pasteur 
pipette. The powder was then submitted to the cycles of redispersions with fresh portions of 
toluene (7-10 times). At last, the powder was dried for half of the day in Buchi pump (Buchi 
GKR-51) at 110 ℃. Sample intended for biological studies, was additionally washed with ethanol 
(7-10 times), MiliQ water (7-10 times) and finally lyophilized for half of the day. Dried APTES-
functionalized halloysite nanotubes remained white colored.  HNT functionalization with 
AEAPS. 4.4 mass equivalents of AEAPS were dissolved in 4.17 mL of anhydrous toluene, in 50 
mL two-neck round bottom flask, under N2 flow. Next, 100 mg of pristine halloysite was added 
and such suspension was sonicated for 45 min in the sonication bath (Elma S30H, Elmasonic). 
Then, the sample was stirred vigorously for the next 9 h, under reflux (110 ℃), afterwards 
continued being stirred overnight at r.t. Upon completion of the reaction, the suspension was 
transferred to the centrifuge tube and centrifuged (Centrifuge 4222; 5 min at 6.000 r.p.m.; r.t). 
The precipitate was separated from the supernatant with Pasteur pipette and submitted to 
cycles of redispersions and washings with fresh portions of ethanol (7-10 times). At last, the 
powder was dried for half of the day in Buchi pump (Buchi GKR-51) at 78 ℃. Dried AEAPS-
functionalized halloysite nanotubes were a white colored. HNT functionalization with MPS. 0.5 
mass equivalents of MPS were dissolved in 10 mL of anhydrous toluene, in 100 mL two-neck 
round bottom flask, under the N2 flow. [25] Next, 1.5 g of pristine halloysite was added and such 
suspension was sonicated for 45 min in the sonication bath (Elma S30H, Elmasonic). Then, the 
sample was stirred vigorously for the next 9 h, under reflux (110 ℃), afterwards continued 
being stirred overnight at r.t. Upon completion of the reaction, the suspension was transferred 
to the centrifuge tube and centrifuged for 5 min at 45000 r.p.m. (ISA, AFI group). The 
precipitate was separated from the supernatant by Pasteur pipette and submitted to cycles of 
redispersions and washings with fresh portions of methanol (7-10 times). At last, the powder 
was dried for half of the day in Buchi pump (Buchi GKR-51) at 65 ℃. Dried MPS-functionalized 
halloysite nanotubes were a white colored.  
 

HNT staining with the FITC dye  
30 mg of prior prepared APTES-functionalized halloysite nanotubes were resuspended in 15 mL 
carbamate buffer (0.1M, pH 8), in 25 mL one-neck flask, to then be mixed vigorously for the 
next 2 h. Separately, FITC was dissolved in 2 mL DMSO (13mM) in 10 mL one-neck flask, being 
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protected from light. Next, the solution of FITC was transferred into the flask with dispersed 
halloysite and such mixture was mixed for 48 h at room temperature, being protected from 
light. The resulted powder (HNT-APTES-FITC) was washed 5 times with fresh portions of DMSO, 
5 times with DI water and finally two times with salt free physiological water. Obtained 
nanoform was then lyophilized for half of the day. The HNT-APTES-FITC characterized with 
orange color.  
 

Time-dependent Fmoc method for quantification of silane grafting on 
the halloysite surface  
Synthesis of (3-Triethoxysilylpropyl)carbamic Acid 9H-Fluorenylmethyl Ester (APTES-Fmoc). 
Specifically, 0.47 mL of APTES were dissolved in 10.68 mL of anhydrous DCM, under nitrogen 
atmosphere, while cooling and stirring. Then, 0.28 mL of DIPEA were added and a solution of 
563 mg of Fmoc-Cl anhydrous DCM, was dropped. The reaction was kept under stirring at room 
temperature for 3.5 h, and the progress monitored by TLC (eluent: ethyl acetate: hexane 1:4). 
Then the solvent was evaporated at reduced pressure, leaving a yellow oil. The product was 
purified by flash column chromatography with ethyl acetate/hexane 1:4, yielding to the 
formation of white rhombic solid (710 mg, 1.6 mmol, 74.8 % yield). 1H NMR (Bruker) (300MHz, 
CDCl3): δ 7.78 (d, J = 7.5Hz, 2H), 7.62 (d, J = 7.5Hz, 2H), 7.42 (t, J = 7.1Hz, 2H), 7.33 (td, J = 7.4, 
1.2Hz, 2H), 5.06 (broad s, 1H), 4.42 (d, J = 6.9Hz, 2H), 4.24 (t, J = 6.8Hz, 1H), 3.84 (q, J =7.0 Hz, 
6H), 3.23 (dd, J = 12.9, 6.6Hz, 2H), 1.76 – 1.51 (m, 2H), 1.25 (t, J = 7.0Hz, 9H), 0.76 – 0.58 (m, 
2H). Melting point (Stuart Melting Point Apparatus): 81.3 ℃. Halloysite nanotubes 
functionalization with (3-Triethoxysilylpropyl)carbamic Acid 9H-Fluorenylmethyl Ester (HNT-
APTES-Fmoc). Synthetized APTES-Fmoc (0.47 mM) was dissolved in 1.4 mL of anhydrous 
toluene, under nitrogen flow. Next, 33 mg of pristine halloysite clay were added and the 
reaction was kept being stirred for 20 h at room temperature, protected from light. After 
reaction termination, the powder was washed extensively ten times with fresh portions of 
toluene, recovered by 5 min centrifugation at 45000 r.p.m. at r.t. (ISA, AFI group). and dried in 
air over a long time period. HNT-APTES-Fmoc was white colored. Fmoc adduct deprotection 
from HNT-APTES-Fmoc. 6 mg of HNT-APTES-Fmoc powder were resuspended in 2 mL of 
piperidine in EtOH (20%) solution and let to react while mixing for 1–5 h. Next, mixture was 
centrifuged at 45000 r.p.m. for 10 minutes at r.t. (ISA, AFI group). Then supernatants were 
separated from precipitates and further characterized. While precipitated powders were 
washed extensively with ammonium chloride (1M) and dried in air, to be further characterized.  
 

Halloysite complexation with active molecules  
Magnesium monoperoxyphthalate incorporation. 0.5 mass equivalents of Magnesium 
monoperoxyphthalate was dissolved in 3 mL of the chosen medium, in a glass centrifuge tube. 
Two solvents were taken into consideration: DI water (a) and DI water: EtOH (7:3 v/v) mixture 
(b). 450 mg of pristine halloysite were added and such suspension was placed for 30 min in the 
vacuum chamber under 200 mmHg. In order to induce inner-lumen filling with MMPP 



Katarzyna FIDECKA_ PhD thesis 2016 - 2019 
 

267 

molecules, vacuum cycles were applied three times in turns with sample agitation for 15 min 
at atmospheric pressure. Slight fizzing was observed at the surface of the suspension due to 
the removal of air bubbles naturally present in the HNTs lumen. Final product was collected by 
centrifugation (Centrifuge 4222; 5min at 6.000 r.p.m; r.t.), followed by air-drying. Halloysite 
nanotubes loaded with MMPP were grey colored. Short- and long-term study of MMPP release 
kinetics. Short- and long-term MMPP release in different solvents was performed, respectively 
at 110 min and 18 days observations. Two solvents of release were used: DI water (a) and DI 
water: EtOH (7:3 v/v) (b). To perform short-term MMPP release, dissolved in the solvent of 
choice MMPP (1 mL, 0.5 equivalents) was mixed with 150 mg of pristine halloysite was 
submitted to described above vacuum pump procedure aimed at magnesium 
monoperoxyphthalate incorporation. To then re-suspend freshly precipitated nanoconstruct in 
1 mL of the release medium, in the glass centrifuge tube. Long-term MMPP release was 
performed on threefold scaled up reaction. In order to stimulate the MMPP short-/long-term 
release from MMPP-loaded halloysite nanoparticles, the supernatant was replaced with the 
fresh release medium at regular time intervals. Every collected supernatant was further 
characterized. For the purpose of ICP-OES analysis, HNT-MMPP nanoconstruct was prepared in 
salt free physiological water, following vacuum pump loading procedure described above. 
Obtained powder was washed 10 times with salt free physiological water and then subjected 
to 10 days long-term release. The fresh solvent replacement with salt free physiological water 
was done daily, until 10th day of experiment. Then the powder then separated from the 
supernatant and air-dried. Activity of incorporated MMPP after release from halloysite. Primary 
flushed with argon aqueous DPBF solution (44 mL, 10-5 M), was mixed for 9 h respectively with: 
0.6 mg of MMPP (a) and corresponding MMPP amount in 20 mg HNT-MMPP nanoconstruct (b) 
in the 50 mL glass beakers protected from light. Parallelly, the DPBF control test (c) was 
executed as well, by 9-hours stirring of DPBF solution itself. Every hour, 3 mL of each sample 
were collected. The recovered supernatants were further analyzed. Enhancement of MMPP 
incorporation by loading into halloysite with increased inner lumen. Dissolved magnesium 
monoperoxyphthalate (0.5 mass equivalents) in 3 mL of DI water: EtOH (7:3 v/v) was prepared 
in a glass centrifuge tube. 450 mg of prior prepared and characterized halloysite with increased 
inner lumen, were added and such suspension was placed for 30 min in the vacuum chamber 
at 200 mmHg. In order to induce inner-lumen filling with MMPP molecules, vacuum cycles were 
applied three times in turns with sample agitation for 15 min at atmospheric pressure. Final 
product was collected by centrifugation (Centrifuge 4222; 5 min at 6.000 r.p.m; r.t.), followed 
by air-drying. Change in powder’s color into grey was observed. Aspirin incorporation. aspirin 
(0.37 mM) was dissolved in 3.3 mL of ethanol in the glass centrifuge tube. Next, 66.6 mg of 
prior-prepared APTES-modified halloysite were added to the solution of aspirin. Such 
suspension was subjected to the vacuum pump procedure, which included three cycles of 
sample’s placement in the vacuum chamber for 30 min under 200 mmHg, in between 
vigorously shaked over 15 min. The supernatant containing unloaded aspirin was separated 
from the aspirin-loaded nanoparticles by Pasteur pipette. Next, the powder was submitted to 
three cycles of washings with fresh portions of ethanol in order to wash out aspirin from the 
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outer surface of halloysite nanotubes. It was believed that the aspirin loaded into APTES-
modified HNT inner lumens, tended to maintain in hollow cavities through steric protection of 
aluminosilicate skeletons and enhanced electrostatic attraction between inner walls of the 
halloysite tubule and aspirin. Formed HNT-APTES-aspirin powder was dried in Buchi pump 
(Buchi GKR-51) at 60 ℃ over half of the day. Obtained powder remained white tons of its color. 
Short-term study of aspirin release kinetics. 10 mg of such prepared sample were dispersed in 
1 mL of PBS in Eppendorf, to then be shaked vigorously for the selected time period. The study 
was performed over 100 min, collecting aliquots starting from the 20th minute and continue to 
replace it with a fresh medium every 10 min. Epirubicin incorporation. 15 mg of pristine 
halloysite were dispersed in 2 mL of salt free physiological water in the glass centrifuge tube. 
pH of the halloysite suspension was adjusted to 7 with the NaOH (0.1 M) solution in order to 
neutralize the charge of the halloysite inner lumen. To such neutrally charged halloysite cavity, 
2 mL of epirubicin (2 mg/mL) solution was added and loaded using vacuum pump procedure. 
Specifically, the sample was placed in the vacuum chamber, where the pressure was adjusted 
to 200 mmHg and maintained there for 30 min. Afterwards, it was vigorously mixed for the next 
15 min.  Such described loading procedure was repeated three times. Precipitation of the 
powder was triggered by centrifugal force (ISA, AFI group, 45000 r.p.m. at r.t. for 5 min). The 
supernatant was separated by Pasteur pipette from the powder. Next, the powder was 
submitted to five cycles of washings with salt free physiological water, until the supernatant 
was not red colored anymore. The washings aimed to wash out epirubicin from the outer 
surface of halloysite nanotubes and remain one loaded within its inner lumen. Formed HNT-
epirubicin sample was then lyophilized for half of the day. Upon epirubicin loading, the powder 
became red-colored, signifying the presence of chemotherapeutics in the formed 
nanoconstruct. All the experimental procedures were performed protecting the sample from 
light. LbL pGFP plasmid incorporation. Preparation of halloysite-mediated gene delivery system 
consisted of three reaction steps: pristine halloysite nanoparticles functionalization with APTES, 
as described above (HNT-APTES) (1); Permanent positive charge formation of APTES-modified 
halloysite (HNT-APTES+) (2) and electrostatic immobilization of pGFP plasmid on HNT-APTES+ 

(HNT-APTES+ pGFP-) (3). Digestion of pGFP plasmid from HNT-APTES+pGFP- was performed 
additionally (HNT-APTES+pGFP- + DNase (4). HNT-APTES+ (2) was obtained by mixing vigorously 
31 mg HNT-APTES (1) with 20 mL CH3I in 25 mL one-neck round bottom flask, for 48 h at r.t. 
After completed procedure, the excess of CH3I was let to evaporate in air over a long time 
period. Preparation of HNT-APTES+ pGFP- (3) was initiated by 25 mg HNT-APTES+ (2) dispersion 
in 1.5 mL of salt free physiological water in 25 mL one-neck round bottom flask. While stirring, 
600 µL of pGFP (676,2 mg/µL) were added and such suspension mixed for the next 48 h. The 
product was recovered by centrifugation and air-dried. HNT-APTES+pGFP- + DNase (4) sample 
was made by 19 mg HNT-APTES+ pGFP- (3) resuspension in 4.8 mL of trisHCl medium in the 
centrifuge tube. Next, 100 µL of DNase (0.15 µg/mL) were added and shaked for the following 
2 h. Powder was washed one time with trisHCl, recovered by centrifugation (Centrifuge 4222; 
5 min at 6.000 r.p.m; r.t) and air-dried. No color change of the powder while nanoconstruct 
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formation was observed. Sample intended for biological studies, was made using prior 
prepared shortened halloysite nanotubes.  
 

Halloysite encapsulation in multi-functional collagen shell 
Immobilization of collagen coating on halloysite surface via covalent bond. Initially, pristine 
halloysite nanotubes were functionalized with APTES as described above. Next, 10 mg of such 
prepared HNT-APTES nanoparticles were re-dispersed in 1 mL salt free physiological water, in 
25 mL one-neck round bottom flask and mixed with 1 mL of dissolved in acetic acid (0.1 %) 
collagen type I (0.1 mg/mL), at 4 ℃ at pH 8. Then, the glutaraldehyde (1 %, 350 µL) was added 
and the reaction was stirred for the next 8 h. The reaction of HNT-APTES-collagen formation 
was finalized with 3 cycles of washings with MiliQ water (ISA, AFI group; 45000 r.p.m. at r.t. for 
5 min). Next, recovered precipitate was separated from the supernatant by Pasteur pipette and 
dried in air. Immobilization of collagen coating on halloysite nanotubes via adsorption into 
nanoparticle pores. Pristine halloysite nanotubes were dispersed in 1 mL salt free physiological 
water (10 mg/mL). Such suspension was then gently mixed with 1 mL of dissolved in acetic acid 
(0.1 %) collagen type I (0.1 mg/mL) at 30 ℃ for 9 h and continued at room temperature 
overnight. Next, cold MiliQ water was quickly added into the mixture and the precipitate was 
transferred into the centrifuge tube and washed in several cycles with MiliQ water. In the 
following step, the washed precipitate was re-dispersed in 1mL salt-free physiological water 
and mixed with glutaraldehyde (1 %, 350 µL) for 8 h at 4 ℃, at pH 8. When the reaction was 
completed, the obtained powder was washed in 3 times with MiliQ water, to then be recovered 
and dried in air. Aspirin-loaded HNT-APTES encapsulation in collagen shell. 10 mg of prior 
prepared HNT-APTES-aspirin nanoconstruct was dispersed in 1 mL salt free physiological water 
and mixed with 1 mL dissolved in acetic acid (0.1 %) collagen type I (0.1 mg/mL), at 4 ℃ at pH 
8. Then, glutaraldehyde (1 %, 350 µL) was added and the reaction was stirred for the next 8 h. 
The reaction of HNT-APTES-collagen formation was finalized with 3 cycles of washings with 
MiliQ water (ISA, AFI group; 45000 r.p.m. at r.t. for 5 min). Next, recovered precipitate was 
separated from the supernatant by Pasteur pipette and dried in air. Kinetics of aspirin release 
from HNT-APTES-aspirin-collagen nanoarchitecture. 10 mg of such prepared sample were 
dispersed in 1 mL of PBS 10X, in Eppendorf, to then be incubated for the selected time period 
at 37 ℃. The study was performed over 100 min, collecting aliquots starting from the 20th 
minute and continue to replace it with fresh portions every 10 min. pH-/enzyme-triggered 
aspirin release from HNT-APTES-aspirin-collagen nanoarchitecture. 10 mg of such HNT-APTES-
aspirin sample were dispersed in 1 mL aqueous solution of pepsin (10 mg/mL), with adjusted 
pH to 5.5 by HCl (0.1M) in Eppendorf.  The mixture was incubated at 37 ℃ for the selected time 
period. The study was performed over 9 h, collecting aliquots starting from the 3rd hour and 
continue to replace it with fresh portions of the medium every 3 h. 
Epirubicin-loaded HNT encapsulation in collagen shell. 10 mg of prepared epirubicin-loaded 
halloysite nanotubes were dispersed in 1 mL salt free physiological water (10 mg/mL). Such 
suspension was then gently mixed with 1 mL of dissolved in acetic acid (0.1 %) collagen type I 
(0.1 mg/mL) at 30 ℃ for 1 h and continued at room temperature overnight. Next, cold MiliQ 
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water was quickly added into the mixture and the precipitate was transferred into the 
centrifuge tube and washed in several cycles with MiliQ water. In the following step, the 
washed precipitate was re-dispersed in 1 mL salt-free physiological water and mixed with 
glutaraldehyde (1 %, 350 µL), for 4 h, at 4 ℃ and pH 8. When the reaction was completed, the 
obtained powder was washed in 3 times with MiliQ water, to then be recovered and dried in 
air. 
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APPENDIX  
 

I. Attended conferences and seminars: 
• 11/16: Piccolo è bello: nanovettori per la ricerca biomedica e la terapia, Milan, Italy 
• 11/16: Nuovi Orientamenti nella sintesi organica, Milan, Italy 
• 02.17: Post-Nanomedical Oncology, Milan, Italy 
• 05/17: International Symposium on Nanomedicine, Milan, Italy 
• 07/17: Promises and challenges of developing new drugs in oncology, Milan, Italy 
• 10/17: SupraBioNano Convergence@PoliMi, Milan, Italy 
• 01/18: Successful presenting in English delivered by MESN, Milan, Italy 
• 02/18: Cobalt ferrite nanoparticles for novel rare-earth free magnets, Milan, Italy 
• 05/18: La corretta interpretazione dei tracciati termoanalitici- GTAPTM, 

Thermagravimetric analysis (TGA) seminar delivered by METTLER TOLEDO, Bergamo, 
Italy 

• 05/18: Nanotechnologies in Pharmaceutical Sciences mini symposium, Milan, Italy 
• 07/18: Iminoborrates: functional Linkers for targeted delivery, Milan, Italy 
• 07/19: The use of inorganic nanoparticles in medicine, Milan, Italy 

 
II. Attended summer-schools: 
• 08/18: Drug delivery PhD summer school held in Lyngby, Denmark  

 
III. Research advances presentation at: 
• 09/17: Poster presentation at 9th ISNSC International Symposium on 

Nano&Supramolecular Chemistry, Naples, Italy 
• 07/18: Poster presentation at 10th ISNSC International Symposium on 

Nano&Supramolecular Chemistry, Dresden, Germany 
• 08/18: Poster presentation at DTU Summer school on nanotechnology for drug 

delivery, Lyngby, Denmark  
• 03/19: Poster presentation at MIPOL Conference, Milan, Italy 
• 05/19: Poster presentation at Nanomedicine Conference, Milan, Italy 
• 08/19: Poster presentation at CIS conference, Salerno, Italy 
• 09/19: Poster presentation at CDCO conference, Turin, Italy 
• 10/19: Poster presentation at ICONAN conference, Munich, Germany 
 
Within collaborations: 
• 07/17: Poster presentation on XIV AIMAT National Congress, XI Conference on 

Materials Science and Technology, Ischia, Italy 
• 09/18: Poster presentation on the European Colloid and Interface Science (ECIS) 

conference, Lubjana, Slovenia 
• 09/18: Second poster presentation on the European Colloid and Interface Science 

(ECIS) conference, Lubjana, Slovenia 
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IV. Written communications:  

§ T. Taroni, D. Meroni, K. Fidecka, D. Maggioni, M. Longhi, S. Ardizzone, Applied 
Surface Science, 486 (2019), 466-473 

Drafts in preparation: 
§ K. Fidecka, J. Giacoboni, P. Picconi, R. Vago, E. Licandro, Time-dependent Fmoc-

method for quantification of silane grafting on halloysite surface.  
§ K. Fidecka, J. Giacoboni, F. Jamme, R. Vago, E. Licandro, Two-photon microscopy for 

halloysite nanotubes imaging.  
§ K. Fidecka, J. Giacoboni, F. Jamme, D. Maggioni, R. Vago, E. Licandro, Collagen 

polymer shell on halloysite nanotubes overcoming burst of drug release and local 
toxicity.  

§ K. Fidecka, F. Escalona, M. Dentinger, J. Giacoboni, F. Jamme, R. Vago, L. De Cola, E. 
Licandro, Size dependent internalization of halloysite nanotubes.  

§ K. Fidecka, F. Escalona, M. Dentinger, J. Giacoboni, D. Maggioni, F. Jamme, R. Vago, 
L. De Cola, E. Licandro, Approaches of drugs immobilization of halloysite nanotubes 
and nanotherapy.  
 

V. Achievements: 
• Bio Macromolecules Best Poster Award for the outstanding presentation entitled 

“Biopolymer shell on inorganic nanoparticles to overcome burst of drug release and    
local toxicity”, Milan Polymer Days conference, Milan, Italy 

• 3rd prize award for project realization: “Development of PECs using the Ultrasonic Spray 
Coater. Antibacterial coating for prosthetics”, DTU Summer School, Lyngby, Denmark 

• German American Chambers of Commerce (GACC) certificate for performance of 
exchange research program in the USA 
 

VI. External research: 
• 07/18: External research at SOLEIL Synchrotron, Paris, France 
• 08-09/18: External research at Laboratoire de Chimie et des Biomateriaux 

Supramoleculaires at ISIS Institute within Universite de Strasbourg, Strasbourg, France 
• 10/18-02/19: External research at BASF Chemical Company, Georgia, USA within 

German American Chamber of Commerce (GACC) exchange research program 
• 05/19: External research at SOLEIL Synchrotron, Paris, France 

 
VII. Attended courses: 

• “Advanced synthesis and characterization of porous materials” Prof. Prati (2CFU) 
• “Natural Products: recent advances in total synthesis and industrial interests” Prof. 

Passarella (2CFU) 
• “Writing to communicate science: a practical workshop for students of chemistry 

area” Prof. Licandro (4CFU) 
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• “Materials for medicine” Prof. Licandro (2CFU) 
• “The world of nanoparticles” Prof. Prati (2CFU) 

 
VIII. Diffusion and promotion of chemistry and industrial chemistry activities within non-
academic communities (PLS “Orientamento” activities): 

• Marinella Ferrari Summer School (16h), Prof. Pirola 
• Concorso crescita cristalli (5h), Prof. Rizz
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