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Amphiphilic nanoparticles with high drug loading capacity and mucus penetration properties are attractive
for the delivery of potent hydrophobic drugs across the mucosal barrier in tumor therapy. In this study we
report a facile strategy towards biocompatible and tumour microenvironment responsive nanogels,
capable of controlling the mucosal delivery and release of a model dye. Polypeptide—polypeptoide hybrid
with
N-carboxyanhydrides (NCA) of phenylalanine and cystine as a core crosslinker. The nanogels exhibited a

nanogels were obtained by the chain extension of corona-forming poly(sarcosine)
suitable size range of around 100 nm and a spherical morphology as monitored by dynamic light scatter-
ing (DLS), transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA). They further
showed a reduction-responsive behaviour through the cleavage of the cystine disulfide core crosslinks by
glutathione at concentrations present in the intracellular environment as well as a lack of cytotoxicity
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against both cancerous and non-cancerous cell lines. Lead nanogels facilitated an enhanced transport of
a model hydrophobic dye across artificial mucus compared to the dye alone with a reduction sensitive
release in the presence of glutathione. This work provides a facile strategy for the synthesis of responsive
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Introduction

The last decade has witnessed continuously increasing interest
in the field of nanomedicine." The use of nanocarriers for the
delivery of therapeutic drugs has received specific attention as
it offers to overcome well-known biological barriers in drug
delivery.” These include the delivery of next generation highly
potent hydrophobic drugs to difficult-to-deliver-to disease
environments as is often encountered in cancer treatment.’*
Nanoparticles can be precisely designed to facilitate drug deliv-
ery in these settings by carefully engineering their core and
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nanomedicines in anti-cancer therapy where mucosal barriers have to be overcome.

surface properties. Nanoparticles with a hydrophobic core for
drug loading, ideally allowing a triggered drug release at the
disease site, and a hydrophilic surface to permit stability and
transport in physiological fluids are desirable. In particular
cases, for example drug delivery to tumours in the gastrointes-
tinal tract, mucus penetration properties can improve the drug
availability at the tumour site.>”” A broad spectrum of different
nanosystems has been proposed and tested for therapeutic
delivery to date including solid-lipid nanoparticles, liposomes,
vesicles, and polymer nanoparticles, among others.**™
Nanogels have also emerged as a promising class of particles
for the delivery of pharmaceuticals. Nanogels are nanosized
polymeric materials obtained from selectively core cross-linked
networks at an optimised ratio of monomer to crosslinker.'* ™
Their small size combined with the ability to impart a diverse
range of properties to nanogels renders them suitable for a
wide variety of bio-applications like bio-imaging, tissue engin-
eering and drug and gene delivery."®*® In particular, nanogels
that respond to the alteration of a stimulus such as pH, temp-
erature or redox are promising candidates as vehicles for drug
delivery applications.’®" The majority of reported nanogels
are based on acrylates obtained by free radical polymerization
(FRP),>*>>* reversible addition-fragmentation chain-transfer
polymerization (RAFT),** atom transfer radical polymerization

This journal is © The Royal Society of Chemistry 2022
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(ATRP)*® and emulsion techniques.*® However, the fully syn-
thetic nature of these materials renders them non-degradable
and can cause biocompatibility issues. We are interested in
employing nanoparticles from polypeptides as biocompatible
and resorbable materials in drug and gene delivery
applications.>’° Polypeptides are typically obtained by the
controlled ring opening polymerization of amino acid
N-carboxyanhydrides (NCA),>'*?> a technique that has also
been applied for the synthesis of responsive nanogels.**>*
Specifically, the integration of disulfide bonds in the core of
nanogels was reported to offer high consistency and reduction-
sensitive nanostructures with improved intracellular drug
release properties.>® In the reported examples, the direct
polymerization of cystine NCA (di-cysteine, dCys-NCA), a
readily accessible difunctional NCA, was utilized for the chemi-
cal crosslinking of the nanogels.*>*® The drug release strategy
relies on the 500-1000 times higher concentration of the
reductive tripeptide glutathione (GSH) in the tumour cyto-
plasm as compared to the extracellular tumour
microenvironment.*™** It was demonstrated that the disulfide
bonds in these polypeptide nanogels are cleaved in the pres-
ence of GSH causing cargo release. This led researchers to
study polypeptide nanogels based on a cystine core as vectors
for controlled and targeted drug delivery against cancer
tissues.>>*” Introduction of dCys-NCA in polypeptide nanogels
was achieved with amine functional poly(ethylene glycol)
(PEG-NH,) rendering the nanogel surface hydrophilic.
PEGylation is also a well-established concept to facilitate nano-
particle mucus penetration by reducing the interaction of
nanoparticles with the charged components of the mucosal
layer.*>*® However, an increased number of reports have been
published pointing out hypersensitivity to PEG as well as its
detrimental effects on cell uptake.*”*® A promising alternative
for surface modification of nanoparticles is poly(sarcosine)
(PSar), a polypeptoide derived from the N-methylated deriva-
tive of glycine (sarcosine). Highly hydrophilic PSar has many
features that can promote mucosal delivery including neutral
surface charge.””' PSar can be conveniently obtained by the
polymerisation of its corresponding NCA.>* In a recent publi-
cation, we demonstrated mucus- and tissue-permeating pro-
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perties of amphiphilic 8 arm star poly(r-glutamic acid-b-sarco-
sine) vectors for mucosal drug delivery.”?

Here we report the first example of a polypeptide-polypep-
toide hybrid nanogel using PSar as a hydrophilic corona. We
demonstrate a facile strategy towards biocompatible and
tumour microenvironment responsive nanogels, capable of
controlling the mucosal delivery and release of a model dye. A
series of PSar-b-P(Phe-co-dCys) nanogels were synthesized by
ROP of amino acid NCA. Polypeptide-polypeptoide nanogels
were monitored for their structure, size, stimuli-responsive-
ness, and drug loading ability. Moreover, a lead candidate was
selected for further drug delivery and mucus penetration
studies. Considering recent efforts in the synthesis of func-
tional polypeptoides,>>® the strategy presented here could
open an avenue for the design of biocompatible surface func-
tional nanogels difficult to achieve by other techniques.

Results and Discussion

Synthesis and characterisation of polypeptide/polypeptoide
hybrid nanogels

NCA monomers of Sar and Phe were obtained by their reaction
with triphosgene, while thionyl chloride, a milder chlorinating
agent, was utilized for the formation of two r-cystine NCA
rings at 0 °C (Schemes S1-S31). "H-NMR spectra confirmed the
successful synthesis and purity of the NCA monomers (Fig. S2,
S4 and S67). This was further corroborated by the presence of
two characteristic v(C=0) FTIR vibrational NCA bands around
1780 and 1850 cm ™" (Fig. S1, S3 and S51). The synthesis of the
hybrid nanogels is depicted in Scheme 1. Allylamine was
selected as the initiator for the formation of the PSar block for
which a degree of polymerization (DP) of 77 was targeted for
all nanogels. When quantitative Sar NCA consumption was
reached, verified by FTIR spectroscopy (Fig. S771), the PSar
chain was extended by the addition of a mixture of Phe NCA
and dCys NCA. Size exclusion chromatography (SEC) analysis
of PSar before chain extension showed a monomodal trace
with a dispersity () of <1.1 (Fig. S8t). The total DP of the poly
(Phe-co-dCys) block was set to 18-19 and 72-74, respectively,
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Scheme 1 Synthesis of polypeptide/polypeptoide hybrid nanogels.
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Table 1 Synthesized PSar-b-P(Phe-co-dCys) polymers

Entry DPSar™  DPPhe™™  DPdCys™  Phe/dCys ratio
NG1 77 16 3 5:1
NG2 77 12 6 2:1
NG3 77 48 24 2:1
NG4 77 64 12 5:1

while the dCys to Phe molar ratio was varied at 5:1 and 2:1
for both DP ranges (Table 1). The progress of the chain exten-
sion was monitored by the disappearance of the NCA carbonyl
signals by FTIR analysis. Notably, the absence of a character-
istic FTIR sulfhydryl (-SH) band at 2566 cm™' provides evi-
dence that the disulfide bridges of dCys remained intact
during the polymerisation (Fig. S71). This resulted in the sim-
ultaneous crosslinking and formation of the hydrophobic
nanogel core during the chain extension.

Quantification of the dCys to Phe ratio in the crosslinked
particles was attempted by 'H-NMR spectroscopy. While in
DMSO-d6 this proved to be impossible due to the overlap of
PSar with the copolypeptide block signals, using CDCl; as a
block-selective NMR solvent provided better results. Due to the
poor solubility of PSar in CDClj, its signals are shielded and
characteristic monomer signals of Phe (a in Fig. 1a) and dCys
(d in Fig. 1a) are distinguishable in the spectra (Fig. S9-S117).
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Fig.1 'H-NMR (a) and DOSY (b) spectra of NG4 in CDClz and DMSO-
dé.
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While the overall quality of the NMR spectra measured under
these conditions did not allow an exact calculation of the
dCys/Phe ratio, they largely agreed with the monomer feed
ratio in Table 1. Most importantly, diffusion-ordered spec-
troscopy (DOSY) showed a single diffusion coefficient for all
polymer signals, suggesting that they belong to the same com-
pound thereby confirming the absence of multiple polymer
species (Fig. 1b and Fig. S127).

All amphiphilic nanogels were lyophilized after synthesis
and stored as a dry powder. Fresh dispersions were obtained
by dissolving the nanogel powder in 10 mM PBS (pH 7.4) at a
concentration of 1 mg ml™". As evident from TEM analysis, the
amphiphilic hybrid nanogels form spherical nanoaggregates
in PBS. It is hypothesised that in these nanogel assemblies the
hydrophobic cores are shielded from the aqueous environment
by PSar coronas as depicted in Scheme 1. Analysis of the nano-
particles using dynamic light scattering (DLS) revealed average
hydrodynamic diameters of around 100 nm except for NG1
with a particle size of 143 + 1.4 nm (Table 2 and Fig. S137).
Size stability upon 100x dilution was confirmed to be exemp-
lary for NG4 (Fig. S14f). Nanoparticle sizes and spherical
shapes were confirmed by nanoparticle tracking analysis (NTA)
(Table 2 and Fig. S15t). However, TEM images (Fig. 2) and DLS
plots suggested some multimodal distributions and relatively
high polydispersity indices. With this caveat, no specific
dependencies of nanoparticle size on the nanogel block
lengths and monomer ratios could be identified. It can be con-
cluded, though, that nanoparticles obtained from nanogels
NG2-4 meet the size requirement of around 100 nm for mucus
penetration properties.’”

The reduction-responsive behaviour of the nanogels was
evaluated by monitoring their DLS size change in PBS in the
presence of 10 mM GSH, thereby mimicking the intracellular
reduction environment.** As shown in Fig. 3, nanogels in PBS
without GSH maintained a constant size over 24 h, which
suggests that all four types of nanogels possess good stability.
When the nanogels were incubated with GSH, they demon-
strated reduction sensitivity evidenced by a significant size
increase due to the reductive cleavage of the core disulfide
crosslinker. Particles from NG2-4 displayed a DLS size increase
between 1.6-5 fold within 24 h, while a 24-fold increase was
seen for NG1 (Fig. 3). This might be due to the fact that
NG1 has the lowest dCys content (crosslink density) combined
with the lowest polypeptide to PSar ratio facilitating better

Table 2 Summary of hybrid nanogel particle size characterisation in
10 mM PBS (pH 7.4) at a concentration of 1 mg ml™

Entry Z-average (nm) DLS PDI NTA (nm)
NG1 143 £1.4 0.151 £ 0.023 130 £ 4.7
NG2 91+£2.3 0.417 + 0.055 86 +1.2
NG3 108 £ 0.2 0.193 + 0.002 91 £5.0
NG4 106 + 0.3 0.263 + 0.008 114 +1.9

DLS: dynamic light scattering; NTA: nanoparticle tracking, PDI:
polydispersity index. Data reported as mean + SD (n = 3).

This journal is © The Royal Society of Chemistry 2022
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NGt I
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Fig. 2 TEM images (scale bars represent 100 nm) of NG1-4 after the
dispersion of dry powder in PBS buffer.
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Fig. 3 The change of Dy, with time of (a) NG1, (b) NG2, (c) NG3, and (d)
NG4 in PBS at pH 7.4 after treatment with 10 mM glutathione (GSH)
monitored by DLS (n = 3 + SD).

access of the GSH to the nanogel core. TEM image provided
further evidence for the cleavage of NG4, the coexistence of
small spherical particles and large irregular aggregates con-
firmed the disintegration of NG4 via the cleavage of the di-
sulfide bridge (Fig. S167).

Drug delivery potential of hybrid nanogel particles

The results of the previous section confirmed that nanogels
from polypeptide/polypeptoide could be obtained in a size
range suitable for drug delivery application. Moreover, we
demonstrated that they respond to the reductive cleavage of di-
sulfide bonds using a tumour-specific trigger. To validate their
potential for therapeutic delivery, NG4 was selected as a proto-
type considering both GSH responsiveness and its smaller
size. First, MTT assays were performed to evaluate the toxicity

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 MTT assays of hybrid nanogel particles from NG4. (a) B16F10
and (b) 293T cells were incubated with nanogels, the negative control
(NC: medium) and the positive control (PC: 5% DMSO) for 24 h. Data are
presented as average + standard deviation (n = 3). * P < 0.05. NS indi-
cates no significance.

of the nanogel hybrid particles on the murine melanoma cell
line (B16F10) and human embryonic kidney cell line (293T).
Fig. 4 shows the results of the cytotoxicity assays as a function
of increasing NG4 concentrations (0.1-2 mg ml™") used to treat
the cells. When B16F10 cells were treated, the results con-
firmed no statistically significant cytotoxicity over the tested
concentration range of the unloaded NG4 nanogels compared
to the negative control (5% DMSO). B16F10 cells treated with
NG4 nanogels also demonstrate a significant viability >85%
over a range of treatment concentrations (0.1 to 1 mg mL_l),
and viability >80% at 2 mg mL™".

To model drug loading and release, a hydrophobic dye
(IR780) was loaded into the NG4 nanogel using a nanoprecipi-
tation method. The dye loading was first optimised by chan-
ging the NG4 to IR780 ratio. It was found that the dye loading
(DL) and the encapsulation efficiency (EE) were the highest at
4.5% and 74%, respectively, at an NG4 to IR780 ratio (w/w) of
10:1 (Table S1f). In addition, the dye-loaded nanogel size
remained around 100 nm by DLS (Fig. S171). TEM and NTA

Polym. Chem., 2022, 13, 6054-6060 | 6057
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Fig. 5 (a) TEM micrograph (scale bar 200 nm) and (b) still image of
nanoparticle tracking analysis (NTA) of NG4 loaded with IR780.

images showed relatively homogeneous nanoparticles with no
obvious difference compared to those before dye loading
(Fig. 5).

The release profile of IR780 from the cross-linked NG4
nanogel was studied using a dialysis membrane (MWCO:
3500) in PBS (10 mM, pH 7.4) with 10 mM GSH and without
any GSH. As observed in Fig. 6, in the absence of GSH the
release of IR780 was limited to less than 15% after 72 h. In
contrast, in the presence of 10 mM GSH, a concentration
mimicking the intracellular environment of the tumour tissue,
about 45% of IR780 was steadily released over the same time.
This is hypothesised to be due to the breaking of the disulfide
bonds inside the core of the nanoaggregates and the swelling
of the nanogels. The results suggest that the internally cross-
linked hybrid nanogel can minimize the drug loss under extra-
cellular conditions and allow for fast drug release within the
target cells in response to intracellular GSH. Hence, the
nanogel can act as an “on-demand” drug delivery system for
tumour treatment.

Finally, the ability of the IR780 loaded NG4 to penetrate
mucus was assessed. Mucus is a viscoelastic and adhesive
hydrogel that represents a substantial barrier to mucosal drug
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Fig. 6 In vitro IR780 release from IR780 loaded NG4 nanogels in PBS

with and without 10.0 mM GSH at pH 7.4, 37 °C. Data are presented as
average + standard deviation (n = 3). * P < 0.05.
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delivery.”” In order to penetrate mucus, synthetic nano-
particles must avoid adhesion to mucin fibres and be small
enough to avoid significant steric hindrance by the dense fibre
mesh. Mucus penetration was measured in a Transwell-
Snapwell diffusion chamber across a polycarbonate membrane
(pore size 3 pm) covered with a layer of artificial mucus.>
NG4-IR780 and control samples (IR780 alone) were added to
the apical side of the chamber and samples were withdrawn
from the basolateral compartment every 60 min for 240 min.
The quantity of IR780 present in the basolateral compartment
was measured by UV-Vis spectroscopy and quantified against a
calibration curve. Notably, NG4-IR780 could facilitate the deliv-
ery of an average of 4.4 pg IR780 across the mucous layer
within 4 h (Fig. 7). Significantly the dye alone could hardly
pass through the mucus due to its hydrophobicity (0.25 pg
transported over 4 hours). The results highlight that the
nanogel can effectively minimize the adhesive interactions
between mucin and the nanoparticles by reducing the hydro-
phobic or electrostatic interactions via its hydrophilic and
charge-neutral PSar shell. This renders the hybrid nanogels
promising drug delivery systems for the treatment of a variety
of diseases of the epithelium including rectal and intestinal
cancers.
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Fig. 7 (a) Transport of NG/IR780 across a polycarbonate membrane
was measured in the presence and absence of artificial mucus. PBS with
mucus and IR780 with mucus were used as the control. (b) Total trans-
port of NG/IR780 after 4 h. Data are presented as average + standard
deviation (n = 3). * indicates P < 0.05.
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Conclusions

In this study, a novel family of reduction sensitive core-cross-
linked nanogels based on a PSar-b-P(Phe-co-dCys) polypeptide/
polypeptoide hybrid composition was prepared. The nanogel
exhibited a suitable size range of around 100 nm and non-cyto-
toxicity against both cancerous and non-cancerous cell lines.
Importantly, the nanogels facilitated the transport of a model
hydrophobic dye across artificial mucus with a reduction sen-
sitive release in the presence of GSH, a trigger enriched in
tumor cells. Consequently, this work provides a facile strategy
for the synthesis of GSH-responsive nanomedicines for anti-
cancer therapy and mucosal delivery. Encouraged by the
present findings, further research will be conducted to
examine these nanocarriers both in vitro and in vivo for the
improvement of oncologic photodynamic therapy. The co-
delivery of immune agents and drugs as multiple therapeutic
payloads to cancerous tissues for synergistic antitumor treat-
ment will be explored.
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