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Abstract 

Periodontal regeneration is extremely limited and unpredictable due to structural complications, as it requires 
the simultaneous restoration of different tissues, including cementum, gingiva, bone, and periodontal ligament. 
In this work, spray-dried microparticles based on green materials (polysaccharides – gums - and a protein - 
silk fibroin) are proposed to be implanted in the periodontal pocket as 3D scaffolds during non-surgical 
treatments, to prevent the progression of periodontal disease and to promote the healing in mild periodontitis. 
Arabic or xanthan gum have been associated to silk fibroin, extracted from Bombyx mori cocoons, and loaded 
with lysozyme due to its antibacterial properties. The microparticles were prepared by spray-drying and cross-
linked by water vapor annealing, inducing the amorphous to semi-crystalline transition of the protein 
component. The microparticles were characterized in terms of their chemico–physical features (SEM, size 
distribution, structural characterization – FTIR and SAXS, hydration and degradation properties) and preclinical 
properties (lysozyme release, antibacterial properties, mucoadhesion, in vitro cells adhesion and proliferation 
and in vivo safety on a murine incisional wound model). The encouraging preclinical results highlighted that 
these three-dimensional (3D) microparticles could provide a biocompatible platform able to prevent 
periodontitis progression and to promote the healing of soft tissues in mild periodontitis. 

 

Keywords: mild periodontitis, gums, silk fibroin, mucoadhesive properties, in vivo wound model  

 

1. Introduction 

Periodontitis is a chronic disease affecting the tissues surrounding the teeth and is predominantly caused by 
bacterial infections that attacks the protective and supportive tissues of the tooth (Budai-Szűcs et al., 2021). 
Fundamentally, periodontal disease is initially triggered by bacteria or bacterial metabolic products leading to 
inflammatory responses and the subsequent destruction of the periodontal tissues and the interconnected 
tooth-supporting structures (Könönen et al., 2019). Recent clinical microbiome investigations in preclinical 
models proved that periodontitis is a dysbiotic disease, characterized by a microbial succession process in 
which the proportion of existing species changes as new colonizers emerge (Zhang et al., 2020; Abusleme et 
al., 2021). Griffen and co-workers reported that 123 bacterial species were detected in patients deep pockets 
with periodontitis, while 53 species were found in healthy tissues (Griffen et al., 2012).  Reduction of lysozyme 
concentration in the oral cavity enhances the growth of conditionally pathogenic or pathogenic microorganisms 
(Dekina et al., 2016) and the occurrence of periodontitis (Ito et al., 2008). The current classification identifies 
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three types of periodontitis: (a) necrotizing periodontitis, (b) periodontitis as a manifestation of systemic disease 
and (c) periodontitis (which include subtypes of “chronic” and “aggressive” ones) (Caton et al., 2018; Graetz 
et al., 2019). These are classified based on a multi-dimensional staging and grading system (Abrahamian et 
al., 2022). Staging is related on the severity of disease and on the extent of destroyed and damaged tissue 
and on the complexity of disease management, while grading furnishes supplementary information on 
biological features of the disease such as the evidence of progression, the bone loss/age, the type of biofilm 
deposits and the risk of factors (mainly smoking and diabetes) (Tonetti et al., 2018). Common features include 
bone resorption (both vertically along apex and horizontally) and loss of the epithelial attachment over 6 mm, 
with consequent tooth loss. In addition to progressive loss of periodontal tissue, it has been reported that 
periodontal disease is a cofactor of systemic diseases, such as diabetes mellitus, and cardiovascular, liver, or 
pulmonary diseases (Albandar et al., 2018; Carrizales-Sepúlveda et al., 2019; Reynolds et al., 2018). 

Therapeutic approaches aim to eliminate inflammation, to prevent the disease progression, and to recover the 
tissue loss. They consist of mechanical removal of bacterial deposits and calculus from the subgingival 
environment using non-surgical or surgical treatments. Both the treatments produce significant clinical results, 
although severe disease (deeper pockets) tends to benefit better from surgical therapy. However, the incidence 
of disease progression is directly related to pocket depth, since the deeper the pocket, the fewer subgingival 
bacterial deposits are removed, and these induce reoccurrence. Despite many concerns about antibiotic 
resistance, the antibacterial chemotherapeutics and antibiotics provide additional benefits in chronic 
periodontitis treatments (Shaddox et al., 2010). 

Although many studies in periodontal tissue engineering have been tremendously promising for novel 
therapeutic developments, many challenges remain inconclusive (Kim et al., 2014; Park, 2019). In fact, 
periodontal tissue regeneration is extremely limited and unpredictable due to structural complications, 
considering the presence of hierarchical constructs with micron-scaled dimensions, and elaborate tissue 
integrations for a complete function restoration. Different strategies in the regenerative medicine of periodontal 
tissues have been recently proposed to attempt regeneration of periodontal tissues and to promote tooth-
supporting function restorations (Park et al., 2017). In this context, gums-based biomaterials can be considered 
as potent candidates to enhance the healing of soft periodontal tissues and its function. These biomaterials 
show biocompatibility, low immunogenicity, acceptable biodegradation rate, and structure similar to the natural 
extracellular matrix (ECM) (Bilal et al., 2022). In this work, two different gums have been considered: arabic 
gum (GA) and xanthan gum (GX). GA is composed of 2–6 units of 1,3-linked β-D-galactopyranosyl conjugated 
to a backbone of 1,3-linked β-D-galactopyranosyl by 1,6-linkages. Its biologic effect includes the enhancement 
of dental tissue remineralization due to its rich content of calcium, magnesium, and potassium salts, and the 
suppression of acid dependent demineralization, thus promoting remineralization (Grohe et al., 2021). This 
has been proved in a murine model (Onishi et al., 2008). GX is an anionic exocellular polysaccharide, extracted 
from the bacterium Xanthomonas campestris, and it is composed of a linear chain of D-glucose linked in 1,4-
positions to-D-mannose-(1,4)-D-glucuronic acid-(1,2)-R-D-mannose attachments. GX and GX-based 
biomaterials have extensively been used in a wide range of applications from foods and food-packaging to 
cosmetics and drug delivery due to its rheological properties of forming highly viscous solution at low shear 
forces, and high pseudo-plasticity (Kumar et al., 2019). Moreover, it is well known for its non-toxicity and 
excellent biocompatibility. 

Given these premises, the aim of this work was the design and the development of spray-dried microparticles 
based on polysaccharides - gums- and a protein - silk fibroin, as 3D scaffolds, to be implanted in the periodontal 
pocket especially during non-surgical treatments, to prevent the progression of periodontal disease and to 
promote the healing of soft tissue in mild periodontitis. GA or GX have been associated to silk fibroin (SF), a 
structural protein of the Bombyx mori cocoons, widely studied in the past decade for biomedical applications, 
such as skin care, wound healing tissue regeneration and drug delivery (Pritchard et al., 2013; Sheng et al., 
2013; Yang et al., 2013; Zang et al., 2016). Gums and fibroin have been selected since they are green and 
safe materials due to their bio-derivation and water solubility (Scalia et al., 2021). In addition, lysozyme (LZ), 
a compact globular protein made of 129 amino acid residues naturally present in saliva, and mucus, has been 
chosen to be loaded into the microparticles due to its antibacterial properties (Wu et al., 2017; Xiao et al., 
2021). The microparticles were prepared by spray-drying (SD) and cross-linked by water vapor annealing to 
obtain insoluble scaffolds able to facilitate cell proliferation and tissue regeneration. Although there is evidence 
in literature of gums, fibroin and their blends-based systems (mainly hydrogels, but also microparticles and 
spun fibers), the novelty of the microparticles here described is related to their solubility. In fact, microparticles 
were prepared by spray-drying (SD) and cross-linked by water vapor annealing to obtain insoluble scaffolds 
starting from aqueous polymeric blends, without the use of chemicals and potentially toxic cross-linkers. 
Moreover, the one step manufacturing process here proposed is easy scalable, to allow a fast translation to 
clinics in order to improve cells proliferation and tissue regeneration. Furthermore, the microparticles were 
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characterized using a multidisciplinary approach: chemico–physical properties (SEM, size distribution, 
structural characterization - FTIR, SAXS –and hydration properties), and preclinical properties (lysozyme 
release, mucoadhesion, in vitro cells adhesion and proliferation and in vivo safety on a murine incisional wound 
model) were assessed. 

2. Materials and methods 

2.1 Materials 

Arabic gum (Mw 3.8×105 Da, Agri-Rapid Acacia® RE, Agrigum, Roquette, Giusto Faravelli, Milan, Italy); 
xanthan gum from Xanthomonas campestris (Mw 2.2×106 Da, Sigma-Aldrich, Milan, Italy); lysozyme (LZ) from 
chicken egg white (Mucopeptide N-acetylmuramoylhydrolase, Muramidase, crystalline powder, ~70000 UI/mg 
Sigma-Aldrich, Milan, Italy) were used for microspheres preparation. 

 

2.2 Methods 

2.2.1 Silk fibroin regeneration 

Fibroin was extracted from Bombyx mori cocoons, according to Pignatelli et al. (2018). The cocoons were cut 
in small pieces (up to 5 gr) and boiled for 30 minutes in an aqueous solution (2 L) of Na2CO3 (0.023 M), to 
allow for the degumming of the silk. Afterwards, the obtained yarn was washed three times in MilliQ water and 
let dry under a fume hood overnight. Degummed fibroin fibers were solubilized in 9.3 M lithium bromide at 60 
°C for 5 hours and subsequently dialyzed by means of dialysis tubes (MW cut off 3500 kDa, Spectrum Labs) 
against MilliQ water for 3 days, changing the dialysis water twice a day. The dialyzed samples were centrifuged 
twice at 9000 rpm and 4 °C (15 minutes per run) and stored in the refrigerator. To quantify the extracted protein 
concentration, 1 ml of dialyzed fibroin solutions was left to dry overnight under a fume hood, at room 
temperature.  The concentration was obtained by weighing the dried film deposited due to water evaporation. 
Values were found to be in the range of 50-60 mg/ml for each batch produced. 

 

2.2.2 Preparation of spray-dried microparticles 

Figure 1a reports the quali-quantitative compositions of the polymeric blends. Briefly, two different polymeric 
blends were prepared by mixing GA or GX with SF in aqueous solution.  

Microparticles were prepared by spray-drying (SD) using a Buchi 190 mini spray drier (Büchi Labortechnik AG, 
Germany) with 0.5 mm nozzle. The polymeric blends were fed to the nozzle via peristaltic pump (spray flow 
rate of 16 ml/min.). The solutions were sprayed as atomized droplets by the force of the compressed air (air 
flow rate of 4 pound per square inch) and the solvents in the droplets were evaporated in a drying chamber by 
hot air (inlet air temperature of 200°C and outlet air temperature of 140°C). The dried products were collected 
in a collection vessel and weighed. The process yield was always higher than 50%. Microparticles were then 
cross-linked by water vapor annealing (WVA) for 6 h at 50°C, in the following paragraphs defined as (c), while 
the non-crosslinked samples will be labelled as (nc). 

Analogously, LZ loaded microparticles were prepared by adding lysozyme to each polymer blend and 
manufactured as previously described. 

 

2.2.3 Microparticles characterizations 

The microparticles morphology was assessed by SEM (Tescan, Mira3XMU, Brno, Czech Republish, CISRIC, 
University of Pavia). Samples were mounted on metal stubs using a double-sided adhesive tape and sputtered 
by means of carbon deposition under vacuum. The morphology of the microparticles were analyzed before 
and after crosslinking. 
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Particle size distribution was determined using a Malvern Mastersizer 3000E granulometer (Malvern 
InstrumentsTM). Microsphere suspensions were prepared in isopropanol to avoid possible swelling and 
solubilization. Particle diameters (d10, d50, d90) were calculated together with the SPAN factor as an index of 
the amplitude of particle size distribution.  

Infrared spectra were measured by means of Fourier Transform Infrared (FTIR) spectrometer (Equinox 70 FT-
IR, Bruker, MA, USA). Approximately 4 mg of each sample were mixed with 150 mg of potassium bromide 
(KBr) and pressurized to achieve a transparent pellet. All the spectra were acquired in the spectral range 4000 
– 600 cm−1, with a scanning resolution of 4 cm−1, accumulating 128 scans. Deconvolution of the silk fibroin 
Amide I peak was performed as previously reported by Guzman-Puyol et al. (2016). The wavenumber positions 
of the different peak components were derived via calculation of the second-order derivative. The fitting of the 
various contributions was performed using Gaussian-shaped peaks, keeping as boundary conditions the 
following: peak area greater than zero, full width at half maximum between 5 and 15. The different contributions 
to the overall protein molecule conformation were therefore calculated from the ratio between the areas 
pertaining to the specific peaks and the total area of the Amide I peak (used as reference). 

Small Angle X-ray Scattering experiments were carried out at the ID02 SAXS beamline of ESRF (Grenoble, 
France). Dry microparticles were put in Kapton capillaries and fully hydrated with water. The scattered intensity 
was acquired on a 2D detector at two different sample-to-detector distances, namely 1 m and 10 m. After 
angular regrouping and background subtraction, the joined spectra report the scattered intensity as a function 
of the momentum transfer q in the region 0.006 nm-1< q < 6 nm-1 where q = 4sin(/2)/, being  the scattering 
angle and  = 0.1 nm the radiation wavelength.  

 

2.2.4 In vitro hydration and degradation 

The increase of microparticle diameters upon hydration was analyzed in vitro to evaluate the SD microparticles 
swelling. Microparticle suspensions were prepared in simulated artificial saliva (SAS: NaCl 0.125 g/l; KCl 0.964 
g/l, KSNC 0.189 g/l, KH2PO4 0.655 g/l, urea 0.2 g/l, CaCl22H2O 0.229 g/l, Na2SO410H2O 0.763, NH4Cl 0.178, 
NaHCO3 0.631, pH 6.7) and gently stirred for 24 or 48 h (Pietrzyńska and Voelkel, 2017). Then the particle 
diameters were measured using DLS as previously described (paragraph 2.2.3). Swelling Index (SI) (Gavini 
et al., 2008) was calculated as follows:  

𝑆𝐼 = 𝑑[4: 3]௧ − 𝑑[4: 3]଴𝑑[4: 3]଴  

Where d[4:3]t is the volume weighted mean diameter at t time and d[4:3]0 is the volume weighted mean 
diameter at time 0. 

The in vitro degradation was performed by incubating the microparticles in SAS at 37 °C. After 24 and 48 h, 
microparticles were collected and the weight residues (%) were calculated. 

After 48 h, the SD microparticle morphology was evaluated using SEM, as previously described (paragraph 
2.2.3.). 

 

2.2.5 Lysozyme release 

Fifty mg of microparticles were placed in 10 ml of SAS at 37°C to simulate microparticles implant in the 
periodontal pocket. At prefixed times, the supernatants were collected, and assayed to quantify the lysozyme 
release by means of a Lysozyme Detection Kit (Sigma-Aldrich, Milan, Italy). In a 96-well plate, 200 µl of 
Micrococcus lysodeikticus suspension were put in each well and, when the absorbance reached the constant 
value, 7.5 µl of supernatants were added. After 5 min of incubation, the absorbance was detected using 
FLUOstar® Omega Microplate Reader and the units/ml were calculated as follows: 𝑈𝑛𝑖𝑡𝑠𝑚𝑙 = (△ 𝐴ସହ଴ 𝑡𝑒𝑠𝑡 −△ 𝐴ସହ଴ 𝑡𝑒𝑠𝑡)(𝑑𝑓) (0.001) (0.0075)  
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Where df is the dilution factor, 0.001 the Absorbance at 450 nm as per the Unit Definition and 0.0075 the 
volume (ml) of enzyme solution. 

 

2.2.6 Antimicrobial properties 

The antimicrobial properties of the microparticles were assessed against Streptococcus mutans ATCC 25175. 
Before testing, bacteria were cultured in Brain Hearth Infusion Broth (BHB, Oxoid, Basingstoke, UK) at 37°C. 
The cultures were centrifuged at 224g for 20 min to separate microorganisms from culture broth and then 
washed with purified water. Washed cells were re-suspended in Dulbecco’s PBS and optical density (OD) was 
adjusted to 0.2, corresponding approximately to 107-108 colony forming units (CFU)/ml at 650 nm wavelength. 
The antibacterial activity was determined with the macrodilution broth method, according to Clinical and 
Laboratory Standards Institute guidelines (2009). The minimum inhibitory concentration (MIC) was evaluated 
after 24 h incubation at 37 °C as the lowest concentration that completely inhibited the formation of visible 
microbial growth. The MBC was the lowest concentration resulting in >99.9% reduction of the initial inoculum 
after 24 h incubation at 37°C. Aliquots were inoculated with 1 day release samples, and stock standard 
solutions of ampicillin were used as a positive control. Control test tubes containing microorganisms in culture 
without lysozyme were used. 

 

2.2.7 Mucoadhesion Measurements 

Mucoadhesive properties of GA, GA-LZ, GX and GX-LZ were investigated by means of a texture analyser 
TA.XT plus Texture Analyzer (Stable Micro Systems, Godalming, UK) equipped with a 5 kg load cell and P/10 
measuring system, consisting of a cylindrical probe with a diameter of 10 mm (Ø=10 mm) and A/MUC 
measuring system. Disks (1 cm diameter) were obtained by compressing 50 mg microparticles at 2 t for 10 s 
(thickness 0.7 mm) and were fixed onto the sample holder using bi-adhesive tape. Thirty µl of a 4% w/w mucin 
solution (type I from bovine submaxillary glands, Sigma-Aldrich, Italy) in SAS were layered on a filter paper 
disc (Ø: 10 mm) fixed to the cylindrical probe. The probe was lowered and the microparticle disk was put in 
contact with the mucin dispersion. A preload of 2500 mN was applied for 60 s, then the probe was withdrawn 
at a constant speed (2.5 mm/s) up to the complete separation of the mucin-disk interface. Blank measurements 
were performed using 30 µl SAS instead of mucin dispersion. The maximum detachment force (Fmax, mN) 
and work of adhesion (AUC, mN.mm) were measured (Sandri et al., 2004). 

 

2.2.8 Cells adhesion and proliferation 

Adhesion and proliferation assay were carried out using normal human dermal fibroblasts (NHDF) from juvenile 
foreskin (PromoCell, VWR, Milan, Italy) and hASCs cells (ZenBio (Durham, NC, USA). Fibroblasts were grown 
in the presence of Dulbecco’s modified Eagle medium (DMEM, Sigma-Aldrich, Milan, Italy) supplemented with 
10% v/v fetal bovine serum (Euroclone, Milan, Italy), and with penicillin/streptomycin solution (pen/strep, 100 
UI/100 µg/ml, Sigma-Aldrich, Merck, Milan, Italy), while hASCs were grown in basal-α-MEM medium based on 
1% of minimum essential medium (MEM, ZenBio, Durham, NS, USA), supplemented with 10% FBS (fetal 
bovine serum, Euroclone, Milan, Italy), 0.22% bicarbonate, and with penicillin/streptomycin solution (pen/strep, 
100 UI/100 µg/mL, Sigma-Aldrich, Merck, Milan, Italy) at 37 °C in a 5% CO2 atmosphere. Fifty mg of 
microparticles disks (prepared as previously described in paragraph 2.2.5) were placed in a 24-well plate well 
bottom (flat bottom, Cellstar©, Greiner bio-one, Frickenhausen, Germany) and fibroblasts or hASCs were 
seeded onto the disk at a seeding density of 35,000 cells/well and grown for 3 or 6 days. After 3 or 6 days, the 
AlamarBlue (Thermo Fisher Scientific, Italy) assay was performed. The growth medium was removed from the 
wells and 400 μl of an AlamarBlue solution (10% w/w in DMEM w/o phenol red) were placed and incubated at 
37 °C for 3 h. Finally, the AlamarBlue was transferred in a 96-well plate and the fluorescence was detected 
using FLUOstar® Omega Microplate Reader using 560 nm as ex and 590 nm as em (Ruggeri et al., 2022a). 
After three washing, the cells grown onto the microparticles disks were subjected to the staining of cell actin 
cytoskeleton with phalloidin FITC Atto 488 (50 µl at 20 µg/ml in PBS in each well, contact time 30 min, Sigma-
Aldrich, Milan, Italy) and of the cell nuclei with Hoechst 33258 (100 µl of solution at 1:10,000 dilution in PBS 
per each well, contact time 10 min, Sigma-Aldrich, Milan, Italy). Finally, the samples were mounted onto glass 
slides, covered with coverslips and analyzed using CLSM (Leica TCS SP2, Leica Microsystems, Milan, Italy) 
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at ex = 346 nm and em = 460 nm for Hoechst 33258, and ex = 501 nm and em = 523 nm for phalloidin 
FITC. 

 

2.2.9. Preliminary preclinical evaluation on in vivo model 

All animal experiments were carried out in full compliance with the standard international ethical guidelines (All 
animal experiments were carried out in full compliance with the standard international ethical guidelines (EU 
Directive 2010/63/EU) approved by Italian Health Ministry (D.L. 116/92). The study protocol was approved by 
the Local Institutional Ethics Committee of the University of Pavia for the use of animals and by ISS (Istituto 
Superiore di Sanità). Six male rats (Wistar 200–250 g, Envigo RMS S.r.l.) were anesthetized with equitensine 
at 3 ml/kg (39 mM pentobarbital, 256 mM chloral hydrate, 86 mM MgSO4, 10% v/v ethanol, and 39.6% v/v 
propylene glycol) and shaved to remove all hair from their backs. All animals were then carefully monitored for 
the following 3 days by animal care services and received additional treatment of the same pharmacological 
treatments. To evaluate the system safety, 50 mg of microparticles were subcutaneously implanted in an 8 
mm incision in the rat back. The incisions were then sutured using strips (Steri-Strip Suture, I). Eighteen days 
after the treatment, the rats were sacrificed, and full thickness biopsies were taken in correspondence to the 
incisions and the histological analysis was performed.  

A biopsy of intact skin was also taken for comparison and the lesions treated with 20 μl saline solution were 
the negative control. Tissue samples were bisected along the wildest line of the wound, immediately immersed 
in the fixative solution (10% neutral buffered formalin), embedded in paraffin, and sectioned at a thickness of 
5 μm. Some sections were stained with hematoxylin and eosin (H&E), others with picrosirius red (PSR).  

Picrosirius red stain was applied as follows: deparaffinized sections were hydrated, faintly stained with 
Weigert`s hematoxylin for nuclei, and stained with PSR (1 h). Then all sections were dehydrated, cleared in 
xylene, and mounted with DPX. Stained sections were observed with a light microscope Carl Zeiss Axiophot 
provided, for circular polarizing microscopy, with suitable filters in the condenser stage and in the microscope 
tube. Images were recorded through a microscope digital 5 megapixels CCD camera Nikon DS - Fi2. 

 

2.2.10 Statistical analysis 

Statistical analyses were performed using Astatsa statistical calculator. One-way analysis of variance 
(ANOVA) was followed by Scheffè for post-hoc comparisons.  A value p<0.05 was considered significant. 

 

3. Results and discussion 

3.1 Microparticles characterization 

Figure 1b shows the SEM micrographs of SD microparticles (left column – before cross-linking, right column 
– after cross-linking). Different morphologies are observed for the different SD microparticles. In particular, GA 
microparticles are heterogeneous and characterized by concavities and roughness with porous fractured 
surfaces. The GX SD microparticles have a spherical shape although some cavities are evident at the surface. 
The different morphologies could be related to the molecular weight and the concentration of the polymers and 
consequently to the viscosity of the polymeric blends. It can be supposed that GX, having a molecular weight 
higher than that of GA, could act as a plasticizer due to its pseudoplastic properties leading to the formation of 
spherical and smooth surface microparticle.  

On the other hand, independently of the polysaccharide type, the presence of LZ does not alter the 
microparticles morphology. Water vapor annealing was selected as the crosslinking process, being able to 
induce SF transition from soluble to insoluble conformation. In fact, SF is a fibrous protein with a semi-
crystalline structure and its conformation depends on its relative content of secondary structures. The SF main 
conformations are silk I and silk II. Silk I is a metastable structure with a zigzag amorphous conformation, 
characterized by a dominant number of random coils and α-helix, resulting in instable and water-soluble 
macromolecules (Johari et al., 2020). On the other hand, silk II presents highly ordered β-sheet regions, which 
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are responsible for an increased crystallinity, leading to its stability, water-insolubility, and thermal and 
mechanical resistance (Dubey et al., 2015; Qi et al., 2017). In particular, the water vapor annealing treatment 
of the SD microparticles induced the transition from the amorphous state silk I to the crystalline silk II (Pignatelli 
et al., 2018), allowing to obtain insoluble substrates in aqueous environment without losing of structural 
integrity and morphology of the samples, and avoiding the use of potentially cytotoxic solvents. Moreover, the 
cross-linking process does not affect the microparticles morphology. 

Figure 1c reports the microparticle diameters and SPAN factor (width of the size distribution) before (nc) and 
after crosslinking (c). All the SD microparticles show a narrow particle size distribution with a mean diameter 
(d[4,3]) between 8 and 17 µm. No significant differences in presence of lysozyme were observed on d[4,3] for 
both gums-based systems. GA-based microparticles are smaller than those based on GX: GX produces highly 
pseudo-plastic dispersions due to its rigid network leading to the formation of larger droplets and, hence, 
microparticles with a greater diameter (Dabestani and Yeganehzad, 2019). 

 

% w/w Arabic gum (GA) Xanthan gum (GX) Fibroin (SF) Lysozyme (LZ) 

GA 0.25 -- 0.15 -- 

GA-LZ 0.25 -- 0.15 0.05 

GX -- 0.25 0.15 -- 

GX-LZ -- 0.25 0.15 0.05 

 

 GA  GA-LZ GX GX-LZ 

N
C

 
C

 

a) 

b)
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Sample d10 (µm) d50 (µm) d90 (µm) d[4,3] (µm) SPAN 

GA 

nc 2.64±0.58 5.52±0.84 16.05±2.38 9.51±1.54 2.44±0.19 

c 4.77±0.05 10.82±0.48 23.19±1.76 12.58±0.69 1.70±0.11 

GA-LZ 

nc 3.38±0.03 6.76±0.07 15.12±0.56 8.27±0.20 1.74±0.08 

c 5.07±0.09 9.81±0.32 18.69±1.02 10.95±0.44 1.39±0.06 

GX 

nc 3.93±0.07 12.76±0.72 35.85±1.37 16.69±0.57 2.51±0.12 

c 6.99±0.73 14.67±2.26 30.16±6.01 16.83±2.77 1.57±0.24 

GX-LZ 

nc 3.97±0.07 10.19±0.82 31.80±6.94 14.70±2.55 2.70±0.46 

c 5.58±0.78 11.35±2.20 24.07±7.94 13.28±3.38 1.58±0.32 

 

Figure 1: a) Composition (% w/w) of polymeric blends used to prepare the microparticles, b) SEM micrographs 
of spray-dried microparticles – scale bar 10 µm, c) statistical particle diameter: d10, d50, d90, d[4,3] and SPAN 
factor (mean ± s.d.; n = 3) of microparticles before (nc) and after crosslinking (c). 

 

Figure 2 reports the FTIR profiles of the microparticles before and after cross-linking treatments, as well as the 
spectra of their pristine components (i.e. silk fibroin, Arabic gum, Xanthan gum, and lysozyme). The FTIR 
spectra of silk fibroin (SF) and lysozyme (LZ) show the typical protein fingerprints, including the Amide I (1638 
cm-1 and 1661 cm-1), Amide II (1512 cm-1 and 1535 cm-1) and Amide III (1231-1167 cm-1 and 1234-1173 cm-1) 
peaks. Arabic gum (GA) and Xanthan gum (GX) are complex mixtures of carbohydrates which contain many 
different types of O-H and C-O bonds, and, hence, present more convoluted O-H stretching and C-O stretching 
regions from 3600 cm-1 to 3300 cm-1 and from 1200 cm-1 to 800 cm-1, respectively (Faria et al., 2011; Sowunmi 
et al., 2020). 

The spectra of GA microparticles are shown in Figure 2a. The main differences between the silk fibroin (Figure 
2a, light green line) and the arabic gum (Figure 2a, purple line) profiles resides in the presence of the Amide 
II peak and in the absence of the characteristic carbohydrate region between 1200 cm-1 and 800 cm-1. The 
spectra of GA nc (non-crosslinked) and GA c (crosslinked) microparticles (Figure 2a, blue and black lines, 
respectively) include both these regions and show a broad band at around 3600 ∼ 3000 cm-1, indicating 
enhanced hydrogen bonding. This implied that hydrogen bonding is involved in the interaction between SF 
and GA. The Amide I peaks of GA nc and GA c microparticles were identified with significant shifting from the 
SF Amide I peak. A possible explanation for this shifting can be related to the particle formation process and 
the strong electrostatic interactions between SF and GA. The same mechanism could explain the shifting of 
the Amide II from 1512 cm-1, in the case of pure SF, to 1541 cm-1 and 1533 cm-1 in the spectra of GA nc and 
GA c, respectively. Moreover, a significant shifting of Amide I and II peaks at lower wavenumbers and the 

c) 
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appearance of a more pronounced shoulder at 1260 cm-1 in the GA c spectrum suggest the silk fibroin chains 
transition to a β-sheet conformation, as reported in the literature. In particular, the appearance of the 1629 cm-

1 peak in the crosslinked sample was observed. 

 

 

 

 

 

a b
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Figure 2. a) FTIR spectra of all the pristine components used for the arabic gum microparticles preparation 
(SF, GA – both cross-linked (c) and non-cross-linked (nc), LZ), stacked for comparison with the spectra of the 
GA and composite GA-LZ microparticles before and after the cross-linking treatment. b) Zoomed FTIR spectra 
of the GA-LZ microparticles, either c or nc, in the Amide I and Amide II regions. c) FTIR spectra of all the 
pristine components used for the Xanthan gum microparticles preparation (SF, GX – both crosslinked (c) and 
non-crosslinked (nc), LZ), stacked for comparison with the spectra of the composite GA-LZ microparticles 
before and after the cross-linking treatment. d) Zoomed FTIR spectra of the GX-LZ microparticles, either c or 
nc, in the Amide I and Amide II regions. and GX and GX-LZ microparticles after and before cross-linking. SAXS 
spectra of GA nc and GA c (e), GX nc and GX c (f) microparticles, together with their pristine components (silk 
fibroin, Arabic gum, Xanthan gum); SAXS spectra of GA and GA-LZ (g), GX and GX-LZ (h). 

 

With the encapsulation of the lysozyme in the particles, the peaks of the resulting GA-LZ nc and GA-LZ c FTIR 
spectra (Figure 2a, bright green and red lines, respectively) become slightly more challenging to distinguish 
and identify due to similar absorbance profiles between silk fibroin and lysozyme. Except for the broader peaks 
in 3600 ∼ 3000 cm-1 region, which could also be due to the humidity and water vapour content in the samples 
or in the pumping system during the WVA treatment, the GA-LZ nc and GA-LZ c spectra seem to overlap quite 
perfectly (e.g. Amide I peak located at 1659 cm-1). Looking closer (Figure 2b), a small shoulder appears in the 
GA-LZ c spectrum at 1628 cm−1which suggests that a higher number of β-sheet domains has been formed 
with the post-fabrication treatment. 

In the spectra of the GX nc and GX c samples (Figure 2c, blue and black lines, respectively), we can easily 
assign every peak to bond vibrations of either silk fibroin or Xanthan gum. The main differences between the 
SF protein sample and the Xanthan gum sample are the presence of the Amide II peak and the absence of 
the characteristic carbohydrate region between 1200 cm-1 and 800 cm-1. The spectra of GX nc and GX c 
samples include both these regions and show a broad band at around 3600 ∼ 3000 cm-1, indicating enhanced 
hydrogen bonding. This implied that hydrogen bonding is involved in the interaction between SF and GX. The 
Amide I peaks of GX nc (1659 cm-1) and GX c (1659 cm-1 and 1630 cm-1) samples were identified with 
significant shifting from the SF Amide I peak (1628 cm-1). The possible explanation for this shifting can be 
related to the particle formation process and the strong electrostatic interactions between SF and GX. The 
same mechanism could explain the shifting of the Amide II from 1512 cm-1 in the case of pure SF to 1540 cm-

h)g) 
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1 and 1532 cm-1 in the spectra of GX nc and GX c samples, respectively. Unlike what observed for Arabic gum 
sample, the Xanthan gum spectrum shows an absorption peak at 1732 cm-1, indicating the presence of C=O 
stretching of carbonyl ester; this peak can be also identified in the spectra of the GX nc and GX c samples. If 
we compare the GX nc and GX c samples, a significant shifting of the Amide II peak at lower wavenumbers 
and the appearance of the Amide I peak at 1630 cm-1 was observed, which indicates the presence of β-sheet-
rich proteins. Indeed, the maxima absorption for α-helix, β-sheet and random coil structures are at 1655 cm-1, 
1630 cm-1 and 1645 cm-1, respectively, and they are all included in the frequency range of the Amide I band.32 
As for the GX c sample, a small shoulder is visible at 1269 cm-1, which confirms the silk fibroin chains transition 
to a β-sheet conformation, as reported in the literature (Fang et al., 2015). 

With the encapsulation of the lysozyme in the particles, the peaks of the resulting GX-LZ nc and GX-LZ c FTIR 
spectra (Figure 2c, bright green and red lines, respectively) are difficult to accurately recognize and distinguish 
due to the similar absorbance profiles between SF and the lysozyme, as already mentioned for the GA-LZ 
samples. As previously discussed for the samples with the Arabic gum and lysozyme, the GX-LZ nc and GX-
LZ c spectra may seem very similar. The main difference is referred to the Amide I (i.e. the Amide I band at 
1659 cm-1 is split into two components at 1657 cm-1 and 1630 cm-1) and Amide II peaks (shifting from 1539 
cm-1 to 1533 cm-1), as shown in Figure 2d. Looking closer (Figure 2d), a small shoulder is visible in the GX-LZ 
c spectrum also at 1700 cm-1. All these data confirm that a higher number of β-sheet domains have been 
formed with the post-fabrication treatment.  

The microparticles internal structure and its evolution upon cross-linking has been observed by SAXS 
experiments on the samples fully hydrated in water. Figure 2 (e,f) reports the scattered intensity profiles of GA 
and GX microparticles (in the q range 0.07 nm-1<q<6 nm-1), before and after the cross-linking treatment, 
together with the ones of their pristine components (silk fibroin, Arabic gum, Xanthan gum) in the high-q range 
(0.7 nm-1<q<6 nm-1). The intensity profile of fibroin corresponds to the local arrangement of fibroin molecules, 
with a radius of gyration of about 8 nm (Martel et al., 2008). The intensity spectra of gums display characteristic 
features of interacting colloids and polysaccharide chains, with the presence of a structure factor peak, in 
agreement with the literature  (Atgié et al., 2019; Villetti et al., 2020).The q-position of the structure peaks, 
qpeak = 0.36 nm-1 for Arabic gum and qpeak = 0.7 nm-1 for Xanthan gum, are related to the characteristic 
internal distance d = 2π/qpeak between interacting chains, 17.2 nm for Arabic gum and 9.2 nm for Xanthan 
gum.  

The spectra of GA and GX microparticles before cross-linking, maintain a behaviour quite similar to those of 
pristine gums in the high-q region, corresponding to the local arrangement of chains. Interestingly, in GA the 
structure peak is still identifiable in the same position (qpeak = 0.36 nm-1), while in GX the structure peak 
becomes less pronounced and shifts to higher q values as for closer, less repulsive chains. In the low-q region, 
giving information on the internal structure of microparticles on the tens of nms length scale, the intensity 
decays of GA (nc) and GX (nc) are proportional to q-2.7 and q-3 respectively, characteristic for mass fractals, as 
expected for a polymeric matrix (Lidner and Zemb, 2002). 

Intensity spectra of GA and GX microparticles after cross-linking are reported in Figure 2 e, f (red symbols) 
The cross-linking treatment affects the internal arrangement of microparticles mainly in the intermediate q 
region, corresponding to the nms length scale. In the GA c system, the structure peak at qpeak = 0.36 nm-1 
moves to qpeak = 0.25 nm-1, corresponding to a larger characteristic distance of 24 nm within the polymeric 
matrix. In the GX c sample the intensity contribution of fibroin in the 0.1 nm-1< q < 0.5 nm-1 region disappears, 
suggesting a change in the conformation of fibroin. The encapsulation of lysozyme does not affect the main 
features of the intensity spectra (Figure 2 g, h) revealing a similar internal structure of GA-LZ c and GX-LZ c 
microparticles in the presence of the lysozyme. In the GA-LZ c system, a slight looser arrangement of the 
polymeric matrix is observed on the tens of nm length scale, with the vanishing of the structure peak. 

Overall, the results reveal an intimate mixing of fibroin with gums, affecting the local arrangement of polymers 
within the matrix up to the nm length scale and reducing electrostatic repulsion between chains. The interaction 
is more effective after cross-linking treatment and probably facilitated by a conformational change of fibroin. 

 

3.2 Hydration properties and degradation 

Hydration behaviour is crucial to guarantee a balance between the exudate absorption and the wound bed 
dehydration, both essential features in the granulation phase (Ruggeri et al., 2020; Saporito et al, 2018). Figure 
3 reports the hydration properties as swelling index (top left panel) and weight residues (%) of the 
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microparticles (top right panel) after 24 and 48 h of incubation in SAS. GX-based microparticles show a higher 
swelling index and weight loss than GA-based microparticles, suggesting a faster degradation. Moreover, the 
lysozyme loading does not seem to alter the microparticles swelling and degradation behaviour. After 48 h, 
SEM images show that the microparticles become rougher and partially fused to form conglomerates. The 
microparticles are characterized by a high hydrophilicity and the aqueous medium causes the formation of 
bridge in the contact points among particles. In detail, the greater swelling and degradation of GX-based 
microparticles could be related to the different structure of the polymer: GX, having a higher molecular weight 
than GA, could interfere during the fibroin cross-linking process due to the steric hindrance, leading to the 
formation of a less resistant 3D structure. Despite this, the structures remain present, and this is a favourable 
property to enhance the interaction between the systems and the wound bed. The hydrophilicity of the scaffold 
should enhance cell-scaffold interaction promoting the healing process. 

 

 

 

Figure 3. Hydration properties of spray-dried microparticles expressed as swelling index (top left panel), weight 
residues (%) of microparticles after 24 and 48 h of incubation in SAS (top right panel), and SEM images of 
spray-dried microparticles after 48 hours of incubation in SFS at 37°C (bottom panel).  

3.3 Mucoadhesion properties 

Figure 4 shows the results of the mucoadhesion measurements, expressed as maximum force of detachment, 
Fmax (left panel) and work of adhesion AUC (right panel) values in presence or in absence of mucin.  

The results suggest that all the microparticles are characterized by good mucoadhesive properties (Fmax and 
AUC in presence of mucin higher than without mucin). Microparticles prove to interact with mucin glycoproteins 
chains, and this should prolong the residence in the periodontal pocket. In detail, the lysozyme loading seems 
to increase the mucoadhesive performance. This seems related to the LZ ability to strongly bind to mucin 
(Filatova et al., 2022; Lu et al., 2005). In particular, it has been proved that LZ possesses a higher propensity 
to interact with mucin at pH 6–7 and that complexes between biomolecules occur due to electrostatic 
interactions between the positively charged amino groups of LZ and the negatively charged carboxyl groups 
of the carbohydrate shell of mucin mainly formed of sialic acid. Moreover, Van der Waals forces and hydrogen 
bonds are involved. Both GA and GX are reported in literature as mucoadhesive polymers: they possess an 
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anionic character (Malik et al., 2020; Sakloetsakun et al., 2016) but the mucoadhesive behaviour is mainly 
related to the high number of hydroxyl groups able to form hydrogen bonds with mucin. Despite this, GA shows 
superior mucoadhesive potential: this could be related to the less branched structure (lower viscosity) and the 
consequent higher interdiffusion and interpenetration between mucin and polymer chains that strengthen the 
mucoadhesive interface.  

The mucoadhesion in periodontal disease treatment offers several notable advantages over currently available 
ones, including a good retention within the periodontal pocket. Moreover, the mucoadhesion enables a local 
release of the loaded drugs, thus improving the efficacy and the patient’s compliance (Bruschi et al., 2007; 
Rohani et al., 2021; Sandri et al., 2020). 

 

 

Figure 4. Maximum force of detachment (left panel) and work of adhesion (right panel) values calculated for 
all the microparticles in presence or in absence (blank) of submaxillary bovine mucin dispersion (mean 
values±sd; n=5). ANOVA one-way; Scheffe's test (p ≤ 0.05): a) GA Fmax mucin vs. GA Fmax blank, GA-LZ 
Fmax mucin vs. GA-LZ Fmax blank, GX Fmax mucin vs. GX Fmax blank, GX-LZ Fmax mucin vs. GX-LZ Fmax 
blank; GA-LZ Fmax mucin vs. GX Fmax mucin; b) GA AUC mucin vs. GA AUC blank, GA-LZ AUC mucin vs. 
GA-LZ AUC blank, GX AUC mucin vs. GX AUC blank, GX-LZ AUC mucin vs. GX-LZ AUC blank; GA AUC 
mucin vs. GA-LZ, GX, GX-LZ AUC mucin. 

 

 

 

 

 

3.4 Lysozyme release and antibacterial properties 

Lysozyme (14-15 kDa) is physiologically found in body fluids, including saliva. Salivary lysozyme is produced 
by the salivary glands and by neutrophil granulocytes entering the mouth and it is also present in the gingival 
crevicular fluid. The encapsulation efficiency was calculated to be 94.73 and 95.12% for GA-LZ and GX-LZ 
microparticles, respectively. This result could be due to the high lysozyme solubility in the aqueous polymer 
solution, that guarantees a homogenous blending. The release profile of lysozyme from the microparticles is 
shown in Figure 5 (top panel).  

The release profiles comprise two steps: an initial step where a steep increase of LZ released is present within 
the first 24 h, independently of the composition (burst release), and a second stage where a sustained release 
is evident up to 7 days (168 h).  
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The two behaviours are attributable to the hydration, swelling and degradation of the microparticles. In 
particular, the burst release is related to the partial hydration and a partial loss of integrity of the microparticles 
as shown with the SEM images. This phenomenon could cause a disentanglement of the polymer matrix and 
a fast release of the lysozyme loaded in the outer layers. The second step of the profile is mostly related to the 
slower hydration of the microparticles inner part and the consequent diffusion of the lysozyme across the 
polymeric network.  

The gingival crevicular fluid in the periodontal pocket is strictly related to the inflammation. In healthy pocket is 
about 43 l/day, and the flow rate is low and is about 0.03 l/min. When a periodontitis occurs the volume and 
fluid flow rate dramatically increase and are about 480 l/day and about 0.33 l/min, respectively. Since the 
turnover rate of gingival fluid is 40 times/h the mucoadhesive microparticles here developed should promote 
the permanence of the active components, both biopolymers having wound healing properties and lysozyme 
possessing antimicrobial activity (Medlicott et al., 1994). 

The antibacterial activity of lysozyme is manly related to its muramidase activity via hydrolysis of the β-1,4-
glycosidic bonds between N-acetylmuramic acid and N-acetyl-D-glucosamine of peptidoglycan in bacterial cell 
wall. It is particularly effective against gram-positive bacteria and reduced susceptibility of most gram-negative 
species having peptidoglycans shielded by an outer membrane. However, in the gram-negative bacteria 
lysozyme may cause membrane leakage of the outer membrane to allow reaching the peptidoglycan layer 
(Ferraboschi et al., 2021). 

Considering these, the antimicrobial properties of the formulations have been characterized against a common 
microbial strain, Streptococcus mutans, a Gram-positive bacterium recognized as capable to form biofilms on 
tooth surfaces causing dental plaque and widely present in the oral cavity and in the periodontal region. Figure 
5 (bottom panel) reports MIC/MBC values of the microparticles against S. mutans ATCC 25175. Independently 
of the polymer type (GA or GX), microparticles possess MIC/MBC values extremely lower than the lysozyme 
concentration released, suggesting that the lysozyme concentration reached into the periodontal pocket should 
be always higher than MIC/MBC. Therefore, independently of the microparticles composition and considering 
the small volume in the pocket, the lysozyme release should determine high LZ concentration greater than 
5000 UI/ml, which is higher than the MIC/MBC values against S. mutans and reported in literature for some 
bacterial strains resident in the oral cavity (Charernsriwilaiwat et al., 2012; Ferraboschi et al., 2021). Moreover, 
microparticles could be administered in variable amount depending on the periodontitis severity and the pocket 
volume. 
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96 8046±1275 8231±1797 

168 9264±447 10426±1817 

Streptococcus mutans  GA-LZ GX-LZ Ampicillin 

MIC 450 219 0.25 

MBC 792 469 0.5 

 

Figure 5. Cumulative percentage release of Lysozyme from the microparticles (top left panel) at predetermined 
times and activity of the released lysozyme (UI/ml) (top right panel) (mean value ± s.d.; n=3); MIC and MBC 
values for the microparticles (GA-LZ and GX-LZ) against Streptococcus mutans ATCC 25175 compared to 
ampicillin. 

 

3.5 In vitro cell adhesion and proliferation 

The biocompatibility and proliferation have been evaluated towards two cell types, NHDF (normal human 
dermal fibroblasts) and hASCs (human adipose tissue-derived stem cells). The identification of the cell types 
to evaluate in vitro safety and effectiveness was performed considering both the model standardization and in 
vivo application of the systems. In particular normal human dermal fibroblasts have been selected since their 
proliferation and migration are deeply influenced by the evironment and the culture model is well-established 
and standardized (Weinreb et al., 2015). Parallely, human adipose stem cells, derived from adipose tissues, 
have been considered since they are widely used in regenerative medicine and there are evidence in literature 
that transplanting hASC in periodontal tissue defects regenerate dentin and cementum and organizes 
periodontal ligament fibers, alveolar bone structure and periodontal vessel regeneration (Tobita et al., 2008).  

Figure 6 reports fibroblasts and hASCs proliferation (left panel) and the CLSM micrographs (right panel).  

Independently of the composition, microparticles are characterized by good biocompatibility towards both 
fibroblasts and hASCs. Moreover, the microparticles prove to sustain cell proliferation up to 6 days and in 
particular GX-based microparticles loaded with lysozyme significantly affects hASCs proliferation.  

The CLSM analysis confirms that both fibroblasts and hASCs adhere, and spread, maintaining their native 
structure of the cytoskeletons characterized by fusiform and polygonal shapes, respectively.   

These results suggest that the systems are conceivably scaffolds able to to sustain cell growth. The relevant 
fibroblasts and hASC growth in presence of both systems also loaded with LZ not only evidence the in vitro 
safety but also the systems suitability to be coadministrered in presence of hASC in vivo. Althought the 
microparticulate systems are designed and developed to be implanted as acellular systems, the results 
obtained pave the way for their employment as advance therapy medicinal products in association with hASC 
that are widely used in periodontal tissue engineering since demonstrate the capability to promote the 
regeneration of all the different specialized tissue.  
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Figure 6. Viability (fluorescence intensity) of fibroblasts (top left panel) or hASCs (bottom left panel) after 3 
days and 6 days in contact with microparticles (GA, GA-LZ, GX, GX-LZ) in comparison to the positive control 
GM (growth medium, as standard growth conditions) (mean values ± s.d.; n = 5). 1-way ANOVA, Sheffé test 
(p < 0.05): Fibroblasts proliferation 3 days: GM vs. GA-LZ, GA-LZ vs. GX and GX-LZ; hASCs proliferation 3 
days: GA vs. GX-LZ; hASCs proliferation 6 days: GA and GA-LZ vs. GX-LZ. Confocal laser scanning 
microscopy (CLSM) micrographs of fibroblasts (top right panel) or hASCs (bottom right panel) grown for 6 days 
onto microparticles (in blue: nuclei; in green: cytoskeleton). Scale bar: 20 µm. 

 

3.7 Preliminary preclinical evaluation on in vivo model 

The preclinical evaluation was performed in vivo in a murine model using subcutaneous implants as proof of 
concept to evaluate the system safety and their potential application to promote wound healing of the soft 
tissue loss in mild periodontitis. This model is currently used to explore the inflammatory response of the dental 
biomaterials in an early stage of translational research since it is well-developed and standardized and does 
not cause much discomfort for animals (Wang et al., 2020). Although the lesions in the oral cavity heal faster 
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compared to the skin, the cutaneous and gingival tissues have similar macroscopic healing patterns, including 
hemostasis, inflammation, proliferation, and remodeling phases. The histology of the tissues in 
correspondence of the implant sites is reported in Figure 7. The tissue in correspondance with the control 
lesion (treated with saline solution) (Figure 7 b) is not completely regenerated and shows several blood vessels 
and a residual area of granulation tissue, and PSR staining shows a small amount of still immature and not 
remodeled collagen in the appropriate orientation. Microparticles residues are not evident at the site of the 
implants and little differences are evident from the adjacent control skin. Moreover, the surface of each 
incisional lesion is covered with new epithelium and no signs of either fibrosis (collagen distributed in bundles) 
or inflammation are evident, without accumulation of macrophages, lymphocytes, or granulocytes (Ruggeri et 
al, 2022b).  

The skin is completely regenerated after the surgical procedures, and hair follicles and sebaceous glands are 
almost completely restored in all the tissues where microparticles have been implanted. In particular, the 
epidermidis is fully restored in multiple cell layers with a fair degree of keratinization, and collagen is deposited 
and remodelled in an appropriate manner. Skin appendages (hair follicles and glands) are identical in number 
and disposition with respect to those of intact skin, and only in a very small central area of the wound is not 
yet completely reformed. PRS shows a continuous collagen layer, rich in orange-to-red fibers, with a pattern 
similar to that of the intact skin. These suggest that the microparticles do not promote neither a proinflammatory 
response nor the foreign body reaction. 

 

H&E PSR 

a) 

b) 
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Figure 7. H&E (left panel) and PSR (central panel - with bright-field images; right panel - with polarized light) 
sections of a) intact skin, b) lesion treated with saline solution as negative control, c) lesions treated with GA 
microparticles, d) lesions treated with GA-LZ microparticles, e) lesions treated with GX microparticles, f) lesions 
treated with GA-LZ microparticles. Scale bar: 100 µm. 

 

4. Conclusions 

e) 

f) 

d) 

c) 
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Spray-drying was successfully used to prepare microparticles for the soft tissue restoration after a periodontal 
lesion. The developed process allowed to obtain microparticles based on gums and fibroin and loaded with 
lysozyme due to its antibacterial properties. Arabic and xanthan gum affected the microparticles morphology, 
characterized by concavities and spherical shape, respectively. Water vapor annealing was used as 
crosslinking process, leading to the transition from the amorphous state silk I to the crystalline silk II, thus 
allowing to obtain substrates insoluble in aqueous environment. The physico-chemical analysis proves that a 
higher number of β-sheet domains is formed after cross-linking and an intimate interaction between fibroin and 
gums occurred, affecting the local arrangement of the macromolecular chains. The systems were 
characterized by suitable swelling, degration and mucoadhesive properties, leading to a prolonged retention 
in situ and a sustained release of lysozyme that reaches antimicrobial concentrations. In particular, GX-based 
microparticles offers more adaptability in terms of swelling, degradation and hydration, and proves to be 
effective against a common microbial strain resident in the oral cavity, S. mutans, simultaneoulsy promoting 
cell proliferation. The in vitro study outcomes and the encouraging preclinical results highlighted that the 
fibroin/xanthan gum-based microparticles could provide a biocompatible platform able to prevent periodontitis 
progression and to promote the healing of soft tissues in mild periodontitis. 
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