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Abstract

Liposomes are ampbhipathic lipidic supramolecular aggregates able to encapsulate and carry molecules of both
hydrophilic and hydrophobic nature. They have been widely used as in vivo drug delivery systems since long due to their
favorable features, such as synthetic flexibility, biodegradability, biocompatibility, low immunogenicity, and negligible
toxicity. In recent years, the possibility to introduce chemical modifications on liposomes has paved the way to smart
liposome-based drug delivery systems characterized by even more tunable and disease-directed features. In this review,
the different types of chemical modifications introduced so far have been highlighted, with a particular focus on internal
stimuli-responsive liposomes and pro-drug activation.
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Introduction

Nanomedicine and nanopharmaceuticals are growing research areas in 21t century. Nanotechnology can indeed address
several among the major issues that hamper therapeutic efficacy, limiting bench-to-clinic translation of new developed
bioactive compounds [1,2]. In this context, the development of nanosystems for drug delivery is particularly burgeoning
[3,4]. Appropriate nanovehicles can significantly enhance drug efficacy through an increased delivery to the molecular target
and reduction of off-target effects. In addition, an optimal system should preserve drug activity and stability, protect against
degradation, control drug release, and easily ensure drug excretion. A large number of drug delivery systems (DDs) has been
developed so far, spanning between synthetic polymeric micelles [5], polymersomes [6], virus-like nanoparticles [7], protein
[8] and peptide [9,10] nanomaterials, inorganic frameworks [11], and liposomes [12]. All of them are produced using
“bottom-up” approaches, taking advantage of self-assembly (SA). SA can be defined as an “autonomous organization of
components into ordered pattern or structures”, and represents an elegant approach to fabricating nanostructures [13—-15].
During SA, non-covalent interactions take part in defining the final features of the obtained nanomaterial. We are
particularly interested in the design and synthesis of self-assembling drug-conjugates to modulate the properties of the
obtained nanoassemblies against cancer and neurodegeneration [16,17].

Within DDs, liposomes (LPs) possess several special advantages, being able of encapsulating both hydrophilic and
lipophilic molecules, and being highly chemically versatile. Liposomes are characterized by other interesting features:
synthetic flexibility, biodegradability, biocompatibility, low immunogenicity and negligible toxicity [18].

LPs are lipidic carriers that can self-assemble in water forming a membrane-like double layer that creates spherical
vesicles in which an aqueous volume is enclosed [19]. Furthermore, the double layer can switch from an ordered state to a
disordered state upon temperature increase [20]. This phase transition temperature (Tm) is dependent on the molecular
structures of lipids, influences LPs permeability, and thus drug release. LPs are mainly composed of phospholipids, together
with other components as cholesterol and sphingolipids. The first evidence of phospholipid SA was mentioned by Bangham
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etal.in 1965 [21], reporting that phospholipids in water can form closed bilayer structures; few years later the first LP-based
drug delivery system was developed. Since then several FDA-approved LPs have been introduced in therapy, and many
others are in clinical trials [22]. Nowadays, LP research aims to active targeting, i.e. smart vehicles that can lead to
accumulation of bioactive compounds specifically at a disease site [23,24]. LPs can indeed be modified on their surface by
attachment of ligands or antibodies that are recognized by specific receptors [25]. On the other hand, controlled release
[26] could be achieved using chemically modified lipidic components that respond to internal [27-29] or external stimuli
[30]; our review here will focus on endogenous stimuli-responsive ones. Such smart LPs can thus undergo triggered drug
release based on various physiology-dependent properties, allowing a better accuracy in the timing and location of payload
release, and a better control over its delivery.

In this review, we report the more recent advances on chemically modified LPs, particularly focusing on cancer
treatment, which are organized in four sections: 1. Redox-sensitive LPs; 2. Enzyme-sensitive LPs; 3. pH-triggered LPs; 4.
Hypoxia-triggered LPs.

Redox-sensitive LPs

Among stimuli-responsive LPs, redox-sensitive ones play an important role in the field of triggered drug delivery [31].
Electron-transfer reactions may serve as controlled drug release from liposomal carriers, destabilizing their structure by
changes in charge and hydrophilicity, by removal of cross-links, or by destruction of the native conformation of the
amphiphile, destabilizing the LP. The development of LPs with a disulfide-bond-linked sheddable shell has recently attracted
particular attention, ought to their relative stability in blood and to the fast and complete release of their payload at the
targeted-site after structural disassembly of the outer core. These systems mostly rely upon the presence of tripeptide
glutathione (GSH) in cellular compartments. The concentration of GSH in tumor cells is between 0.5-10 mM, i.e. 100- to
1000-fold higher than in physiological conditions [32—34]. A controlled payload release could be obtained by the reductive
action of cysteine (Cys) [35].

Several chemical strategies were developed for redox-sensitive LPs, mostly based on the use of disulfide bonds as linker
between phospholipids, cholesterol (Chol) and lipid-like structures, and an external hydrophilic portion (Fig. 1). Disulfide
bond cleavage may disrupt LPs, releasing the payload in the intracellular environment. Other methods have been
investigated, such as GSH-mediated retro-Michael-reaction of aryl thiols, reduction of quinones in cancer cells that
overexpress NAD(P)H:quinone oxido-reductase isozyme 1 (NQO1), or oxidation of Fe(ll) to Fe(lll) in the ferrocene structure
mediated by the tumor redox environment.

Please insert here Figure 1

Redox-sensitive LPs based on disulfide-bonds

A common approach in the engineering of redox-sensitive LPs foresees the insertion of a disulfide bond, which can be
cleaved in a reductive environment, within the lipid or the amphiphile forming a LP. On the other hand, PEGylation was
proven to be a valuable method to prevent LP clearance mediated by the reticuloendothelial system (RES), and to enhance
their accumulation in tumor tissues by enhanced permeability and retention (EPR) effects thanks to the increased circulation
time, resulting in passive tumor targeting. Nevertheless, the presence of a PEG shield prevents intracellular uptake, resulting
in overall inefficiency of drug delivery, known as “PEG dilemma”. Thus, the preparation of PEGylated LPs cleavable in
response to a stimulus may be a viable solution, offering noteworthy advantages and paving the way to different approaches
[36-38].

Redox-triggered LP bilayer modifications
A straightforward procedure foresees a disulfide bond linking PEG to the lipids forming the LP. As to that, extensive work
has been reported by He’s group, using phospholipids, compound 1 [35,39] or Chol-derived compound 2 [40-42] (Fig. 2).

Please insert here Figure 2



In the former case, LP uptake was increased by TAT, a cell-penetrating peptide (CPP) known for its cell internalization
ability. TAT was attached to the distal end of shorter PEGylated phospholipids (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-DOPE-PEG1600-TAT  or 1,2-distearoyl-sn-glycero-3-phosphorylethanolamine-DSPE-PEG2-TAT),
through the sulfhydryl-maleimide reaction [39]. Thus, thiolytic PEG-deshielding of a reduction-sensitive phospholipid at the
target site, markedly accelerated by the addition of exogenous Cys, exposes TAT, increasing liposomal cellular uptake (Fig.
2).

The same group further improved LP features, by replacing the phospholipid moiety with a more stable modified Chol
residue 2 as a stimuli-sensitive material [40,41]. Chol-SS-PEG5k was synthetized in order to assemble a LP endowed with
prolonged circulation time in vivo thanks to PEG. Herein, PEG cleavage also exposed an R8 CPP, located at the distal end of
a shorter Chol-PEG2k-R8 residue, improving the therapeutic outcome with such modified LPs. Masking of positively charged
CPPs is usually necessary in order to avoid their nonspecific binding in plasma, to increase their circulation time and to avoid
self-aggregation. With this approach, a LP containing either doxorubicin (DOX) or the P-gp inhibitor Verapamil has been
developed [41] with an encapsulation efficiency (EE%) around 94 and 70% (w/w), respectively. LPs showed good cytotoxic
effects on MCF-7/ADR tumor cells.

Cluster of differentiation 44 (CD44)-targeted LPs were developed as treatment for osteosarcoma (OS). Cationic LPs were
prepared and stabilized with PEG conjugated Chol derivative 2 through a reduction-sensitive disulfide linker (Chol-SS-mPEG)
[42]. Hyaluronic acid (HA), a negatively charged endogenous polysaccharidic CD44 ligand, was non-covalently coated on
cationic LPs (= -28.9mV for HA-coated LPs). Interestingly, Chol-SS-PEG/HA-LPs were also destabilized in acidic (pH 5-6)
conditions, possibly due to shedding of the HA layer, resulting in a reduced affinity for the cationic liposomal bilayers.
Significant payload release (=x60%) was observed in presence of 10 mM GSH.

Against OS, chitooligosaccharides (COS)-engineered LPs were developed by Wu [43,44]. Even if PEGylation offers many
advantages, it causes low cellular uptake, slow release from endosomes and induction of anti-PEG IgM antibodies which
result in accelerated blood clearance (ABC). A valuable alternative is COS, a derivative of chitosan (CS), that was chemically
conjugated on the LP surface via a disulfide linker, yielding compound 3 (Fig. 2). Still targeting OS, the same group recently
published a redox-cleavable, bone- and CD44-dual-targeting polymer through the conjugation of bone-targeting
alendronate (ALN) with HA [45]. The disulfide bond between DSPE-PEG2k—COO-succinimide and ALN-HA carrying cystamine
as a functional group (4, Fig. 2) was inserted into preformed LPs loaded with DOX. Co-administration of the internalizing
RGD (iRGD) tumor-penetrating peptide enhanced tumor penetration of the LPs.

The use of LP engineered with HA has been exploited for other CD44-overexpressing neoplasms. Zhang [46] reported
the delivery of interference RNA (RNAI) into breast tumor cells, in particular of survivin-siRNA which acts as a silencer of
endogenous apoptosis inhibitors. A redox-responsive amphiphilic CS was built by layer-by-layer deposition onto the LP, and
then by sequentially loading a survivin-sIRNA gene and permeation promoter hyaluronidase (HAase). Finally, the
lipocomplex was decorated with HA, by imine bond formation between CS and the aldehyde group arising from NalQOas-
promoted diol oxidation. In this way, pH- and GSH-promoted deshielding, together with the increased drug penetration
induced by HAase responsible of decreasing the intratumoral pressure and loosening the intercellular connective matrix,
enhanced tumor accumulation and penetration of siRNAs.

In order to improve cellular siRNA delivery, stimuli-responsive cationic phospholipids were developed to ensure high
transfection efficiency (TE) [47-49].

In 2010, the synthesis of redox-sensitive triazine-based gemini surfactant 5 (Fig. 3a) and their assembly in LPs for gene
delivery were reported by Candiani’s group [50].

Please insert here Figure 2

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)/DOPE/5 lipoplex formulations yielded almost two-fold improved TE in
MG63 cells compared to approved Lipofectamine 2000 formulations, and showed a GSH-dependent behavior. While a stable
interaction between negatively charged DNA/RNA and cationic lipids allowed a better EE% in the LP, such a stable system
may interfere with nucleotide release at the target site. Thus, the development of stimuli-responsive systems which may
induce structural rearrangement is fundamental in gene therapy. For that reason, MVL-DNA complexes were developed
[51] by using cleavable multivalent lipids (compounds 6, Fig. 3a, featuring 2 to 5 positive charges at full N-protonation) with
a disulfide bond between the cationic headgroup and hydrophobic tails.



Lately, a polycationic amphiphile (7, Fig. 3a) with disulfide linkers for nucleic acid delivery was developed by Maslov [52].
Also, in this case an improved TE in HEK293 cells compared to Lipofectamine 2000 formulation was obtained.

To overcome survivin over-expression in breast cancer cells in response to paclitaxel (PTX), a novel (PTX/siRNA/SS-LP)
nanosystem for co-delivery of PTX and anti-survivin siRNA was developed by using a redox-sensitive cationic oligopeptide
lipid (8, Fig. 3a) [53]. Such nano-system showed high EE% and rapid redox-responsive release (PTX release up to 50%, t = 4
h, and =80%, t = 36 h). Endolysosomal escape of PTX/siRNA/SS-LPs led to a specific release of PTX and siRNA in 4T1 breast
cancer cells.

Tocopherol-based lipids 9,10 (Fig. 3b) were widely used as LP-forming units in gene delivery [54,55]. In Patri’s work [54]
two tocopherol-based Cys-containing dicationic lipids (monomeric 9a and dimeric 9b, Fig. 3b) were synthetized and
compared to the corresponding tocopherol-lacking lipids, resulting to be more efficacious in the transfection of a pCMV-
SPORT-B-gal plasmid.

In Zhao's work [55] cystamine was used as linker between tocopherol and the positively charged headgroup of either
Lys 10a or His 10b (Fig. 3b). In vitro gene-TE of the lipoplexes, determined in HEK293 cells, gave for the His-based lipid (10b)
a =4.3 TE increase with respect to branched polyethylenimine bPEI-25k.

Another disulfide-based strategy entailed the formation of hydrogel cores with cross-linked 3D structures, which
significantly improve mechanical stability, determine a unique rheological behavior and rapid stimuli-responsiveness to the
resulting liposomal formulations [56]. LP-camouflaged, redox-responsive nanogels (“R-lipogels”) were designed and
prepared by LP-templated in situ polymerization process of acrylamide (AM) in presence of water-soluble cystine
dimethacrylate (CDA). Lipogels were loaded with DOX, showing high drug loading capabilities and hemocompatibility
ascribed to the excellent steric stabilization of PEGylated liposomal shells and to their negative surface charge, as confirmed
by in vitro hemolysis.

Redox-triggered prodrug activation

In order to have an efficient administration of anticancer drugs with sub-optimal selectivity and bioavailability, the use
of a prodrug in combination with its LP-encapsulation represents a valuable strategy to targeted drug delivery, preventing
off-target liberation and resulting in lower side effects [57,58]. Recently, the conjugation of vitamin E with a docetaxel (DTX)
derivative 11 (Fig. 3d) through a disulfide bond was reported [59].

To overcome the toxicity of taxotere®, worsened by the use of tween-80 [60,61], LPs made by DTX-SS-VitE/DSPE-
PEG2k/phosphatidylcholine (PC) were assembled. The LPs showed 97.60% EE, 7.09% DTX loading and 93.06 nm particle size,
resulting to be a safe and efficient delivery system for controlled DTX release.

A similar strategy was developed for directed PTX release at the target site, taking advantage of a reductive disulfide
cleavage, entailing the subsequent elimination of a self-immolative linker (SIL), as in compound 12 (Fig. 3d) [62]. PTX-SS-PC
LPs showed a pH-sensitive release; in presence of GSH at pH 7.4, PTX release was slow, whereas in a weakly acidic
environment (pH 5.0) the hydrolysis of PTX-SS-PC LPs led to =71.7% release of PTX.

A disulfide bond linker was recently inserted [63] between camptothecin (CPT) and glycerylphosphorylcholine with short
(Cn=3) and long (Cn=11) chains (compound 13, Fig. 3d), to improve solubility, % drug loading and tumor activity.

In another recent work [64], a redox-activated site not only ensured payload release but also showed exponential
activation of fluorescence signals and photodynamic therapy (PDT) activity in response to a high level of intracellular GSH
after endocytosis in tumor cells. In this case, a LP was created by self-assembly of the redox-responsive pyropheophorbide
a-lipid conjugate 14 (Fig. 3c). These nano-carriers result from self-assembly of the conjugate 14 and co-encapsulation of the
indoleamine 2,3-dioxygenase (IDO) inhibitor NLG-8189 into the lumen, using a remote-loading method (EE% >80%, drug
loading =5% wt%), which promoted an increase of antigen-specific INF-y producing T cells, CD8* T cells, and CD4* T cells in
tumor-bearing mice treated with both LPs and irradiation. Despite the limited requirements of PDT (a photosensitizer, a
light source and oxygen), the high lipophilicity and poor pharmacokinetic behavior of most photosensitizers, and their strong
toxicity in normal tissues (especially skin and eyes) after exposure to natural light limit their clinical applications. Therefore,
the design of a novel PDT nano-carrier with targeted photo-activity to tumor tissues and minimal toxicity to healthy tissues
represents a valuable tool.




Redox-triggered self-reporting strategies

Besides drug activation promoted by an internal stimulus, other strategies have been developed in order to integrate
drug targeting, imaging, stimuli-responsive drug release and therapeutic effects in a single nano system.

Liu and Li [65] reported a thiol-responsive liposomal drug carrier for intracellular self-reporting drug release based on
the fluorescent probe 15 (PNO, Fig. 4). In presence of a thiol PNO undergoes reductive cleavage with subsequent
intramolecular cyclization, affording compound 16 (ANO, Fig. 4). PNO-LPs show strong blue fluorescent emission at 459 nm,
while ANO is characterized by green emission at 515 nm. The high cytotoxicity observed in Hela cells for PNO-DOX-Ls,
comparable to free DOX, can be ascribed to their rapid targeted-disassembly. A naphthalimide-sulfonamide-based nano-
system was developed by Zhang and Yu [66] to directly detect or monitor the reduction/reporting capability of LPs, especially
intracellularly. Particularly interesting is the application of these nano-carriers in gene delivery, through the preparation of
a cationic lipid 17 (Fig. 4). Besides the fluorescent probe, a perfluorinated (CsF17) chain and a Lys tripeptide were inserted as
hydrophobic and positively charged domains, respectively. Lipoplexes formed by complexation of LPs and DNA showed
weak fluorescence and good stability in the extracellular space, also due to the ability of fluorinated chains to avoid aspecific
interactions with lipophilic biomolecules, thus preventing DNA degradation due to premature leaking. The lipoplexes could
efficiently enter cells and then respond to endogenous thiols, to yield reduction-dependent green fluorescence emission.

Please insert here Figure 3

Redox-sensitive LPs based on other chemical strategies

Other redox release mechanisms have been exploited, including tioaryl bond cleavage and quinone reduction or
ferrocene (Fe'") oxidation.

LPs based on a quinone-DOPE lipid conjugate 18 were developed using DOPE, and PEG-DOPE as a lipid bilayer stabilizing
agent [67]. Content release was triggered by dithionite reduction of the quinone headgroup to the corresponding
hydroquinone, which underwent rapid cyclative elimination affording DOPE and a lactone (Fig. 5a). In vivo, quinones could
be reduced and activated in tumor microenvironments overexpressing NAD(P)H:quinone oxidoreductase isozyme 1 (NQO1).

Please insert here Figure 4

In a related work by the same group [68], a detailed investigation of the effect of weakly hydrated chaotropic (disorder-
making) anions versus highly hydrated kosmotropic (order-making) anions on payload release was carried out. Kosmotropic
ions contribute to stabilize H-bonding and intramolecular interactions in macromolecules, while chaotropic agents disrupt
structures and destabilize solute aggregates [69]. Lyotropic (Hofmeister) cations and anions, as well as osmolytes, are
present in time- and location-dependent concentrations within and in the vicinity of tumor cells. In particular, the time
required for initial aggregation (i.a.)/payload release (p.r.) is significantly longer for Q-DOPE LPs in presence of the more
polarizable/chaotropic/less hydrated SCN~ (44 min ia., 98 min p.r.) in comparison to the less polarizable/less
chaotropic/more hydrated CI” (34 min i.a., 42 min p.r.). Thus, increasing polarizability (chaotropicity) of the anion in solution
resulted in a decreased initial release rate, which is correlated to the rate of aggregation and electrostatic interactions
between the lipid layers (Lo to Hu transition).

As to ferrocene-modified phospholipids, Mauzeroll’s group reported stable redox-triggered systems based on the
insertion of an organometallic electroactive pendant to the phospholipid headgroup. This LP modification was firstly
described [70] through a ferrocene-modified phospholipid 19a (Fig. 5b), achieved by a phospholipase D (PLD)-catalyzed
transphosphatidylation reaction between a choline-bearing phospholipid and a primary alcohol, and synthetized as a redox-
triggerable molecule with higher stability compared to quinones. The length of the linker between the ferrocene-moiety
and the phosphate group in 19a was optimized to prevent hydrolysis and/or SN2 reactions, with subsequent formation of
phosphatidic acid and destabilization of the LP. LP unloading was strictly dependent on electron transfer rate and surface
concentration of organometallic phospholipids. LPs-containing ferrocene phospholipids 19b in giant unilamellar vesicles
(GUVs) were studied in vitro in 2016 [71]. Eventually, Mauzeroll [72] described the straightforward, scalable and cost-
effective synthesis of 19c (Fig. 5b) which reproducibly induced vesicle disassembly at =10% abundance within other
phospholipids.

Another useful carrier foresees the synergistic effect of stimuli sensitive systems with a LP-stabilizing hydrogel. Such
hybrid hydrogels, synthesized from PEG, showed improved tissue localization, minimized burst release, and controlled



sequential delivery. The selective GSH-degradable function, thanks to the incorporation of specific thioether succinimide
cross-links between PEG polymers and LPs via Michael addition, allowed rapid targeted drug release upon thiol-promoted
hydrogel degradation for aryl lipogels, withcomplete hydrogel dissolution (~3%) and DOX release up to 70% at day 7. (Fig.
5c) [73].

Enzyme-sensitive LPs

Enzyme-sensitive LPs also play an important role among internal stimuli-responsive LPs, since enzymatic activity might
be associated to a particular tissue, or a selected enzyme may be found at higher concentrations at the diseased target site.
In fact, diseases often show dysregulation of one or more enzymatic activities. In particular, proteases are overexpressed in
tumor tissues, and assist the invasion and metastasis of tumor cells, representing a valuable target for selective drug
delivery. By exploiting the structural requirements of a targeted enzyme, it is possible to design engineered LPs which
release the drug at specific tumor microenvironments, preventing any side effects due to off-target LP disassembly. Thus,
in the next paragraphs, protease- and phospholipase-centered approaches exploited in the last years will be discussed.

Phospholipase-sensitive LPs

Phospholipases hydrolyze phospholipids and are associated with cancer but also thrombosis, atherosclerosis, congestive
heart failure, inflammation, neurodegeneration and infections [74,75]. Among them, secretory phospholipase A2 (sPLA2),
overexpressed up to 22-fold in metastatic prostate tumors [76], emerged as the most targeted phospholipase for selective
drug delivery. Thus, PLA2 from snake venom (svPLAz) and human sPLA2 subtype IIA are the enzymes of choice in targeting
studies. In particular, sPLA2-IIA requires a negatively charged LP membrane surface for its hydrolytic activity; for this reason,
anionic phospholipids such as phosphaditylglycerols (PGs) are preferentially used to target sPLA2-IIA.

PLA2-mediated hydrolysis of fatty ester groups at the sn-2 position of glycerophospholipids makes this position a good
site where to anchor enzyme-releasable bioactive molecules in a prodrug-like scenario. As a further consequence, such
hydrolysis yields high concentrations of lysolipids and free fatty acids at the site of activation, which enhance permeability
across biological membranes or - in large amounts - induce cellular toxicity by forming aggregate structures with detergent-
like properties, due to their inverted corn-type features (Fig. 6b). sPLA2 favors organized lipid structures (such as bilayers)
over monomeric lipids in solution, making it particularly suitable for liposomal drug delivery; while key structures are more
easily defined for earlier described stimuli responsive LPs. The stability of the whole LPs towards sPLA2 has to be often
considered. Indeed, the enzyme requires calcium as a cofactor, and its activity is determined by the composition,
morphology, and physico-chemical properties of the lipid membrane; for this reason, a carefully tailored formulation of LPs
is required.

Phospholipase-triggered payload release

In 2011, Cummings reported long-circulating, PEGylated and sterically-stabilized LPs (SSLPs) with Chol, and compared
them with PLA2 sensitive LPs [77]. Using 6-carboxyfluorescin (6-CF) as a dye, their release profile in presence of sPLA2 was
examined; 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG) and DSPE were suitably susceptible to sPLA2-mediated
degradation compared with other phospholipids. Moreover, LPs with high content of anionic phospholipids may also
activate the RES, further reducing their retention time. Conversely, their release profile in absence of sPLA2 showed a limited
release (<2%) over 108 hours, demonstrating their targeted disassembly by the enzyme. Later, the same group [76]
evaluated the in vivo activity of sPLA2-responsive LPs compared to clinically used, long-circulating PEGylated SSLPs for the
treatment of prostate cancer. Formulation with 10% DSPE gave the best DOX-uptake profile, resulting in 2 to 5-fold higher
intracellular drug levels compared to SSLPs. The in vivo activity of responsive SPRL-E LPs, containing DSPE as a key
phospholipid, was demonstrated using a mouse xenograft model of human prostate cancer.

A PLA2-sensitive hybrid LP composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and PEGylated block-
copolymer (Poloxamer 188) was developed for the treatment of lung cancer (Fig. 6a) [78].

Please insert here Figure 6

PLA2-sensitive LPs are used also for the treatment of infections. LPs encapsulated in a gelatin-CS hydrogel were reported
for the treatment of infected wounds [79]. In the liposomal hydrogel, the model payload curcumin was embedded in the



bilayer of the LPs. Lecithin used for LP assembly could be hydrolyzed by PLA2, which is abundant in wound exudates,
resulting in curcumin release in and from the hydrogels. In the latter case, LPs stabilized by small charged nanoparticles
adsorbed on the LP surfaces have been developed as a new class of environment-responsive LPs, stable against premature
fusion and payload leakage [80]. Such developed PLA2-responsive LPs were conceived for the treatment of Helicobacter
pylori (H. pylori) infections, as this bacterium is a strong PLA2 producer.

Phospholipase-triggered prodrug activation

A classical approach to develop LP-bound prodrugs, which might be activated by phospholipases and in particular by
PLA2, is to attach a payload at the sn-2 position (red arrow, Fig. 6a), replacing the phospholipid acyl chain. Andersen and
Mouritsen developed novel lipid-based retinoid prodrugs. All-trans retinoic acid (ATRA) is known for its anti-cancer activity
on breast, prostate, and colon cancer, but suffers from low bioavailability, fast clearance from the bloodstream and low
water solubility. In a first attempt [81], they reported the synthesis of a modified phospholipid carrying ATRA and retinoic
acid receptor (RAR) on the sn-2 position. A C-6 chain was later inserted between the glycerol backbone of the lipids and the
ATRA or RAR moiety, in order to overcome the lack of enzymatic activity arising from the rigid nature of ATRA and RAR
directly bound on the sn-2 position. The resulting ATRA-based 20a-b and RAR-based prodrugs 21a-b (Fig. 7) were completely
hydrolyzed by sPLA2 within 24 hours, and were cytotoxic to cancer cells in presence of PLA2. In a following paper, the ether-
based prodrug 1-O-stearyl-2-RAR-C6-sn-glycero-3-phosphoglycero 21b (Fig. 7) was assembled into a LP at different
concentrations with DPPC, resulting in an increased PLA2 sensitivity for the RAR-prodrug [82].

Please insert here Figure 7

Besides retinoid structures also prostaglandins, and in particular the dienone 15-deoxy-A'>'*-PGJ2 known for its
antiproliferative activity in tumor cells, were connected as prodrugs at the sn-2 position of 1-ether and ester phospholipid
(respectively 22a and 22b, Fig. 7), becoming an integral part of the lipophilic LP membrane [83]. In the PLA2-release test,
while the ester conjugate 22a was completely degraded after 48 hours, the sn-1-ether 15-deoxy-D**'4-PGJ; conjugate 22b
was hydrolyzed only up to 70% at the same time.

Gemcitabine (GEM), a potent anticancer agent against non-small-cell lung carcinoma, pancreatic cancer, breast cancer
and hepatocellular carcinoma, is rapidly metabolized in the blood by deoxycytidine deaminase to inactive 2’,2’-
difluorodeoxyuridine. Zuo et al. [84] designed a biomimetic phospholipid-like amphiphilic prodrug, 1-O-octodecyl-2-
conjugated linoleoyl-sn-glycero-3-phosphatidyl GEM 23a (Fig. 8), which ensures a decrease in GEM deamination, a common
metabolic step after GEM administration [85], and a rapid activation. As illustrated in Please insert here Figure , compound
23a underwent a preliminary cleavage mediated by PLA2 on the sn-2 position (step 1, Please insert here Figure ), releasing
a highly surface-active lysophospholipid (23c) and unsaturated acid 23b. The induced internalization of 23c through LP-
membrane disruption allowed the intracellular GEM-activation by PLD (step 2).

Please insert here Figure 8

In another work [86] an amphiphilic prodrug delivery system, also based on the elevated expression of PLD in cancer
cells, was reported. DOX was inserted into DOPC via a trans-phosphatidylation reaction carried out using PLD from
Streptomyces chromofuscus, yielding the prodrug-phospholipid construct 24 (Fig. 8). The resulting amphiphilic prodrug self-
assembled into nanoparticles with uniform size and good stability during storage and circulation. In this way,
pharmacokinetics and biodistribution of DOX were remarkably improved, with a selective triggered release by PLD into
cancerous cells.

Protease-sensitive LPs

Protease overexpression is typical of many diseases, with an imbalance in the expression and activity of specific
proteases at the organ target site. Among many protease families, metalloproteinases (MMPs) are a large group, that play
a key role in the degradation of proteins belonging to the extracellular matrix. MMPs can promote tumor invasion,
angiogenesis and metastasis by destroying the histological barrier during tumor invasion; for this reason, they are usually
over-expressed in tumor microenvironments in comparison to normal tissues. Different MMP subtypes exists and in




particular, extracellular MMP-2 and MMP-9 are over-expressed in multiple types of human cancers, and in several other
diseases including rheumatoid arthritis and osteoarthritis. The exploitation of MMPs for tumor-specific liposomal drug
release is not as straightforward as for the earlier introduced PLA2 strategy, since it is necessary to synthesize targeted
lipopeptides that act as substrates for MMP cleavage/release activation, and to incorporate these lipopeptides in the LP
membrane without altering its delicate structure.

Protease-triggered LP disassembly

Torchilin recently reported a dual stimuli-sensitive polymeric micelle with receptor-driven targetability for the co-
delivery of endogenous tumor suppressor miRNA-34a and DOX into cancer cells [87]. Despite its micellar nanostructure
being not LP-related, the interesting dual strategies applied piqued our interest. Namely, two stimuli-sensitive constructs, a
MMP2-sensitive DOX conjugate and a GSH-sensitive miRNA-34a conjugate (respectively 25 and 26,Fig. 9a), which were self-
assembled in a single micellar nanostructure decorated with PEG for prolonged circulation and with a CPP (TATp) for
enhanced intracellular delivery, have been developed.

A MMP-9-cleavable, collagen-mimetic lipopeptide 27 (Fig. 9b), consisting of repeated units of the Gly-Pro-Hyp tripeptide
(GPO)n, which forms nanosized vesicles with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE)-SS-PEG, and cholesteryl-hemisuccinate (CHEMS) lipids, was developed by
Mallik’s group [88]. This assembled nanosystem possesses both enzyme- and redox-sensitive characteristics. PEG groups,
which shield the peptide sequence recognized by MMP-9 in lipopeptides, were reductively removed only in response to
elevated GSH levels. A subsequent MMP9-induced peptide-bond cleavage altered the stability of the lipid bilayer, leading
to the release of encapsulated GEM.

A MMP-2 responsive peptide-hybrid LP (MRPL) was built via co-assembly of a MMP-2 responsive amphiphilic peptide 28
(Fig. 9b) and phospholipids, carrying pirfenidone (PFD) as a payload [89]. The latter should have down-regulated the
expression of multiple extracellular matrix (ECM) components in tumors, with subsequent decrease in desmoplasia, and
enhanced perfusion of PFD into the deep tumor tissue; in particular, treatment of pancreatic tumors and down-regulation
of pancreatic stellate cells (PSCs) were targeted. In vivo analysis on PSCs/Mia-paca-2 pancreatic tumor bearing mice showed
a decrease in penetration depth and tumor growth in mice treated with MRPL-PFD LPs and GEM, due to the increased PFD-
promoted GEM-perfusion.

Please insert here Figure 9

In another strategy for targeted delivery Lee [90] reported an extremely stable “polymer-caged liposome coat”,
preventing any leak of contents from the LPs, and conferring additional resistance to physiological osmotic swelling.
Bossmann’s group, in order to ensure drug release only at the targeted site, proposed a polymer-caged LP sensitive to
cancer-associated proteases (CAPs) [91]. A Chol-anchored graft copolymer composed of a short peptide sequence (Ser-Gly-
Arg-Ser-Ala) for urokinase plasminogen activator (uPA) and poly(acrylic acid) (29, Fig. 9c) was synthesized and incorporated
into LPs prepared at high osmolarities. The synthetized copolymer was incorporated into LPs and afterwards cross-linked
with ethylenediamine. An alternative cross-linking by using the two amino residues of a GSGRSAGK uPA-targeted peptide
(targeting sequence in red) was investigated, observing a good enzymatic release response and showing significant
resistance to osmotic swelling and leaking of contents at physiological conditions.

Protease-triggered LP deshielding

Jiet al. developed a B-cyclodextrin (B-CD) linked to a LP containing a peptide sequence cleavable by MMP-2 (30, Fig. 10a)
[92], and antifibrosis and chemotherapeutic drugs for regulation of PSCs, involved in pathologically relevant stromal fibrosis.
The B-CD portion was targeted to the stroma to inhibit the expression of collagen | and TGF-B in PSCs, down-regulating
fibrosis and decreasing the stromal barrier after MMP2-cleavage of the B-CD-conjugate. The post-cleaved LP, bearing the
chemotherapeutic drug GEM, targeted and killed pancreatic tumor cells thanks to the increased perfusion ensured by PFD.

In order to improve tumor targetability and drug efficacy, dual-functional micellar nanoparticles were developed by
combining MMP2-sensitive deshielding with folate receptor-mediated tumor targeting [93]. Folate receptors (FRs) are
abundantly expressed on many cancer cells, including ovarian cancer, breast cancer and multiple myeloma, and represent
a convenient strategy compared to antibody-based targeting for increasing cellular uptake. Two functional polymers,




PEG2k-MMP2-sensitive peptide-PE (31, Fig. 10a) and folic acid-PEGi-PE (FA-PEGi-DSPE), were synthesized and self-
assembled with egg phopsphatidylcholine (EPC) and Chol into dual-targeted LPs. In presence of MMP-2, the long PEG2« chain
could be removed thanks to MMP2-peptide cleavage, deshielding the FA-containing portion. In mouse models of breast
cancer, FA-based LPs targeted both 4T1 breast cancer cells and M2-tumor-associated macrophages (M2-TAMs) via FA-
receptor mediated endocytosis, resulting in efficient elimination of M2-TAM.

Please insert here Figurel0

In order to increase target delivery through “smart” and multi-functional drug nanocarriers, decoration of LPs with
various molecular entities was fully investigated [94]. Torchilin reported a nanocarrier which includes an hydrophilic and
flexible long PEG, increasing the longevity of the LPs; a tumor cell-specific anti-nucleosome monoclonal antibody (mAb 2C5)
anchored on a MMP-2-responsive peptidic lipid (Fig. 10b, 32a, 32b, pre- and post-modification, respectively); and a CPP
(TATp)-modified phospholipid which is exposed only after long-PEG chain removal by MMP-2 enzymatic cleavage.

A novel endogenous cell-targeting nanoplatform was recently developed against idiopathic pulmonary fibrosis (IPF)
through modulating M1/M2 macrophages into the suppression of fibroblast over-activation [95]. A MMP-2 responsive
peptide 33 was inserted post-LP formation through Michael addition on the maleimide of a DSPE-PEG-Mal construct (Fig.
10bErrore. L'origine riferimento non é stata trovata.). The key peptide 33, grafted on the outer LP-core, consists of a linear
chain of amino acid residues containing an MMP-2 specific cleavable sequence and a CXC chemokine receptor 4 (CXCR 4)
targeting part, which can specifically target CXCR 4 over-expressed on the cell surface of monocyte-derived multipotent cells
(MOMCs). Thus, the new MOMCs-LPs complex drove the accumulation of the same into IPF lungs, thanks to the homing
ability of MOMCs. Consequently, MMP-2 sensitive release allowed the delivery of nintedanib (NIN) and colchicine (COL) at
the target site, decreasing macrophage proliferation. Recently, a stimuli-responsive size-adaptable and ligand (biotin)-
sheddable DDS was developed making use of MMP-9 cleavable polymer-polypeptides functionalized with tumor targeting
ligand biotin 34 (Fig. 10a) [96].

A fine-tuned LP for the delivery of plasmid DNA (pDNA) was constructed [97], exploiting the colloidal stability of pDNA-
nanoparticles in biological fluids due to PEG-coating. In order to ensure PEG-deshielding at the target site allowing a
controlled payload release, PEGak-peptidyl lipids sensitive to tumor-localized elastase or MMP-2 digestion (compounds 35,
Fig. 10a) were co-assembled with DOPC, Chol and the cationic lipid 1,2-dioleoyl-sn-glycerol. The same group reported a
similar LP-design for the development of enzymatic triggered siRNA-release [98]; using PEGak-peptidyl lipids 35 with peptidyl
moieties sensitive to tumor-localized elastase or MMP-2 digestion. Miller et al. were able to extend the protocol for in vitro
siRNA transfection into cells. Specifically, for the increased TE, the authors hypothesized either an enhanced cellular uptake
mediated by peptide exposure after PEG-cleavage or an enzymes/protein-promoted cell internalization thanks to the
interactions between them and the peptide moieties on LP surface.

Liu and Chen [99] reported LPs with MMPs-induced deshielding (36, Fig. 10b), with release of a compound targeting
programmed death ligand 1 (PD-L1 inhibitor) after proteolytic cleavage (step 1, Fig. 10c). The authors were able to disrupt
the PD-1/PD-L1 interaction, favoring an immunotherapeutic approach, based on cytotoxic T lymphocytes (CTLs) infiltrating
tumor parenchyma and recognizing tumor-associated antigens. Release of DOX as a drug payload was ensured by the
introduction of a pH-responsive polymer 37 (Fig. 10c), composed of dibutylpropyl amine and 1,6-hexanediol diacrylate. DOX
release in acidic conditions (pH 5.0) was significantly accelerated (> 65%), compared to physiological pH 7.6 (step 2, Fig.
10c).

Particularly interesting and innovative is the strategy proposed by Mizukami [100], where a two-controlled versatile
nano-system was developed by using the membrane-damaging peptide temporin L (TL) and its derivatives as LP release-
controllers. In this work protease and phosphatase activities were investigated, as a system which might be activated in
response to internal stimuli. The authors synthetized a branched peptide, H-FVQWFSK(Ac-DEVD)FLGRIL-NH>, containing a
substrate sequence for caspase-3 (DEVD) which could be activated upon hydrolysis. The LP membrane-damaging activity of
TL was controlled by caging and uncaging of Lys e-amino groups; on the other hand, phosphorylation of a Tyr residue in
position 8 ((H-FVQWFSKYLGRIL-NH:) resulted to be optimal for achieving TL-inactivation and consequent activation upon
phosphatase-mediated dephosphorylation.



Other enzyme-sensitive LPs

Despite most published works on enzymatic-triggered LP delivery entail phospholipases-and metalloproteases as main
players, different enzymes overexpressed in cancer cells and in other diseases have also been studied.

A D-alpha-tocopheryl(PEGik)succinate (TPGS 38, Fig. 11a) and HA dual-functionalized cationic LP containing the synthetic
cationic lipid 1,5-dioctadecyl-N-histidyl-L-glutamate (HG2Cis 39) was developed for the co-delivery of PTX with the
chemosensitizing agent Lonidamine (LND) to treat multidrug resistance cancer, by inhibition of P-gp [101]. Such
sophisticated cationic LP combines different functional lipids and a HA shell, involved in the controlled release mediated by
HAase (Fig. 11a). Thus, after cleavage of the shell and subsequent endolysosomal uptake, the high cationic nature of the LP
combined with the proton sponge effect of the histidine imidazole groups in HG2Cis facilitated endolysosomal escape and
cytoplasmic distribution of the LP.

Please insert here Figurell

Recently, Lou et al. [102]. developed a new liposomal platform containing a key lipid composed of a variable substrate
moiety corresponding to a selected target enzyme, and acting as the trigger for LP release (40-42, Fig. 11b); a SIL located
between the trigger head group and the lipid scaffold; and the lipid scaffold itself (DOPE for 40, 41 and aminodialkylglycerol
for the galactosidase-responsive lipid 42, due to the chemical challenge associated with the introduction of the sugar head
group on DOPE). While esterase- and galactosidase-based systems showed enzyme dependent release of payloads, the
behavior of phosphatase-dependent LPs was completely different, with no release curve, probably due to the negative
charge of the resulting LPs, given by the phosphatase- sensitive groups.

A rare example of endonuclease-triggered LP hydrogel was lately developed by Guo [103]. Acrydite-modified single
strand DNA (ssDNA) was copolymerized with AM via free radical polymerization, and then hybridized with a cholesteryl—
tetraethyleneglycol (TEG)-modified complementary DNA strand (Chol-TEG-ssDNA) using the specific recognition site (5'-
GAATTC-3’) for the enzymatic cleavage mediated by the restriction endonuclease EcoR |. Hydrogel formation was afterwards
achieved via mixing the DNA copolymer and the LP (DOPC) solution, thanks to the hydrophobic interaction between the
cholesteryl groups of Chol-TEG-ssDNA and the lipid bilayer. The authors developed a responsive hydrogel, which was able
to incorporate and release efficiently both hydrophilic and hydrophobic drugs.

Finally, a summary of redox- and enzyme-sensitive LPs is presented below in table 1.

Please insert here Table 1

pH-triggered LPs

The crucial role of the complex tumor microenvironment led to the design and development of pH-sensitive liposomes
(pHSLs), which modulate the release of their contents in response to the acidic pH environment of the tumor tissue [104].
The most common pHSLs are composed of DOPE and CHEMS [105]. DOPE is a neutral cone-shaped lipid, which shows a
bilayer-to-hexagonal-phase reversible transition depending on temperature [106], whereas CHEMS contains a polar head
group and is able to stabilize DOPE in bilayers. More specifically, the carboxylate head group of CHEMS is negatively charged
at physiological pH, and due to electrostatic repulsions with the positively charged amine in DOPE stabilizes DOPE molecules
in a phospholipid bilayer. On the other hand, at mildly acidic pH CHEMS is protonated and DOPE molecules revert to their
hexagonal structure, causing LP destabilization and release of the payload [107]. However, DOPE/CHEMS hybrid LPs are
easily recognized by opsonins and driven to opsonophagocytosis [108]. To prevent their recognition by phagocytes of the
RES, nanocarriers may contain pegylated phospholipids (PEG-phospholipids) to increase their in vivo half-life. Unfortunately,
PEG molecules cause a decreased pH-sensitivity for DOPE/CHEMS hybrid LPs, due to stabilization of the bilayer, and also
prevent intracellular penetration of the payload into tumor cells [109]. To overcome these hurdles, newly engineered
pHSLPs were developed to exploit the acidic environment of the tumor cells by conjugating PEG to the surface of LPs via
pH-sensitive linkages. Suitable bonds must be stable at physiological pH, thus providing an increased circulation half-life to
the LP, but their hydrolysis at lower pH must cause PEG detachment.



pH-sensitive bonds

Zhang et al [110] developed pHSLPs with good tumor targeting and high internalization ability at the tumor site by
insertion into the LP of two modified lipids, PEGsk-Hz-PE (43, Fig. 12) and DSPE-PEG2k-Rs. A 5K PEG oligomer was connected
to the head group of PE via 3-(2-pyridyldithiol)propionyl hydrazide, a crosslinker which contains a pH-sensitive bond. After
PEG release at low extracellular pH conditions in tumors, the second modified lipid DSPE-PEG2k-Rs was revealed. DSPE bears
on its polar head group the conjugate between a shorter, 2K PEG-maleimide and an oligopeptide. Such oligopeptide contains
eight arginine units and a cysteine at the amino-terminus; the latter is used for conjugation with PEG, and contributes to LP
internalization into cancer cells. Thus, the long PEGylated lipid containing a Hz pH-sensitive bond protected the peptide, due
to its poor in vivo selectivity, until the LP reached the tumor cells. Then, Rs was unmasked and LPs could be internalized into
tumor cells.

Similarly, Kanamala et al [111] used 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) rather than DSPE, and
N-(e-maleimidocaproic acid) hydrazine as a crosslinker. The modified mPEGg-Hz-DPPE lipid 44 (Fig. 12) showed good stability
at pH 7.4, whereas protonation of the hydrazide—hydrazone bond at lower pH resulted in the rapid release of PEG, LP
degradation and efficient drug delivery to cancer cells.

Chen et al [112] prepared and evaluated modified pHSLPs containing a cleavable double smart mPEG-lipid derivative
which consisted of two ester and one pH-sensitive hydrazone bonds. Their aim was to decrease the ABC phenomenon, i.e.
the increased accumulation of PEG-modified LPs from the bloodstream in liver and spleen after repeated injections, by
efficiently removing PEGylated coating at lower pH by esterase action in serum. Modified LPs containing a PEG2-Hz-CHEMS
polymer 45 (Fig. 12) were used, and proved to be stable at physiological pH but sensitive to a mildly acidic environment (pH
5.5), where an efficient detachment of the PEG coating results from a combination of the pH-responsive hydrazone bond
hydrolysis and esterase-mediated ester bond hydrolysis. Moreover, they were less toxic and released more drug in
comparison with their non-pH sensitive modified LPs (mPEG-PE).

Synthetic lipids have also been used to assemble LPs. An acylhydrazone-based acid-labile PEGak-lipid 46 (Fig. 12) was
synthesized by Chan et al [113] to increase cellular uptake and endosomal escape of PEGylated cationic LP-DNA complexes.
Indeed, HPEGa«-lipids proved to be stable at pH 7.4 for more than 24 hours, whereas the lower pH of maturing endosomes
(pH 5) resulted in the cleavage of the PEG-coating within 1 hour.

In addition to conventional, PEGylated and CHEMS-modified LPs, Xu et al [114] showed that poly (2-ethyl-2-oxazoline)
(PEtOz)-CHEMS modified LP 47 (Fig. 12) underwent acidic pH-induced increase in particle size that enhanced in vitro, pH-
dependent cellular uptake and drug release at pH 6.4 compared to physiological pH 7.4. Specifically, acid-induced
protonation of the amidic nitrogen resulted in the switch from a hydrophilic to a hydrophobic conformation, and
destabilization of the LP. Thus, the authors believe that PEtOz and similar functionalizations could overcome the major
hurdles of PEGylated polymers.

Please insert here Figurel2

pH-sensitive polymers and copolymers

The straightforward preparation of nanocarriers containing pH-sensitive polymers led to the development of novel
engineered LPs for acid-responsive drug delivery. Hyperbranched poly(glycidol) (HPG) derivatives with different degrees of
polymerization, such as 3-methyl-glutarylated (MGlu) HPG20-C10 (48, Fig. 12), were investigated by Yuba et al [115] as
intracellular delivery vehicles. Modified MGlu-HPG-containing LPs showed high hydrophobicity and a stronger interaction
with cell membranes than similar linear polymers, that was directly proportional to the increasing degree of polymerization.
Furthermore, copolymers were introduced into LPs for enhanced intracellular delivery of therapeutic agents by facilitating
endosomal destabilization.

Poly(styrene-co-maleic acid (SMA) (49, Fig. 12), a synthetic co-polymer introduced by Banerjee et al [116], showed a
random coil conformation at physiological pH, which collapsed and turned to a globular form at acidic pH, resulting in the
release of the LP cargo. Another copolymer was synthesized by Sugimoto et a/ [117] by random copolymerization of methoxy
diethylene glycol methacrylate (MD-MA), a temperature-sensitive unit, with methacrylic acid (MAA), a pH sensitive unit,
and lauroxy tetraethylene glycol methacrylate (LT-MA) which acted as an anchoring unit between the copolymer and egg
yolk phosphatidylcholine (EYPC). MD-MAAzo-LT-modified LPs 50 (Fig. 12) showed limited release at neutral pH, which was
enhanced by decreasing pH and/or increasing temperature. On the contrary, MD-MAAso-LT-MA LPs showed much higher




pH- and temperature-responsiveness at pH < 6.0 and at =45 °C, resulting in an increased cargo release due to dehydration
of the diethylene glycol chains of MD-MA and to protonation of MAA carboxylates on the copolymer.

To target the delivery of a payload to a specific site, functionalized pH-sensitive LPs were designed. These LPs showed
high affinity for a particular receptor due to different targeting ligands such as folate, HA, peptides, and antibodies which
could also overcome the limited specificity and uptake of unmodified LPs. Lee et al [118] reported the easy fabrication of
pHSLPs using hydrogenated soy phosphatidylcholine (HSPC) and HA, recognized by CD44 receptors, and conjugating them
with 3-diethylaminopropyl (DEAP) units (0.15, 0.25 and 0.40 ratios per each HA unit). HA-g-DEAPo.40 — containing LPs showed
spontaneous receptor-mediated endocytosis, fast endosomal escape, and efficient antitumor activity after protonation of
DEAP and destabilization at pH < 7.0. Miyazaki et a/ [119] studied model antigenic protein ovalbumin delivery into antigen-
presenting cells by pH-sensitive HA-modified LPs. MGlu-HA and carboxycyclohexane-1-carboxylated (CHex) HA derivatives
were synthesized and tested for their ability to achieve cytoplasmic delivery of antigenic proteins. CHex-HA-based LPs
showed higher efficiency in the uptake and delivery of ovalbumin compared with fibroblasts, and promoted the production
of Th1 cytokine from dendritic cells, resulting in therapeutic effects.

Cell membranes are negatively charged [120], so that cationic LPs are more easily internalized by cells due to their
electrostatic interactions. However, they are rapidly cleared from blood circulation due to interactions with anionic
biomacromolecules, such as serum components. Chen et al [121] developed cationic LPs containing Cypate, DOX and
NH4HCOs3, and shielded by a pH-responsive polymer (PSD, 51, Fig. 12), negatively charged in blood. After deshielding at lower
pH at the tumor site, the LP surface switched to positively charged, resulting in enhanced cell internalization. After
endocytosis and under NIR irradiation, LPs produced hyperthermia and rapid release of the payload. Men et al [122], using
layer-by-layer methods, prepared a pH-sensitive polymer nanoparticle containing a functional LP core for drug loading, HA
for increased circulation time and affinity, and poly(B-amino-ester) (PBAE) (52, Fig. 12) for controlled drug release. PBAE has
been used extensively as a pH-responsive layer, as its tertiary amine residues are protonated at acidic pH, resulting in the
release of the LP cargo at the tumor site. Specifically, the cumulative release of DOX at pH 5.0 was more than 60% after 5h
and around 98.8% after 72h.

Furthermore, Naziris et al [123] prepared pH-responsive LPs containing structurally different chimeric LP systems made
by HSPC (which exhibit phase transition temperature from gel phase (L) to liquid crystalline phase (L) [124]) and poly(2-
dimethylamino)ethyl methacrylate)-beta-poly(lauryl methacrylate) (PDMAEMA-beta-PLMA, 53, Fig. 12) by thin-film
hydration methods. Their morphology and behaviour were dependent on biomaterial concentration, pH variations and
polymer composition. The resulting PDMAEMA-beta-PLMA is a pH-sensitive amphiphilic diblock copolymer which
responded to pH alterations after protonation of the amino groups of PDMAEMA at mildly acidic pH. Moreover, PDMAEMA-
beta-PLMA-modified LPs showed to be non-toxic after preliminary in vivo toxicity experiments.

Zwitterionic pH-sensitive liposomes

Obata et al [125] investigated the influence of the head group moiety on pH-sensitive LPs through the synthesis of the
zwitterionic lipids 1,5-dihexadecyl N-glutamyl-L-glutamate (54, Fig. 12) and 1,5-dihexadecyl N,N-diglutamyl-lysyl-L-
glutamate (55, Fig. 12). Both modified LPs were evaluated for their pH-responsiveness during in vitro intracellular drug
delivery as well as for their in vivo anticancer efficacy compared to conventional DPPC-LPs. Such LPs showed higher
intracellular drug delivery and toxicity against Hela cancer cells. Yaroslavov et al [126] induced the assembly of conventional
zwitterionic EPC with an amphoteric lithocholic acid derivative 56 (Fig. 12), containing anionic and cationic groups at each
end of its steroid core. Compound 56 can change its orientation due to acidic/basic pH disordering of the lipid bilayer, thus
resulting in the release of the LP cargo. Remarkably, 50-60% of an encapsulated antitumor drug (DOX and cisplatin) was
released from such LPs within the first minutes after acidification of the surrounding medium.

Conformationally switchable LPs and Fliposomes

pHSLPs based on amphiphiles, known as flipids or fliposomes, can perform a pH-triggered conformation flip. Liu et al
[127] incorporated trans-2-aminocyclohexanol-based lipids into LPs to provide them with a pH-sensitive conformational flip
in an acidic environment (57 & 58, Fig. 13). Enhanced leakage of the LP cargo was observed after protonation of the amine
nitrogen and the formation of a strong intramolecular hydrogen bond with the hydroxy group, which led both groups to
switch from axial to equatorial positions. Furthermore, the conformational switch of the polar groups forced the lipid tails
to a mirror switch from equatorial to axial conformation, resulting in the destabilization of the LP membrane. Veremeeva et




al. [128] described the synthesis of a similar molecule with two long alkyl substituents and a chair-boat conformation at pH
> 7, which was inserted into phosphotidylcholine-LPS. Below pH 7.0, protonation of nitrogen atoms led to a different
orientation of the two alkyl chains, so that the molecule changed its conformation from chair-boat to chair-chair. As a result,
reorganization of the alkyl chains caused destabilization and leakage of the LP cargo within a few minutes at pH between 5-
7. More recently, Liu prepared a series of trans-2-aminocyclohexanol-based flipids for structure activity relationship studies
[129]. After studying the basicity, polarity and size of the headgroup, and the length of the tail, they concluded that the size
of the fliposome depends on its headgroup, and decreases when larger or more polar headgroups were used. On the other
side, higher basicity of the headgroup may cause premature cargo release, as it could be protonated even at physiological
pH; as a result, the flipid would change its conformation before reaching more acidic targets such as endosomes (pH 5.0-
6.5) and solid tumors (pH 6.5-7.2). Moreover, higher encapsulation was achieved by longer tails, while shorter tails showed
increased drug release at lower pHs.

Please insert here Figurel3

LPs functionalized with pH-sensitive peptides

CPP-decorated, pHSLPs spanning payloads varying from nanosized particles to DNA fragments were conceived for
cellular internalization [130]. Jiang et al [131] assembled a dual-decorated HA-(RsHa)-LP for tumor-targeted drug delivery.
Firstly, the HA-RsH4-LP was targeted to the tumor site by HA, where HAase released HA and exposed the RsHa sequence,
where arginine was responsible of cell penetration and histidine could be protonated in mildly acidic conditions, ensuring a
pH-dependent response. The synergistic effect of the two residues ensured for HA-ReHs-LP an enhanced anticancer drug
delivery, therapeutic efficacy, and decreased drug toxicity. More recently, Zhao et al [132] prepared and characterized
pHSLPs encapsulated with DOX for the treatment of glioma. The pH-responsive peptide H7K(Rz2)2 was introduced onto LPs
as a targeting ligand which also exhibited pH-triggered DOX release at the acidic pH environment in gliomas. Moreover, the
anti-tumor activity of DOX-H7K(Rz2)2 pHSLPs was confirmed by in vivo experiments. Similarly, Shi et al [133] prepared a pH-
sensitive CPP and anchored it on the surface of LPs for delivering PTX in tumor cells with low systemic toxicity. The cyclic
cRGDfK peptide, specific to overexpressed integrin awfs on activated endothelial cells, was bound through an amide bond
between the e-amino group of lysine and the C terminus of the H-CLIHH(Aib)LHALHHLNIHGLLYGA-OH peptide, which
contains several His residues for pH-triggered efficient drug delivery. Cysteine at the N-terminus acted as an anchor between
the peptide and DSPE-PEG2K-maleimide. LPs bearing the ¢(RGDfK)-AGYLLGHINLHHLAHL(Aib)HHIL-Cys CPP exhibited strong
binding and selectively targeted integrin a3 overexpressing cancer cells, due to the RGD fragment of the cyclic peptide.
Moreover, efficient accumulation and penetration of PTX in the tumor was observed due to the negative charge of the
peptide in the blood circulation and its positive charge at the tumor side. The pH-responsive SKDEEWHKNNFPLSP peptide
was investigated by Han et al [134], being an affinity ligand of the angiogenesis marker vascular endothelial growth factor
receptor 2 (VEGFR2). Its pH-responsiveness is due to the KDEE-segment at its N-terminus, which forms an a helix in presence
of protons. Thus, efficient drug delivery and in vivo therapy could be “switched on” in a mildly acidic environment, such as
where VEGFR2 is overexpressed.

LPs functionalized with orthoester nucleoside lipids

Orthoester nucleoside lipids (ONLs, 59 and 60, Fig. 14) were introduced by Oumzil et al [135] for the assembly of pH
sensitive LPs. Their synthesis entailed the attachment of a dialkyl orthoester chain to the secondary hydroxy group, and of
a charged or neutral hydrophilic moiety to the primary hydroxy group of thymidine; on the other side, their hydrolysis rate
depends on proton concentration. Thus, such ONL-modified LPs, when exposed to the acidic tumor microenvironment
around pH 5.0, showed an increased hydrolysis rate in comparison with pH 7.4. At the lower, acidic pH LP destabilization
took place through orthoester bond hydrolysis, followed by the attachment of the hexadecanol to the DOPC. This led to
cone-shaped complexes and to the formation of a hexadecanoyl/DOPC lamellar system, which promoted LP destabilization
and the release of their cargo. ONL-based LPs efficiently delivered siRNAs targeted against human RecQ helicase (RECQL4)
for the treatment of breast cancer.




LPs functionalized with unnatural pH-sensitive lipids

The preparation and characterization of a pH-sensitive pentaerythritol phosphatidylcholine (PEPC) lipid (61, Fig. 14) with
marginal toxicity was described by Zhan et al [136]. This lipid was synthesized via latentiation in good yields with a
trialkoxybenzylidene acetal group as a pH-sensitive moiety. Self-assembly of PEPC lipids in aqueous solution led to the
formation of LPs, which were loaded with fluorescent calcein to prove their pH-sensitivity. These smart drug carriers were
stable at pH 7.4, whereas they showed size increase and 80% release of their cargo within 5 hours at pH 4.5 due to the
cleavage of the cyclic acetal. Liskayova et al [137] investigated the relationship between the structure of N,N-
dimethylalkane-1-amine N-oxides 62 (CnNO, n=1-18, Fig. 14) and in vitro TE of pH-sensitive DNA-CxNO/DOPE lipoplexes
(cationic, non-viral lipid-DNA complexes) by delivering plasmid DNA (pEGFP-N1) into human bone OS epithelial cells (U20S).
Zeta potential measurements and small angle X-ray scattering showed dependence of the ChnNO structure on the complex’s
composition and on pH. More specifically, a conformational transition from cubic (Qu) and lamellar (Ls) phases at neutral pH
to condensed lamellar (Ls) and condensed inverted hexagonal Hi¢ phases at acidic pH was observed. C1sNO/DOPE was
identified as the most effective LP, with a 3-fold higher transfection efficiency than commercial Lipofectamine 2000.

Please insert here Figurel4

Hypoxia-triggered liposomes

Hypoxia is the disrupted balance between the supply and consumption of oxygen, observed in many solid tumors [138]
and leading to resistance to radiotherapy [139], chemotherapy [140], and to poor prognosis [141]. Feng et al [142], by
exploiting the hypoxic tumor microenvironment in combination with non-invasive, light-triggered cancer PDT, developed
PEG-shelled theranostic LPs encapsulated with the hydrophobic photosensitizer chlorin e6 and the hydrophilic bioreductive
prodrug AQ4N (63a, Fig. 15), activated by hypoxia inhibiting topoisomerase Il. AQ4N-hCe6-LPs proved to be versatile imaging
probes for in vivo tracking by photoacoustic (PA)-, fluorescence- and positron emission tomography (PET)-imaging;
moreover, ex vivo experiments confirmed a promising nanocarrier activity as anticancer therapies.

Furthermore, Liu et al [143] developed a synergistic chemo-/ radiotherapy treatment for malignant glioma by preparing
a hypoxic radiosensitizer LP for the delivery of DOX to the tumor. Hypoxic nitroimidazole radiosensitizers were conjugated
through a hydrolysable ester bond with hexadecanedioic acid, using 3-(dimethylamino)-1,2-propanediol as a linker between
the two fatty acids (MDH, 64a, Fig. 15) to prepare hypoxia-dependent LPs. These LPs showed both in vitro and in vivo
enhanced intracellular uptake, and efficient release of a DOX payload under hypoxic conditions. In details, reduction of the
poorly water soluble, hydrophobic nitroimidazole derivative 64a to the corresponding highly water-soluble hydrophilic
aminoimidazole derivative 64b led to LP destabilization and, eventually, to payload release. Besides, such LPs overcame the
resistance of cancer cells to radiation due to their intra-tumoral hypoxia, and provided permeability through the otherwise
impermeable blood-brain barrier. Similarly, Li et al [144] introduced a nitroimidazole derivative 65a (Fig. 15) for the
construction of hypoxia-triggered LPs. Such LPs also demonstrated a hypoxia-dependent payload release both in cellular
assays and in xenograft models implanted with clinically relevant patient cell lines. Due to their hydrophobic character and
their ability to convert to the corresponding hydrophilic aminoimidazoles via a series of selective bioreductions,
nitroimidazoles have been used widely as nanocarriers in the development of hypoxia-triggered LPs.

Unnatural azo-inserted lipids containing Si rather than P atoms were reported by Long et al (66a, Fig. 15) [145]. The
corresponding hybrid LPs selectively released in vitro and in vivo their payload close to tumor sites, after responding to
overexpressed hypoxia inducible factor 1 a (HIF-1 a).
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Finally, a summary of pH- and hypoxia-sensitive LPs is presented below in table 2.

Please insert here Table2



Conclusions and future perspectives

Different chemical modifications introduced in the last years in the development of endogenous responsive LPs were
presented in this review. Specifically, these nano-DDS significantly increase the choice of treatments for common diseases,
in particular in chemotherapy, where the selective release of hazardous drugs may notably reduce toxicity issues and off-
target effects. An internal stimuli-triggered release is based on tailored-sensitive molecules, which respond to different
environmental conditions. Namely, the presence of specific enzymes and the mild acidic pH in tumor microenvironments
cause their selectivity. However, a premature disruption of the LP and the leakage of its cargo before reaching the target
sites, together with substantial individual differences among patients are drawbacks often observed in these systems.
Herein, many approaches used to answer such central issues in the development of responsive-LPs have been reported, to
give an outlook on this topic and at the same time, to offer a landmark to selectively choose among the tailor-made
molecules for building multifunctional LPs.

In particular, recent trends point toward the construction of multifunctional DDS able to expose active targeting
molecules on cue, as well as to release different drugs sequentially, thanks also to the presence of penetration enhancers.
In our opinion, this synergistic combination of different approaches and of multiple release mechanisms could be the future
direction for the development of new LP-based DDs. The further introduction of self-reporting systems, which allow a real-
time measurement of the efficiency of a given therapy by the determination of the biodistribution and site accumulation of
the drug in the body, could also represent a smart strategy for answering the individual response to therapy, allowing further
progress toward personalized interventions.
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Abbreviations: ABC, accelerated blood clearance; ALN, alendronate; AM, acrylamide; AQ4N, 1,4-bis[[2-
(dimethyloxidoamino)ethyl]amino]-5,8-dihydroxy-9,10-anthracenedione dihydrochloride; B-CD, B-cyclodextrin; CHEMS,
cholesteryl-hemisuccinate; Chex-HA, carboxycyclohexane-1-carboxylated hyaluronic acid; Chol, cholesterol; CLSM, confocal
laser scanning microscopy; CPPs, cell-penetrating peptides; CPT, camptothecin; CS, chitosan; DEAP, 3-diethylaminopropyl;
DDS, drug delivery systems; DMPE, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; DOX, doxorubicin; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; DSPE, 1,2-Distearoyl-sn-glycero-3-
phosphorylethanolamine; DSPG, 1,2-distearoyl-sn-glycero-3-phosphoglycerol; DTX, docetaxel; EPC, egg
phosphatidylcholine; EPR, enhanced permeability and retention; EYPC, egg yolk phosphatidylcholine; GSH, glutathione; HA,
hyaluronic acid; hCe6, hydrophobic chlorin e6; HSPC, hydrogenated soy phosphatidylcholine; HSPEC, hydrogenated soy
phosphatidylcholine; Hz, hydrazone bond; LPs, liposomes; LT-MA, lauroxy tetraethylene glycol methacrylate; MAA,
methacrylic acid; MD-MA, methoxy diethylene glycol methacrylate; MGlu-HPG, 3-methyl-glytarylated hyperbranched
poly(glycidol);MMP, matrix metalloproteinase; mPEG, methoxy polyethylene glycol; mPEGs, methyl ether polyethylene
benzaldehyde; NIR, near infrared; ONL, orthoester nucleoside lipid; OS, osteosarcoma; PBAE, poly(B-amino-ester);
PDMAEMA-beta-PLMA, poly(2-dimethylamino)ethyl methacrylate)-beta-poly(laury methacrylate); PE,
phosphatidylethanolamine; PEG, polyethylene glycol; PEPC, pentaerythritol phosphatidylcholine; PET, positron emission
tomography; PEtOz, poly (2-ethyl-2-oxazoline); PFD, pirfenidone; pHSLs, pH sensitive liposomes; PLA, phospholipase A;
POPC, 1-palmitoil-2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine;
PSCs, pancreatic stellate cells; PTX, paclitaxel; Rs, eight units of arginine; RES, reticuloendothelial system; SIL, self-immolative
linker; SMA, poly(styrene-co-maleic acid); TAMs, tumor-associated macrophages; TE, transfection efficiency; TEG,
tetraethylene glycol.
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FIGURE 1. Schematic representation of the main chemical strategies employed for the development of redox-sensitive LPs.
FIGURE 2. Redox-responsive chemical structures 1-4, involved in GSH-mediated LP deshielding.

FIGURE 3. a) Cationic responsive lipids employed in combination with phospholipids to afford multilamellar LP-DNAcomplex
self-assembled structures; b) tocopherol-based redox-sensitive cationic lipids as building blocks in LP formation; c) redox-
responsive pyropheophorbide a-lipid conjugate; d) Prodrugs sensitive to redox environments; e) mechanistic insights into
redox-triggered drug release.

FIGURE 4. GSH-activated self-reporting constructs and lipoplexes: structures and activation mechanism.

FIGURE 5. a) Payload release triggered by reduction of quinone 18 and intramolecular cyclization of hydroquinone to yield
an inverted-phase-forming DOPE and a lactone; b) ferrocene-based phospholipids 19a, b and lipid 19¢, exploiting Fe' to Fe'"
oxidation; c) polymerization between a thiol aryl PEG and maleimide groups present on the surface of assembled LPs.

FIGURE 6. a) PLA2-sensisitve phospholipids used as building blocks in common LP formulations; b) schematic representation
of PLA2 triggered drug-release.

FIGURE 7. PLA2-mediated hydrolysis and activation of PLA2-targeted prodrugs where payloads are covalently bound to
modified phospholipids at the sn-2 position.

FIGURE 8. Sequential PLA2- and PLD-mediated hydrolysis and activation of payloads covalently bound to modified
phospholipids.

FIGURE 9. a) Protease-sensitive constructs (cleavable sequences in red) assembled with other phospholipids to afford
protease-sensitive LPs; b) bare LPs decorated with a MMP-2 sensitive polymer.

FIGURE 10. Key MMP-sensitive molecules used in targeted LPs deshielding via: a) pre-assembly functionalization; b) post-
assembly through the maleimide-thiol reaction; c) MMP2- and pH-responsive LPs for efficient delivery of payload drugs.

FIGURE 11. a) TPGS- and HA-centered, dual-functionalized LPs suitable for HAase-triggered HA degradation; b) structure
and mechanism of action of enzyme-sensitive lipids targeted against enzymes other than phospholipases and proteases.

FIGURE 12. Chemical structures of pH-sensitive liposomes components 43-56 (a light blue color indicates the pH sensitive
portion of each construct).

FIGURE 13. Conformational switch of flipid tails at mild acidic pH (a blue color indicates their pH sensitive portion).

FIGURE 14. Chemical structures of unnatural lipids 59-62 used for the preparation of pH-sensitive liposomes (a light blue
color indicates their pH-sensitive portions).

FIGURE 15. Chemical structures of bioreductive prodrug 63a, of nitroimidazole-based 64a, 65a of Si-based construct 66a
used for the preparation of hypoxia-responsive LPs, and of their corresponding reduced derivatives (63-66)b (a blue color
indicates their hypoxia-sensitive portions).
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