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Biomaterials intended for in vivo applications should ideally be biodegradable to prevent their retention
in the body, while avoiding the need for surgical removal. This study investigates the in vitro lysozyme
degradation of chitosan—genipin hydrogels using fluorescence formed during the crosslinking reaction
between chitosan and genipin, resulting from highly conjugated heterocyclic structures. Fluorescence
degradation studies showed that the supernatant of degraded hydrogels significantly fluoresced,
suggesting that although the hydrogel structure was broken down, chitosan—genipin crosslinks prevail.
Further studies employing FTIR showed that this is not entirely the case, and that one of the bifunctional
crosslinks between chitosan and genipin is broken. Results suggest that lysozyme degrades the second-
ary amide linkage, whilst the tertiary aromatic amine linkage remains unbroken. Seeking to evaluate fea-
sibility and likely mechanism of removal of degraded hydrogels in vivo, degraded particle size was
measured. Results show existence of particles as small as 1.7 nm, which is below the threshold for renal
filtration. At the same time clusters of larger particles with a mean diameter of 218.4 ym + 17.8 were
detected and shown to likely form via agglomeration, rather than incomplete degradation. Collectively,
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our findings show that lysozyme partially degrades chemical crosslinks in chitosan—genipin hydrogels,
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1 Introduction

Hydrogels are three-dimensional networks of crosslinked hydro-
philic polymers, primarily consisting of water.'” The ability of
hydrogels to absorb water is due to hydrophilic functional groups
attached to the polymeric backbone, however, the crosslinks
between the network chains renders hydrogels insoluble.? Due
to their high water content and close resemblance to living
tissue, hydrogels are researched in biomedicine for diverse
applications including tissue engineering scaffolds and drug
delivery systems.

The subject of this study are the increasingly popular
chitosan-based hydrogels which, based on chitosan’s proper-
ties, are deemed biocompatible and biodegradable, envisioning
in vivo applications with minimal toxicity and natural excretion
from the body.® In particular, the study focuses on degradability
of chitosan-genipin hydrogels which, due to their chemically
crosslinked structure, deviates from native chitosan molecules
and requires investigation. Chitosan is a cationic, linear
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and that these hydrogels have potential to be eliminated from the body via urinary excretion.

copolymer composed of randomly distributed p-(1,4)-linked
N-acetyl-p-glucosamine and p-glucosamine units® that is produced
from deacetylation of chitin (Fig. 1), which is derived from the
exoskeleton of arthropods and fungal cell walls. Importantly,
chitosan-based products are seen as an opportunity to fulfil zero
waste economy principles, utilising chitin which is abundant in
seafood waste, promoting sustainable manufacturing.

Chitosan hydrogels can be formed by both physical and
chemical crosslinking. Physically crosslinked hydrogels are
formed by reversible ionic interactions, hydrogen bonds, hydro-
phobic interactions and polymer chain entanglements.”*
Although they offer advantages including ease of synthesis
and absence of potentially toxic crosslinking agents, their
use in biomaterials can be limited due to the reversible and
weak bonds, resulting in unstable hydrogels with inadequate
mechanical strength.'® On the other hand, chemical cross-
linking is achieved through stronger, covalent bonds. In the
case of chitosan hydrogels, crosslinking reagents including
glutaraldehyde and formaldehyde form covalent bonds with
the amino groups of chitosan. While efficient, these cross-
linking agents enhance the toxicity of the resulting materials
which is undesirable. Therefore, focus has recently shifted to
the use of the bio-safe crosslinker, genipin, which is the cross-
linking agent used in this study. Genipin is a natural extract
from the Gardenia jasminoides Ellis fruit, which is widely used

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Chitosan crosslinked with genipin

Fig. 1 Chemical conversion of chitin to chitosan via deacetylation process, followed by the chemical crosslinking reaction between chitosan and

genipin. Adopted from ref. 7 and 8-10.

as a herbal medicine and food pigment.* Not only is genipin
5000-10 000 times less cytotoxic than glutaraldehyde,'? but it
also has a slower degradation rate.”

Genipin forms bifunctional crosslinks with chitosan molecules
(Fig. 1), yielding blue-coloured, fluorescent hydrogels.*”'*">
The proposed mechanism of the crosslinking reaction between
chitosan and genipin is illustrated in Fig. S1 (ESIf). First, a
primary amine group from a chitosan molecule drives a nucleo-
philic attack on the genipin olefinic carbon atom at C-3, resulting
in the opening of the dihydropyran ring and the formation of
a nitrogen-iridoid, which undergoes dehydration to produce
aromatic intermediates. Radical-induced polymerisation of two
amino-attached rings subsequently occurs, creating highly con-
jugated heterocyclic genipin derivatives, resulting in fluorescence.
Secondary amide linkages are also established by the reaction of
the ester group in genipin with the amino group in chitosan.'**®

For any biomaterial intended for in vivo use, surgical
removal or decomposition is required to prevent retention in
the body. In the human body chitosan is mainly degraded by
lysozyme, which is detected in bodily secretions including
tears, saliva, and serum."” Lysozyme is secreted by many glands
including the lacrimal, parotid, mammary, oesophageal and
bronchial glands, and is produced by cells such as monocytes,
macrophages and neutrophils.'®*° Three human chitinases, of
the glycoside hydrolase family 18, with enzymatic activity have
also been identified.*’ Lysozyme primarily functions as an
antimicrobial agent by hydrolysing the B-(1,4) linkages between
N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) in
the peptidoglycan wall of Gram-positive bacteria.”>>® Lysozyme
contains a hexametric active site containing six subsites (A-F)
that bind to alternating NAG and NAM. Optimal fit of the
substrate requires a steric distortion of the sugar at subsite D
into the higher energy half chair conformation, thereby weak-
ening the glycosidic bond located between sugar residues on
subsites D and E.”* The catalytic residue glutamic acid 35
(Glu3s) donates a proton to the glycosidic oxygen, leading to
bond cleavage and formation of a positively charged carbonium

© 2022 The Author(s). Published by the Royal Society of Chemistry

ion. Aspartate 52 acts as a nucleophile to generate a covalent
glycosyl-enzyme intermediate. Glu35 then reacts with a mole-
cule of water to form hydroxyl ion, which subsequently attacks
the glycosyl-enzyme intermediate to yield the hydrolysed sac-
charide and the enzyme unchanged (Fig. S2, ESIT).*® It is
postulated that lysozyme degrades chitosan using a similar
mechanism. Lysozyme only interacts with the acetylated units
of chitosan,”®*” thus lysozyme digestibility increases with
degree of acetylation.”®™"

To our knowledge, it has not been reported if lysozyme
beaks the crosslinks between chitosan and genipin in chito-
san-genipin hydrogels. If chitosan-genipin crosslinks remain
intact, and degraded particles are too large to be eliminated
from the body, it could result in long-term retention. Although
genipin is less cytotoxic than other covalent crosslinkers, it can
induce apoptosis via reactive oxygen species production,'®
and can react with free amino groups of amino acids within
biological tissue. Furthermore, if the chitosan-genipin complex
cannot be cleared by the body, it may elicit the foreign body
reaction, resulting in the formation of a foreign body granu-
loma. In the presented work, chitosan-genipin hydrogels are
enzymatically degraded with lysozyme. Fluorescence spectro-
scopy and Fourier-transform infrared spectroscopy are used to
monitor changes in fluorescence and functional groups, respec-
tively, to determine if chitosan-genipin hydrogels are comple-
tely biodegradable. In addition, the size of degraded particles
is measured using both laser diffraction and dynamic light
scattering to predict in vivo elimination.

2 Experimental section
2.1 Materials

Chitosan (medium molecular weight 190 000-300 000 g mol %,
75-85% deacetylation, product code 448877, lot number
STBG5137V), glacial acetic acid (product code 27225-M, lot
number STBH0491), genipin (>98%, product code G4796, lot
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number 0000111438), lysozyme from chicken egg white
(=90%, >40000 units per mg protein, product code L6876,
lot number SLCF6129) and Gibco™ PBS tablets (product num-
ber 18912014, lot number 2321011) were supplied from Sigma-
Aldrich (United Kingdom).

2.2 Synthesis of hydrogels

2.2.1 Hydrogel disks. 1.5% weight by volume (w/v) chitosan
solution was prepared by dissolving chitosan powder in 1%
volume by volume (v/v) acetic acid solution. The solution was
stirred with a magnetic stirrer in a sealed vessel for 24 hours to
obtain a pale yellow, viscous solution. Both 0.5 and 1% w/v
genipin solutions were prepared by dissolving genipin powder
in deionised water, and used as defined in Table 1. Gelation
occurred in sealed cylindrical polyethylene vials (15 mm dia-
meter) in a Clifton oven at 37 °C for 24 hours. Upon formation,
hydrogels were removed from the vials by cutting off the
bottom and gently pushing the hydrogels out using a glass
rod. A schematic diagram of the chitosan-genipin hydrogel
synthesis process is provided in Fig. 2. The main hydrogel
composition studied in this investigation contained 1.5% w/v
chitosan and 0.5% w/v genipin (Table 1). This is aligned
with previous publications in which 1.5% w/v chitosan is
commonly crosslinked with genipin concentrations ranging
from 0.1-2% w/v.*>>° High concentrations of chitosan are
challenging to work with due to its solubility limitations and
increased viscosity of solutions. Genipin concentrations less
than 0.1% w/v are not recommended as resultant hydrogels are
soluble in neutral and acidic conditions.*® 0.5% w/v genipin
was therefore used as it minimises potential cytotoxicity, while
gels produced are stable and easy to handle. Concentration
of constituents and NH, group calculations are provided in
Table S1 (ESIY).

2.2.2 Hydrogel films. Chitosan and genipin solutions were
prepared as described above, combined as defined in Table 1,
and transferred to a Vision Plate™ 24 microplate. Following, the
plate was sealed with a plastic cover and hydrogel films were
formed in a UV-VIS spectrophotometer (BMG LABTECH,
FLUOstar Omega Microplate Reader) at 37 °C for 24 hours.

2.3 Fluorescence studies

A UV-VIS spectrophotometer (BMG LABTECH, FLUOstar Omega
Microplate Reader) was used to measure the fluorescence
intensity (FI) of samples. Products formed by the reaction of

Table 1 Hydrogel compositions and forms
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genipin with primary amine groups are known to fluoresce
in the 380 to 700 nm wavelength region.*" In previous work,
the crosslinking reaction of chitosan-genipin hydrogels was
successfully followed using 550 nm and 650 nm for the excita-
tion and emission wavelengths, respectively.”> The same wave-
lengths were used in this study. The spectrophotometer was
connected to a laptop with BMG LABTECH’s Omega software.
A bottom-up measurement was used to avoid measurement
errors associated with condensation on the plastic cover. Well
scans were used to allow the uniformity of fluorescence to be
analysed. Within each well (diameter = 14.50 + 0.10 mm), a
matrix of 10 x 10 data points was scanned across 13 mm (scan
area = 132.7%), with 100 flashes per scan point and 0.2 s settling
time. For each well, the average value of all scan points was
used to plot FI against time.

2.4 Monitoring gelation

A preliminary study was conducted to determine when the
crosslinking reaction between chitosan and genipin terminates.
500 pl of chitosan—genipin solution containing 1.5% w/v chitosan
and either 0.5% v/v or 1% w/v genipin in a 5:1 volume ratio was
added to wells and gelation was followed in situ by measuring FI
every hour over 24 hours at 37 °C.

2.5 Lysozyme degradation

Chitosan-genipin hydrogels were degraded with lysozyme/PBS
solution. The concentration of lysozyme in human tissues
ranges from approximately 1.5 pg ml™' to concentrations
exceeding 1 mg ml™', depending on the tissue and infection
status."”**™* In previous gravimetric lysozyme degradation
studies using 1.5 ug ml~* lysozyme, no significant mass loss
in chitosan-genipin hydrogels was observed after 28 days.*®*®
To accelerate degradation of hydrogel films and allow the study
to be completed in a reasonable time, the lysozyme concen-
tration was increased to 0.5 mg ml *. This concentration was
previously reported as viable for accelerated degradation stu-
dies of chitosan-genipin hydrogels, with complete degradation
occurring within approximately 14 days.** In experiments for
disk degradation studies, the concentration was further
increased to 6 mg ml™" to enhance the degradation process
and speed the experimentation (Supplementary Methods 1 and
Fig. S3, ESIt). Hydrogel films were degraded in situ, and
hydrogel disks were held in beakers containing lysozyme/PBS
solution using 70 pum cell strainers.

Volume Concentration Volume of chitosan-genipin solution  Volume ratio
Sample Volume of 1.5% w/v of genipin of genipin containing 6 ml chitosan solution of chitosan
name Geometry  chitosan solution (ml)  solution (ml)  solution (% w/v)  and 1.2 ml genipin solution (pl) to genipin
Vial 0.5 Disk” 1 0.2 0.5 5:1
Vial 1 Disk” 1 0.2 1 5:1
Wwell 0.5 Film” 0.5 500 5:1
well 1 Film® 1 500 5:1

“ Disks formed in cylindrical polyethylene vials (5 ml volume, 15 mm diameter) and used for FTIR and particle size analysis. ? Films formed in the
wells of Vision Plate™ 24 microplates and used for fluorescence studies and FTIR.
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Fig. 2 Synthesis of chitosan—genipin hydrogel disks (created with BioRender).

2.5.1 Fluorescence degradation study of hydrogel films.
Chitosan-genipin hydrogel films were formed for 24 hours
in the wells of a Vision Plate™ 24 microplate (Section 2.2.2).
At 24 hours, films were washed with deionised water before
addition of 1 ml PBS solution containing 0.5 mg ml" of
lysozyme. At scheduled times, the supernatants were aspirated,
and FI of both hydrogels and supernatants was measured
separately. The solutions were refreshed immediately after
supernatant removal. The supernatants were stored in sealed
vials, and FI was measured at future timepoints to test if FI
changed over time. Both hydrogel films and supernatants were
sealed and stored at 37 °C to resemble physiological conditions.
The control hydrogel films were tested under the same condi-
tions but were treated with PBS solution without lysozyme. The
FI of additional controls was also measured. Control conditions
included chitosan and genipin solutions alone, plus PBS and
PBS/lysozyme solutions, in addition to PBS and lysozyme/PBS
solutions alone.

2.6 Scanning electron microscopy

Scanning electron images were obtained using a Jeol JSM-
5600LV scanning electron microscope (SEM) to determine
the pore sizes of 1% w/v genipin hydrogels before and after
immersion in PBS. Hydrogel disks were freeze dried prior
to imaging by rapidly freezing samples in liquid nitrogen,
followed by vacuum-drying in a Labconco freeze-dryer with
the condenser set at —55 °C for 48 hours. Dried samples were
mounted on an aluminium stub by means of a double side
carbon sticky tape and sputtered with a 10 nm layer of Au in a
Bio-Rad SC-500 Sputter Coater. The surface and internal micro-
structure of hydrogel disks were investigated at 20 kV accelera-
tion voltage with a spot size of 24 and a working distance of
20 mm. The process of freeze drying can cause freezing stresses
which may to some extent shrink and collapse outer surfaces
of hydrogels,*® therefore cross-sectional area is considered a

© 2022 The Author(s). Published by the Royal Society of Chemistry

better representative of native structure. Image] software was
hence used to measure pore diameter using SEM images of
horizontal cross sections.

2.7 Fourier transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was conducted
to elucidate the chemical changes upon crosslinking and
degradation of chitosan-genipin hydrogel disks. The reactions
were quenched using the freeze drying procedure outlined
in Section 2.5. Use of freeze-dried samples in FTIR minimises
the presence of overlapping of peaks due to water molecules.
An Agilent Technologies Cary 630 FTIR spectrometer equipped
with diamond attenuated total reflection (ATR) was used to obtain
FTIR spectra for samples between 4000-650 cm™ ' in transmittance
mode. 32 background scans were taken before 64 sample scans.

2.8 Zetasizer

Particle size measurements of lysozyme degradation products
were performed on a Zetasizer (Nano ZS, Malvern Instruments,
UK) at 25 °C using dynamic light scattering. Each sample was
measured in 5 runs to calculate the average particle diameter.
Malvern Zetasizer Software was used for data evaluation.

2.9 Mastersizer 3000

Particle size of lysozyme degradation products was also mea-
sured with the Mastersizer 3000 (Malvern, UK), using the light
scattering method. The Hydro EV wet dispersion unit was used
to analyse the liquid suspension, using deionised water as the
dispersant. Each sample was measured in 5 runs to calculate
the average particle diameter. Malvern Mastersizer Software
was used for data evaluation.

2.10 Statistical analyses

Statistical analyses were performed using GraphPad Prism
software. The data are presented as means + standard deviation

Mater. Adv,, 2022, 3, 7946-7959 | 7949
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and were compared using the either the Student’s t-test or ANOVA
and Tukey post hoc tests at 95% confidence level. P values less
than 0.05 were considered significant.

3 Results and discussion
3.1 Monitoring gelation

The crosslinking reaction between chitosan and genipin pro-
duces a fluorescent product.*”***” Fluorescence can therefore
be used to monitor the gelation progress of chitosan-genipin
hydrogels. FI was measured from the moment all constituents
were combined up to 24 hours, to allow the gelation process to
be assessed (Sections 2.2 and 2.3). Fig. 3 shows that for both
hydrogel compositions studied, the increase in FI is greatest at
the start of the reaction, due to the rate of reaction being a
function of the concentrations of genipin and amine groups.
In particular, this reaction is dependent on the concentration
of genipin, which is the limiting reactant (Table S1, ESIt), and
in this batch-like reaction system falls over time, proportionally
reducing the rate of the crosslinking process. The role genipin
plays in the rate of crosslinking process is also confirmed with a
positive correlation observed between genipin concentration
and the rate of crosslinking (Fig. 3). Increasing the concen-
tration of crosslinking agent should result in a higher degree of
crosslinking, and therefore a higher FI. However, the maximum
fluorescence for all hydrogels appeared to be approximately
4600 (AU). It is possible that the blue colour produced due to
the crosslinking reaction reduced the penetration depth of the
excitation light, leading to a plateau in FL.*® In the hydrogels
produced with 1% w/v genipin, once maximal fluorescence is
reached at ~ 8 hours, FI gradually decreases. The decrease in FI
is possibly due to collisional quenching during a diffusive
encounter with amines and the complex formation by further
polymerisation.'® In contrast, maximal fluorescence is reached
at ~14 hours in the 0.5% w/v genipin hydrogels, and plateaus
from this point onwards. Overall, this preliminary study shows
that the chitosan-genipin crosslinking reaction terminates
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before 24 hours, therefore 24 hours is a suitable time to start
degradation studies.

3.2 Fluorescence degradation study of chitosan hydrogel
films

The degradation of chitosan-genipin hydrogel films exposed to
0.5 mg ml™' lysozyme/PBS was assessed using florescence
studies (Section 2.4.1). As fluorescence is proportional to the
degree of crosslinking, FI of both hydrogels and degradation
solutions was measured over time to monitor degradation and
to determine if lysozyme can degrade chitosan-genipin cross-
links. The FI of various controls was also measured (Fig. S4,
ESIY). For most controls, a low FI of approximately 250 AU was
detected. This background fluorescence is extremely low com-
pared the FI of formed hydrogels (4600 AU). When genipin
solution was mixed with lysozyme solution (Fig. S4F, ESIt), the
FI followed a triphasic pattern. There was a rapid increase
to ~1700 within 5 hours, followed by a gradual increase to
~4500 AU by around 4 days and a slow decrease after reaching
maximum FI. This result was expected as lysozyme is a protein
consisting of 129 amino acids, therefore genipin can react
with the amino groups to generate a fluorescent product.
However, for both hydrogel compositions, it was calculated
that all genipin crosslinking sites would be saturated, meaning
no further reaction with lysozyme should have occurred
(Table S1, ESIf). Furthermore, the hydrogels were washed with
deionised water prior to addition of relevant solutions, which
should have removed any unreacted genipin if present. It can
therefore be assumed that the fluorescence assessed in the study
is due to the interaction between chitosan and genipin only.
Fig. 4C shows the lysozyme degradation of chitosan-genipin
films formed with 0.5% w/v genipin follows a triphasic pattern.
During the first few days after lysozyme exposure, there was no
change in FI, indicating no degradation had occurred. On day
3, the FI slowly started to decrease and decreased exponentially
from day 6 until the matrix was completely broken down, upon
vial inspection, two days later. This initial ‘induction period’
may occur for a number of reasons. First, the crosslinked

Hityyy
- 1% w/v Genipin

-+ 0.5% w/v Genipin

0 T T T
0 4 8 12

Time (h)

T T 1
16 20 24

Fig. 3 Fluorescence intensity of chitosan—genipin hydrogels during their formation over 24 hours. Data are presented as the mean =+ standard deviation

where n = 4.
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1% w/v genipin; (C) relative Fl where AFI = Fl measured in control sample is subtracted from Fl measured in lysozyme-treated sample. Data are presented
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structure of the hydrogel likely limits the penetration of binds to the NAG units of chitosan,”® and cleavage of the glyco-
lysozyme into the hydrogel and subsequently impedes the for- sidic bond occurs exclusively between subsites D and E,* it may
mation of enzyme-substrate complexes. Further, as lysozyme only  take time for the enzyme-substrate complexes to form. We postulate
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that once initial degradation occurs, it is easier for subsites D and E
to engage with shorter acetylated oligosaccharides, resulting in
an increased rate of hydrolysis. Well scans were performed in
fluorescence studies to allow the gel structure to be analysed
(Fig. S5, ESIt). Lysozyme degradation of hydrogel films con-
tained in wells would be expected to occur downwards in
a uniform manner. Interestingly, lysozyme degradation is
initiated from one side of the gel and propagates outwards
from this point, supporting the theory that lysozyme degrada-
tion is an autocatalytic reaction.

When the genipin concentration of hydrogels was increased
to 1% w/v, the degradation kinetics markedly changed (Fig. 4B).
Lysozyme treatment only reduced FI of these hydrogels by 49%,
compared to 90% in the 0.5% w/v genipin hydrogels, indicating
that substantially less degradation occurred (Fig. 4A and B).
This is consistent with gravimetric degradation studies where
no significant mass loss was observed in chitosan-genipin gels,
albeit the lysozyme concentrations used were much lower.**>°
The higher concentration of genipin in the 1% w/v genipin
hydrogels likely increased the crosslinking density of the resul-
tant scaffold, resulting in a tighter structure that impeded
lysozyme penetration and subsequent degradation. Furthermore,
gravimetric swelling studies showed that the 0.5% w/v genipin
hydrogels swell slightly upon immersion into PBS solution
(pH 7.4 £ 0.2), which may have expanded the hydrogel struc-
ture and assisted lysozyme infiltration (Supplementary Method
2 and Fig. S6, ESIT). In contrast, the 1% w/v genipin hydrogels
did not exhibit any initial increase in volume and had a higher
degree of contraction. When solution pH is above the dissocia-
tion constant of chitosan (6.5-6.7), chitosan’s free amino
groups are deprotonated, resulting in reduced electrostatic
repulsion and contraction of the network.*> Other studies
report that increasing genipin concentration significantly
decreases the swelling ratio of chitosan hydrogels immersed in
PBS.***! 1t is likely that 1% w/v genipin hydrogels contracted
more due to enhanced crosslinked structure, resulting in closer
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proximity of chitosan amino groups, which exhibit deprotona-
tion and hydrogel shrinking in PBS solution (7.4 + 0.2). SEM
images of 1% w/v genipin hydrogels were obtained to deter-
mine the effect of PBS on pore size (Fig. S7, ESIt). The average
pore diameter of formed 1% w/v genipin hydrogels was 68.6 um +
18.0, which significantly decreased to 20.8 um + 9.7 (p < 0.0001)
after immersion in PBS for 1 week. It is possible that enhanced
hydrogel contraction and further pore size reduction occurred in
1% w/v genipin hydrogels, obstructing lysozyme entry and redu-
cing interaction with chitosan. Interestingly, control hydrogels
formed with 1% w/v genipin, exposed to PBS alone, had lower FI
measurements compared to the experimental hydrogels treated
with PBS/lysozyme (Fig. 4B). This result was unexpected, as
lysozyme should degrade the hydrogel and reduce FI. It was
visually noted that the control gels shrunk more than the
experimental gels, explaining the decrease in FI. As shown in
Fig. S6 (ESIT), hydrogels crosslinked with 1% w/v genipin shrunk
more than those formed with 0.5% w/v genipin. It is possible that
when lysosome (and PBS) was added to the 1% w/v genipin
hydrogel, it degraded the material to some extent, reducing the
crosslinking degree and weakening the structure, which resulted
in less shrinking compared to control hydrogel exposed to
PBS alone.

3.3 Fluorescence measurements of supernatants

Hydrogel films were formed wells (Section 2.2) and lysozyme
solution was added on top of the gels. At scheduled times,
supernatants were aspirated from the wells and FI of the liquid
was measured. Supernatant from hydrogels exposed to PBS
alone and fresh lysozyme/PBS solution served as controls. Fig. 5
shows that throughout the experiment, the FI of supernatants
of hydrogels exposed to lysozyme/PBS solution was significantly
higher than both controls. This suggests that the chitosan-
genipin crosslinks were present in the supernatant. The FI of
experimental supernatant was highest on day 6 post lysozyme
addition, which correlates with the sudden decrease in FI of

Supernatant from
M hydrogels exposed to
lysozyme/PBS

Supernatant from
hydrogels exposed to
PBS

Fresh lysozyme/PBS
solution

5000
40004
__ 30004
2
=
20004
100048
: : : : :
0- i |
72 96 168 192 198 216 222

Hours Post Lysozyme Addition

Fig. 5 FlI of lysozyme degradation solutions at various time points. Data are presented as the mean + standard deviation where n = 3, *P < 0.05,

***P < 0.001 and ****P < 0.0001.
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the hydrogel. The supernatants were stored in sealed vials and
FI was monitored at future timepoints. The FI of supernatants
remained relatively stable over time (Fig. S8, ESIt). This sug-
gests that the lysozyme degradation products do not undergo
further degradation by the enzyme.

3.4 Monitoring crosslinks with FTIR

FTIR spectroscopy was conducted to determine the mechanism
by which lysozyme degrades crosslinks in chitosan-genipin
hydrogel disks (Fig. 6A). Table 2 presents a summary of the
band assignments of all investigated FTIR spectra. First, FTIR
spectra were obtained for chitosan powder, genipin solution
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and freeze-dried chitosan-genipin hydrogel disks that had
undergone gelation for 24 hours to identify the chemical
changes induced by crosslinking. A wide band at 3600-3000 cm ™ *
is present in the chitosan and hydrogel spectra, which is attributed
to overlapping O-H and N-H stretching vibrations.>* All samples
have a band at approximately 2900 cm™" corresponding to C-H
stretching of the pyranose ring,”>** in addition to a peak at
2100 em ™' which originates from C-C of the diamond used in
attenuated total reflectance measurement.’® Genipin’s charac-
teristic transmission peaks are observed at 1679 cm ' and
1618 cm ', which represent C—=C stretching of the carboxy-
methyl group and C=C aromatic stretching, respectively.**>°

2504
] Chitosan powder
200
g ''''''''' — /‘”\*///W/”/ | }ﬁh\\\ - — Formed hydrogel disk
g \ ,\/\/“x ya ydrog
c h [ v \ /
S E \
»‘é 150+ \\ / Partially degraded hydrogel
3 b disk
o
° Hydrogel film degradation
w -
% 100_: solution
] — Genipin
50
......... T
4000 3000 2000 1000
Wavenumber (cm'l)
Amide | (C=0) )
220- and C=C Amide Il
Chitosan powder
200
< [
18040 -
o S~ " — Formed hydrogel disk
8 Vf\ ///~
£
=] v
§ 160-
© Partially degraded hydrogel
po disk
&
S 1404
Hydrogel film degradation
1204 solution
100 e
1700 1650 1600 1550 1500 1450
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Fig. 6 FTIR spectra. (A) Full FITR spectra of individual hydrogel constituents,

on amide |, C—C and amide Il bands.
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Table 2 FTIR characteristics bands for individual hydrogel constituents, formed hydrogel disk and degraded hydrogel samples assigned using the

literature

Wavenumber (cm )

Chitosan Formed Partially degraded Hydrogel film
Band assignment powder Genipin hydrogel disk hydrogel disk degradation solution
Overlap of O-H and N-H stretching 3600-3000 3390 3600-3000 3600-3000 3600-3000
(primary amine) (O-H only)
C=C-H stretching 3211
C-H stretching (pyranose ring) 2864 2935 2869 2873
C—O stretching (amide I) 1647 1636 1647 1653
C—C stretching (cyclic alkene) 1647 1679 1636 1653 1653
C-C stretch from cycloolefin 1618
N-H bending (amide II) 1559 1560 1539 1541
CH, bending (CH,OH group) 1410 1442 1404 1437 1541
CH; bending (n-acetyl group) 1375 1378 1374
C-N stretching (amide III) 1312 1315 1307
C-O-C stretching 1149 1153
C-O stretching 1059, 1023, 991 1065, 1032 1065, 1032 1062, 977
C-N stretching 1059, 1023, 991 1065, 1032 1065, 1032 1062, 977
C-O-C asymmetric stretching 1300, 1104
of methyl ester
C-H bending out of plane 894 987 898 893 861

Two distinctive peaks are observed in the chitosan spectrum
at 1647 cm ™' and 1559 cm™'. The former represents C=O0
stretching of the secondary amide (amide I band) present in the
acetylated units of chitosan, and the latter is due to N-H
bending in the secondary amide (amide band II). These peaks
are also observed in the hydrogel spectrum; however, the
wavenumbers are slightly shifted. Following gelation, both
the amide I and amide II bands increase in intensity (Fig. 6B
and Table S2, ESIt). This shows that the amino groups of the
chitosan have reacted with carboxymethyl groups of genipin to
form secondary amides (Fig. 1).>>*> Overlap between the C=0
stretching band in secondary amides with the C—C stretching
of the olefin ring in genipin causes the amide I band to become
slightly broader in curve.’®”® Fig. 6A shows that gelation causes
the peak at approximately 1400 cm ' to increase in intensity.
Some articles report that this band is due to CH, bending
deformations in the CH,OH group,’”*® with others assigning
this band to O-H bending.****° Both functional groups have
transmittance values within this region, and both types of
bonds would be expected to increase in hydrogels. The band
at 1375 cm ™ is assigned to CH; bending of the acetylated units
of chitosan.>*” In the hydrogel spectrum, this band is also due
to the aromatic C-N stretch in the newly formed tertiary
amine,®" explaining the increase in intensity. The band at
1312 cm ™' corresponds to C-N stretching in secondary amides
(amide III), present in both chitosan powder and hydrogel
spectra.’”*®®> The band intensity slightly increases in the
hydrogel spectra by virtue of the crosslinking reaction, generat-
ing additional secondary amides. The transmission band at
1149 cm ™" in the spectra of the chitosan powder and formed
hydrogel is attributed to asymmetric stretching of the C-O-C
bridge from the glycosidic bond.’””** Transmission bands
observed is the chitosan spectrum at 1059 cm™ "' and 1023 cm™"
are attributed to aliphatic C-N stretching and C-O stretching
vibrations in alcohols.”*®® In the hydrogel spectrum, the band
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corresponding to aliphatic C-N stretching increases in intensity,
likely due to the newly formed tertiary amine.>® Butler et al.
reported that the formation of C-N bonds at the expense of C-O
bonds occurs during the formation of the heterocyclic genipin-
chitosan compound.**

FTIR was then performed on two degradation samples to
determine if lysozyme effects the chemical changes induced by
crosslinking. Samples investigated included partially degraded
hydrogel disks exposed to 0.5 mg ml™" lysozyme/PBS solution
for 24 days and the product remaining from the evaporated
degradation solution of hydrogel films. After the addition of
lysozyme, the C-O-C bridge transmission band at 1149 cm™ " is
no longer observed in the FTIR spectrum. This shows that
lysozyme hydrolysed the B-(1,4) linkages between the p-glucos-
amine and N-acetyl-p-glucosamine units in chitosan (Fig. S2,
ESIT). Interestingly, the band corresponding to alcoholic C-O
stretching remains relatively high in the degraded hydrogel.
This further confirms that lysozyme hydrolysis has occurred,
whereby the C-O-C bridge is replaced with a hydroxyl group.
Fig. 6A shows that the FTIR spectrum of the partially degraded
hydrogel is extremely comparable to the chitosan powder
spectrum, suggesting that lysozyme degrades crosslinks and
reverts the hydrogel closer to its primitive structure. The peaks
observed at 1560 cm ' and 1315 cm ™' the hydrogels, corres-
ponding to amide band II and amide band III, respectively,
markedly reduce in intensity in the degraded hydrogel. This
indicates that there is a reduction in secondary amides, sug-
gesting that one of the bifunctional crosslinks between chitosan-
genipin structure is broken. In both degradation samples,
the intensity of the band at 1647 cm™ ' remains relatively high.
The peak height and peak height ratios between amide I and
amide II bands were obtained for all samples (Table S2, ESIT).
In the chitosan powder, the ratio is almost equal. As cross-
linking proceeds, the proportion of amide II bands increases
(1:1.68). However, post lysozyme degradation, the ratio of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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amide I to amide II bands increases (~1:0.80). Interestingly, in
degraded samples, the amide II peak height almost returns to
baseline, whereas the amide I band decreases slightly but
remains higher than native chitosan. As there is overlap
between C—O stretching and C—C stretching, these results
suggest that lysozyme breaks the amide bonds, whilst the C—=C
bonds in cyclic alkenes are unaffected. Furthermore, in the
degradation samples, the band corresponding to aliphatic C-N
stretching remains high relative to the adjacent band assigned
to C-O stretching. Overall, these results suggest that lysozyme
degrades the secondary amide linkage, whilst the tertiary aro-
matic amine linkage remains intact. It is therefore possible
that the highly conjugated heterocyclic genipin derivatives in
chitosan-genipin hydrogels are still present post lysozyme
treatment, explaining why the degradation solution exhibited
fluorescent properties, which remained stable over an extended
period of time (Fig. S8, ESIt).

3.5 Particle size of lysozyme degradation products

Chitosan-genipin disks were degraded with lysozyme, and
degradation solution (Section 2.4) was analysed with the Zeta-
sizer to measure particle size (Section 2.7). The unfiltered
degradation solution showed three populations of fragments,
with particle sizes ranging from 78.8 nm to 5559.6 nm (Fig. 7A).
As it took approximately 12 days for the hydrogel disks to
degrade (visual inspection), it is likely that over time the
degradation particles accumulated at the bottom of the vessel,
promoting the formation of weak inter-particle forces, such as
van der Waals or electrostatic, resulting in agglomeration
of particles. In a previous study, SEM images showed that
glutaraldehyde-crosslinked chitosan nanoparticles agglomerate
after incubation with lysozyme solution.>® The Mastersizer 3000
was used to test for agglomeration through detection of larger
particles (Section 2.8). Disk degradation studies were con-
ducted using 70 um cell strainers (Section 2.4), therefore initial
degradation fragments were <70 pm. Mastersizer 3000 results
showed that the mean particle size was 218.40 pm =+ 17.8,
evidencing that particle agglomeration took place. A 0.22 pm
cell strainer was used to further filter the degradation solution
to test if any smaller particles were present. The filtered
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degradation solution displayed a bimodal size distribution with
average sizes of 5.0 nm =+ 0.5 and 357.0 nm + 10.4 (Fig. 7B).
It is likely that these smaller particles were not detected in the
unfiltered solution as the larger particles obscured them from
the incident laser beam.

The kidneys are the primary excretory organ of the body.
The 3 steps of renal elimination are: glomerular filtration,
resorption and secretion. The glomerular filtration barrier is
a three-layer specialised blood filtration interface that selec-
tively filters molecules based on size and electrical charge. The
slit diaphragm is the final barrier preventing passage of macro-
molecules into the urinary filtrate. Foot processes of the
podocytes form small slits of 5 nm and are surrounded by
anionic glycocalyx.®*"®” The cationic nature of chitosan should,
therefore, aid the excretion of chitosan degradation products by
the kidneys. The two-pore theory of glomerular filtration states
that the transcapillary passage of proteins across the glomeru-
lar membrane occurs via two distinct porous pathways; passage
of small solutes and water mainly occurs through small pores
whereas larger macromolecules pass through larger pores,
referred to as ‘shunt pathways’.°®®® Experimental studies using
dextrans as tracer macromolecules show that the mean radius
of small pores in the glomerular capillary are approximately
5 nm, in both humans and rats.”®”* Choi et al. employed
fluorescent quantum dots to precisely determine the hydrody-
namic radius that permits clearance of nanoparticles in rats.
A hydrodynamic radius of <5.5 nm resulted in rapid and
efficient urinary excretion, however, a hydrodynamic radius of
over 15 nm prevented renal excretion.”” Tencer et al. assessed
the glomerular transport of endogenous proteins with varying
radii and found that large pores with a radius of 11-11.5 nm
account for the clearance of large proteins into the primary
urine.”> However, in physiological conditions, the shunt
pathways are only permeated by approximately 1 x 10*% of
filtrate.”* It is generally accepted that proteins of the size of
immunoglobulin (molecular radius of 5.5 nm) are almost
completely restricted from glomerular filtration, as their radius
exceeds the size of the small pores, and the contribution of
shunt pores in quantitatively irrelevant.”* In accordance with
these findings, it can be assumed that particles with a diameter
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Fig. 7 Particle size of lysozyme-degraded chitosan—genipin hydrogel disks measured by the Zetasizer. (A) Unfiltered solution; (B) filtered solution.
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of <5.5 nm can be excreted by the small pores of the kidneys.
A small population of filtered chitosan-genipin hydrogel degra-
dation products were below this threshold, with the smallest
detected particle size being 1.7 nm, suggesting that chitosan—
genipin hydrogels can potentially be eliminated by the renal system
in vivo. Furthermore, breakage of glycosidic bonds in chitosan
results in the formation of oligosaccharides and monosaccharides
that can subsequently be incorporated into glycosaminoglycans
and glycoproteins, or be excreted.”” The length of a monomer unit
of chitosan has been reported as 0.52 nm.”®”” Studies in rats show
that >80% of administered chitosan is excreted in urine within
approximately 11 day.”®”® When glucosamine or N-acetylglucos-
amine are intravenously administrated in humans, both amino-
monosaccharides are readily eliminated from the blood, with over
50% excreted in the urine.** As chitosan monosaccharide units
are smaller than the degradation particles of chitosan-genipin
hydrogels, this suggests that the hydrogels are not completely
degraded by lysozyme, with some crosslinks remaining intact.

An alternative route of elimination for nanoparticles exceed-
ing 5.5 nm is the liver. The pore size of fenestrae in liver
sinusoidal endothelial cells are 100-200 nm. Therefore, parti-
cles smaller than this size limit can pass through fenestrations,
be processed by hepatocytes, and ultimately be removed from
the body via faeces.®* In this study, particles below this size
limit were detected by the Zetasizer, for example, 33% of
unfiltered particles were <200 nm. This suggests that in the
case of incomplete degradation or agglomeration of smaller
particles, biliary excretion of chitosan-genipin hydrogels may
occur in vivo. When nanomaterials bypass the renal and biliary
excretory systems of the body, they accumulate in the reticulo-
endothelial system, namely in liver and spleen macrophages.®*
Sadauskas and colleagues intravenously and intraperitoneally
administered gold nanoparticles to mice and found that
they primarily accumulated in Kupffer cells in the liver.*"
Kupffer cells are liver-resident macrophages that internalize
nanoparticles through various receptors including scavenger,
toll-like, mannose, and Fc receptors. Phagocytosis is the cellu-
lar process of ingesting and eliminating particles including
microorganisms, foreign substances, and apoptotic cells.®>*
It involves several key steps: (i) detection of the particle to
be ingested, (ii) activation of the internalization process,
(iif) phagosome formation, and (iv) maturation of the phago-
some to transform it into a phagolysosome. Phagosomes are
highly acidic, contain many hydrolytic enzymes and generate
reactive oxygen species, that enable degradation and diges-
tion of internalised particles.®*®* Studies have reported that
particles >10 um are capable of being phagocytosed, with the
optimal diameter being 2-3 um.®*° If the particle size is
between 10-100 pm, macrophages fuse together to form foreign
body giant cells capable of engulfing these larger particles.
When particles exceed 100 um, bulk digestion is carried out via
extracellular degradation.”’ However, regardless of the size,
non-degradable substances will be retained in the body indefi-
nitely. If degradation fails, foreign body giant cells will recruit
fibroblasts to form a capsule around the material, creating a
physical barrier to isolate it from the host.”
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4 Conclusions

This study demonstrated that the -crosslinking reaction
between chitosan and genipin produces highly conjugated
heterocyclic structures, resulting in the formation of fluores-
cent hydrogels. Fluorescence degradation studies showed that
the supernatant of degraded hydrogels significantly fluoresced,
suggesting that although the hydrogel structure was broken
down, fluorescent relevant chitosan-genipin crosslinks remained
intact. FTIR was employed to elucidate the chemical changes
induced by crosslinking and lysozyme degradation. Upon gelation
there was an increase in several secondary amide bonds, indica-
ting the amino groups of chitosan reacted with the carboxymethyl
groups of genipin to form secondary amides. The intensity of
these bonds reduced after lysozyme treatment, showing secondary
amide crosslinks were broken. Overlap exists between C—O
stretching in secondary amides with C—=C stretching of the olefin
ring in genipin, collectively referred to in this study as amide I
band. In lysozyme-degraded hydrogels, the intensity of amide I
was higher compared to native chitosan. This result suggests that
C—C bonds are unaffected by lysozyme. Our findings indicate
that in chitosan-genipin hydrogels, lysozyme degrades the sec-
ondary amide linkage, whilst the tertiary aromatic amine linkage
remains intact. It is, therefore, possible that the highly conjugated
heterocyclic genipin structures are present in hydrogel degrada-
tion products, accounting for the detected fluorescence in the
supernatant. Analysis of hydrogel/lysozyme solutions following
degradation of hydrogels using Zetasizer measurements showed
that a small population of degradation particles were <5.5 nm,
indicating feasibility of renal elimination in vivo. Furthermore,
clusters of larger particles are shown to be likely formed via
agglomeration. Results show promise and potential for the use
of chitosan-genipin hydrogels in vivo, however, in vivo studies are
ultimately required to establish their biodistribution and bio-
degradability, in which the intrinsic fluorescence of these hydro-
gels could be used as a detection tool. Additional in vitro co-culture
studies with lysozyme-degraded chitosan-genipin hydrogels and
macrophages should be conducted to determine if these particles
can be phagocytosed and digested by the phagolysosome.
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