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Injectable hydrogels designed for cell therapy need to be adhesive to the surrounding tissues to

maximize their retention and the communication between the host and the encapsulated cells. Cat-
echol grafting is an efficient and well-known strategy to improve the adhesive properties of various
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polymers, including chitosan. However, catechols groups are also known to be cytotoxic as they
oxidize into quinones in alkaline environments. Usually, hydrogels made from catechol-grafted chi-
tosan (cat-CH) oxidize quickly, which tends to limit adhesion and prevent cell encapsulation. In
this work, we limited oxidation and improved the cytocompatibility of cat-CH hydrogels by grafting
chitosan with dihydroxybenzoic acid (DHBA), a small cat-bearing molecule known to have a high
resistance to oxidation. We show that DHBA-grafted CH (dhba-CH) oxidized significantly slower
and to a lesser extent that cat-CH made with hydrocaffeic acid (hca-CH). By combining dhba-CH
with sodium bicarbonate and phosphate buffer, we fabricated thermosensitive injectable hydrogels
with higher mechanical properties, quicker gelation and significantly lower oxidation than previously
designed cat-CH systems. The resulting gels are highly adhesive on inorganic substrates, and support
L929 fibroblast encapsulation with high viability (>90 % after 24 hours), something that was not
possible in any previously designed cat-CH gel system. These properties make the dhba-CH hydrogels
excellent candidates for minimally invasive and targeted cell therapy in applications that require high
adhesive strength.

1 Introduction
trix, have been thoroughly investigated as potential answers. 12

Although some very promising designs have been reported, the
main challenge of biological adhesion remains: in the body, the
presence of water impedes the formation of strong interactions
between scaffolds and tissues.>

With the unprecedented progress made in tissue engineering and
cell therapy comes the need for injectable and cell-loaded scaf-
folds as tools to perform minimally invasive and localized thera-
pies. To encourage both survival and growth of the encapsulated
cells, these scaffolds must have adequate mechanical properties
and be highly biocompatible. They should also be adhesive to
increase in-situ retention, bind to surrounding tissues and facili-
tate the communication between the host and the cells thanks to
a more intimate contact.? To this day, few systems combine all
those required properties at once. Hydrogels, which are highly
hydrated polymeric networks that mimic the extracellular ma-

The marine mussels have inspired one of the most popular
biomimetic approaches to create hydrogels that adhere in a wet
environment. The mussel foot, which is composed of attachment
plaques and threads, is remarkably adhesive to various surfaces
underwater.® The plaques are made of adhesive proteins known
as mussel foot proteins (mfp); the most adhesive ones, mfp-3
and mfp-5,% contain large amounts of the amino acid DOPA®IZ
which includes in its structure a diphenol commonly known as
catechol (cat) (Fig. ). Catechol plays a major and two-fold role
in mussel adhesion.® On the outside layer of the plaque, catechol
serves an adhesive purpose and binds to surfaces through mul-
tiple weak interactions such as hydrogen bonding, electrostatic
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interactions and 7-7 coordination.? In the core of the plaque,
catechol has a cohesive purpose and is oxidated into a highly
reactive quinone (Fig. [I[C) that self-crosslinks the mfp to rein-
force bulk cohesion.19 Catechol can be grafted to most polymers
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through the use of a cat-bearing molecule that wears a compat-
ible functional group, typically 3,4-dihydroxycinnamic acid (caf-
feic acid), dopamine, or DOPA itself. 11114 Cat-grafted polymers
see a substantial improvement in their adhesive properties com-
pared to their non-grafted counterparts.12 Similarly to what hap-
pens within the mussel core, cat-grafted polymers can be gelled
through partial oxidative crosslinking of their catechol groups.12
Yet, catechol oxidation usually significantly decreases adhesion,
as quinone cannot form most of the weak bonds that allow the
binding of catechol to a great variety of substrates, 8211718
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Fig. 1 Catechol (A) oxidation into semi-quinone (B) and quinone (C)

Cat-grafted polymers have been proved biocompatible for
wound dressings and drug delivery applications.12"2l Still, nu-
merous in-vitro studies conducted on various cells lines have un-
derlined the cytotoxicity of both the catechol and quinone moi-
eties.2224 Many studies have correlated the observed cell apop-
tosis with catechol/quinone redox reactions; in particular, cate-
chol oxidation occurs in the presence of strong oxidants such as
NalO, or spontaneously at a pH above 7.220

A few strategies have been investigated to prevent catechol ox-
idation. One of them is working at pH<7, since low pH pre-
vents the transformation of catechols to quinones2Z228, However,
this is not compatible with cell encapsulation where a physio-
logical pH is crucial to ensure high cell viability. Other strate-
gies working at physiological pH include chemical modifications:
both boronate-cat complexation'2230
tion*!' succeeded in keeping the catechols intact during grafting.
Nonetheless, deprotecting the catechols through further chemi-
cal reactions might not be readily doable after gelation or even
compatible with cell encapsulation.

and thiourea functionaliza-

Among all available polymers, chitosan (CH), a highly biocom-
patible and biodegradable polysaccharide derived from chitin,
is a very promising candidate to make cell-loaded hydrogels.2
Chitosan can be mixed with weak bases to form thermosensi-
tive, injectable, physical hydrogels with physiological pH.2354
We showed that a combination of NaHCO; (sodium bicarbon-
ate) and a pH8 buffer of HPO42‘/H2PO4‘ (phosphate bulffer,
PB) allows to make cell-compatible hydrogels with fast gela-
tion and high mechanical properties.22'3¢ Nonetheless, chitosan
is only mildly adhesive.®Z Catechol can be grafted to chi-
tosan to make catechol-chitosan (cat-CH) with improved adhe-
sive properties.2® A commonly used cat-bearing molecule for
CH is 3,4-dihydroxyhydrocinnamic acid (hydrocaffeic acid, HCA)
(Fig. ).39‘4O HCA is sensitive to auto-oxidation and HCA-
grafted CH (hca-CH) readily oxidizes at pH>7, crosslinking
the network. 142 Alternatively, hca-CH can be combined with
genipin“3 or poloxamer#¥ to make injectable and adhesive hy-
drogels, but their gelation is slow (>60 min) and they have a low
mechanical cohesiveness. Using NaHCO, to induce the physical
gelation of hca-CH has been shown to improve to some extent the
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mechanical properties and gelation kinetic of the hydrogels, but
only when the catechol content was below 3%.28 This limitation
was attributed to the steric hindrance introduced in the network
by HCA. Besides, cell compatibility might be limited since rapid
oxidation was observed for all aforementioned hca-CH hydrogels.

In this work, our primary objective was to design cat-CH hy-
drogels that could be both highly adhesive and compatible with
cell encapsulation. Both properties could be achieved at once by
decreasing catechol auto-oxidation as long as the method did not
induce more cytotoxicity. Here, our strategy was to replace the
commonly used cat-bearing molecule HCA with dihydroxybenzoic
acid (DHBA) (Fig. [2A&B). We hypothesized that in alkaline con-
ditions, DHBA-grafted chitosan (dhba-CH) would resist oxidation
better than hca-CH; in particular, (2,3)-DHBA is known to resist
oxidation to a greater extent than (3,4)-DHBA. 45 The rate of cat-
echol auto-oxidation and its dependency on the pH is related to
electronic delocalization. Electron donating groups (EDG) tend to
make catechol more vulnerable to oxidation while electron with-
drawing groups (EWG) can increase resistance to oxidation up to
pH 12431401 1n HCA, the catechol is separated from the carboxylic
acid by a two carbon-saturated chain that behaves like an alkyl
substituent (EDG). In DHBA, however, the carboxylic acid is di-
rectly substituting the catechol; during grafting, it is replaced by
an amide group (EWG).

Because DHBA is smaller than HCA, we also hypothesized that
using DHBA instead of HCA could limit the steric hindrance
caused by catechol grafting. Therefore, we could decrease the
amount of energy required to overcome steric repulsion between
the chitosan chains and, in turn, quicken gelation. We also hy-
pothesized that because of the greater proximity between the
chains, the network of dhba-CH hydrogels would be more cohe-
sive than that of hca-CH gels, which would lead to better mechan-
ical properties. We also used chitosan grafted with dihydroben-
zaldehyde (DHB, Fig.[2[C) as a control for highly oxidized hydro-
gels. Although almost identical to DHBA, DHB is linked to CH
with an amino group (EDG) that is even more activating than an
alkyl group.

To verify these hypotheses and achieve our goals, we synthe-
sized dhba-CH and fabricated dhba-CH hydrogels. We compared
the level of oxidation, mechanical properties and gelation kinetics
of the dhba-CH gels with those of hca-CH and dhb-CH hydrogels.
Then, after selecting the most promising formulations, we evalu-
ated their adhesive properties and compatibility with cell encap-
sulation. All formulations were physically crosslinked with either
NaHCO, or a mix of NaHCO, and PB to make fast-gelling ther-
mosensitive hydrogels without using chemical crosslinkers.

2 Experimental Section

2.1 Grafting cat-bearing molecules to chitosan
2.1.1 Reagents.

Chitosan (CH) (ChitoClearTM) was purchased from Primex (Is-
land) in two batches. Its molecular weight (Mw) and de-
gree of deacetylation (ddA) were re-evaluated following pur-
chase.  The Mw was assessed by Gel Permeation Chro-
matography at 160 = 1 kDa (N=3). The ddA was es-
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Fig. 2 Different cat bearing molecules used in this study: A) hydrocaffeic acid (HCA); B) dihydroxybenzoic acid (DHBA) and C) dihydrobenzaldehyde
(DHB). Both DHBA and DHB exist in two conformations, namely 2,3 (a) and 3,4 (b).

timated at 76 = 4% (N=15) by 'HNMR (Varian VNMRS
500 MHz).47 Hydrocaffeic acid (HCA), 2,3 dihydroxybenzoic
acid (2,3-DHBA), 3,4-dihydroxybenzoic acid (3,4-DHBA), 2,3-
dihydrobenzaldehyde (2,3-DHB), 3,4-dihydrobenzaldehyde (3,4-
DHB), N-Ethyl-N’-(3-dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), MES hydrate, sodium periodate
(NalO,) and sodium borohydrate (NaBH,) were purchased from
Sigma and were of analytical grade. 1M MES buffer was prepared
at pH 5.5 by diluting MES hydrate in deionized water (DW). 1X
phosphate buffer saline (PBS) was prepared by diluting 10X com-
mercial PBS in DW. DMEM was from Gibco (DMEM/F-12, Gluta-
MAX™ supplement, Gibco, CAT 10565018).

2.1.2 Method A: synthesis of hca-CH and dhba-CH by car-
bodiimide coupling.

Carbodiimide coupling (Method A) is a common technique for
cat-CH synthesis. This method is designed for cat-bearing
molecules such as HCA and DHBA bearing a carboxylic acid. An
already published protocol?8 was used for HCA grafting (Method
A-1); briefly, CH (1% w/v) was dissolved in HCl 0.1M (pH=2).
HCA (1:1 molar ratio to CH) and EDC (1:1 molar ratio to CH
for hca3-CH, 2:1 for hca6-CH) were dissolved in an isovolumet-
ric EtOH/DW solution before being added to CH. The pH was
set to 4.6 and the reaction took place overnight. For DHBA, an-
other protocol adapted from previously published work 4842 was
created (Method A-2): CH (1% w/v) was dissolved in 0.1M HCl
and the pH was raised to 5.5 before adding DHBA at either a
1.6:1 or a 3.2:1 molar ratio to CH. In parallel, EDC (2.75:1 molar
ratio to CH) was dissolved in an isovolumetric EtOH/DW solu-
tion before being added dropwise to the CH/DHBA mixture. The
reaction was vigorously stirred (800 rpm) at room temperature
(RT) for 1 h while the pH was maintained at 5 with NaOH 1M
(some samples were made at pH 6 to increase the grafting degree
further). All samples from Methods A were purified by dialysis
against 0.1M HCl/10 mM NaCl (2 days) followed by DW (6 h).
The products were freeze-dried for 4 days before storage to avoid
any leftover moisture in the samples. Method A-2 was also tested
with HCA.

2.1.3 Method B: synthesis of dhb-CH by reductive amina-
tion.

Reductive amination (Method B) is a method designed for cat-
bearing molecules like DHB that bear an aldehyde. Method B
was adapted from previously published work.”?? CH (1% w/v)
was dissolved in 1% (v/v) acetic acid (AcOH), and glacial AcOH
was added dropwise until reaching a pH of 5. Then, DHB (1:2

molar ratio to CH) was dissolved in a mixture of DW and EtOH
(2:1 v/v) before being added to CH under vigorous stirring. After
1 h, NaBH, was added to the reaction until the polymer was fully
precipitated (pH 8). Because this reaction generates flammable
H, as a by-product, NaBH, was added slowly, stopping regularly
to avoid over-pressurization. The white and flaky precipitate was
subsequently filtered (pore size = 40 um) to remove the excess
of water, and 1M HCI was gradually added until full dissolution.
Purification and freeze-drying were done as described in Method
A.

2.2 Characterization of cat-CH

2.2.1 'HNMR spectroscopy.

Nuclear magnetic resonance spectroscopy of hydrogen (HNMR)
(Varian VNMRS 500 MHz) was used to determine the degree of
deacetylation (ddA) of chitosan 47l and to ascertain the success of
the cat grafting (&car ~ 6.5-6.7 ppm).

2.2.2 UV-Vis spectrometry.

UV-Vis (Cary5000 Agilent) was performed on cat-CH to calcu-
late the grafting degree (y). The UV-Vis spectra of cat-bearing
molecules show a maximum at the following wavelengths: HCA,
280 nm; DHBA, 307 nm; DHB, 265 nm. A calibration curve was
first obtained for all cat-bearing molecules between 0.1 mM and
0.5 mM. The data for HCA and DHBA can be found in Fig. S3
A&B. Then, for each batch following synthesis, cat-CH was dis-
solved in DW (0.1% w/v) and tested at the appropriate wave-
length. Subsequently, y was calculated using Eq. “. The cal-
culated y will be specified hereafter in the name of the cat-CH
as a subscript of the cat-bearing molecule; for instance, dhba-CH
(x=2%) will be written dhba2-CH.

_ Cear * (ddA * Mg, + (1 — ddA) *MAcGlu)
CW.CatCH - MCBM * Cear

€3]

2.2.3 Oxidation.

Catechol-to-quinone oxidation triggers a change of colour from
transparent to orange;>! the degree of oxidation (o,,) was quali-
tatively approximated based on visual evaluation of the intensity

1 where ddA is the deacetylation degree of chitosan, Mgy, is the molar mass of
the glucosamine monomer (161 g/mol), Macg, is the molar mass of the acetyl-
glucosamine monomer (203 g/mol), Mcpym is the molar mass of the cat-bearing
molecule, Cycarct is the mass concentration of cat-CH and Cy is the molar con-
centration of catechol found through the calibration curve.
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of the orange. Cat-CH solutions (3.33% w/v in DW) were pre-
pared in vials and sealed with a hermetic cap to avoid evapora-
tion. Pictures of the bottles were taken after 1, 2, 7, and 21 days
to document any colour change. Catechol auto-oxidation within
cat-CH eventually leads to oxidative crosslinking and gelation at
RT. A state of no-flow following tilting was therefore correlated
to a high a,,. Vials were tilted to assess visually the viscosity and
flowability.

2.2.4 Mucoadhesive Properties.

The mucoadhesive properties of a polymer can be evaluated in
different ways by studying its interactions with mucin, the protein
that constitutes mucus.22 Here, rheology was used as an indirect
method to spot differences in adhesion between hca-CH, dhba-CH
and dhb-CH without the cohesive properties of the gel influenc-
ing the results. The hypothesis is that the interactions between
mucin and cat-CH translate into an increase in viscosity. The pro-
tocol was adapted from previously published work.23 Cat-CH was
dissolved at 2% (w/v) in 0.1 M HCI for 2 h and mucin was rehy-
drated at 20% (w/v) in 0.1 M HCI for 4 h. Then, 0.5 mL samples
of these solutions were either mixed or added separately to 0.5
mL of 0.1 M HCI (see Table [I). Frequency sweeps at 1% strain
were performed on a Physica MCR301 rheometer (Anton Paar)
to find a range where viscosity was independent of frequency.
The working frequency of 93 s'1, which had already been chosen
in previous studies®Z, happened to fall into this range (see Fig.
S1). Consequently, the viscosities of cat-CH/HCl (U¢;—cH, Pa.s),
mucin/HCl () and cat-CH/mucin (4.4 —cp/m) Were measured
at 93 s to calculate the mucoadhesion index using Eq. (2).°%

_ Mear—cH/m — (Meat—cH + M) N

M
Meat—cH + Wm

100 (2)

Table 1 Composition of the three types of samples prepared for mu-
coadhesive rheological tests to evaluate mucoadhesion.

Viscosity Component 1  Component 2  Final composition
w/v) w/v) (w/v)

um mucin 20% 0.1 M HCI mucin 10%

ucat-CH cat-CH 2% 0.1 M HCl1 cat-CH 1%

pcat-CH/m  Mucin 20% cat-CH 2% cat-CH 1% mucin 10%

2.3 Fabrication and characterization of cat-CH hydrogels
2.3.1 Hydrogels preparation.

Cat-CH pre-gel solutions were prepared by combining cat-CH
with a gelling agent. First, cat-CH was dissolved at 3.33% (w/v)
for 2 h in DW. In parallel, the gelling agents were prepared by
dissolving NaHCO, in either DW or pH8 phosphate buffer (PB)
at different concentrations (see Table [2). Then, the pre-gel solu-
tions were made at RT by mixing cat-CH and a gelling agent at a
3:2 (v/v) ratio, using two syringes connected by a Luer Lock. The
cat-CH concentration in the pre-gels solutions was 2% (w/v). Hy-
drogels were subsequently formed by incubating the pre-gel so-
lutions at 37 °C. Incubation was pursued for 24 h to ensure that
all formulations had reached their final mechanical properties.
The pH of both pre-gel solutions and hydrogels was measured
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with a Laquatwin pH-22 electrode (HORIBA, Japan). CH hydro-
gels were prepared as a control material, with chitosan (3.33%
w/v) dissolved in 0.1M HCl and gelled with 75 mM NaHCO,. For
cell experiments, the gelling agent was NaHCO4 dissolved in PB
(see Table[2) as previous work already demonstrated high viabil-
ity with this formulation.>>

2.3.2 Oxidation.

NalO, was used as an oxidizing agent to trigger oxidation in cat-
CH pre-gel solutions. Briefly, 0, 3 or 6 mM NalO, was dissolved
along NaHCO, before preparing the pre-gel solutions in the same
fashion as previously described. Digital pictures of the pre-gel
solutions were taken right after mixing and the pre-gel solutions
were then left to gel at 37 °C in a 16-well plate for 24 h.

2.3.3 Mechanical Properties.

Samples for compression were prepared in cylindrical moulds (in-
ner diameter = 1.2 mm, height = 1 cm). Compression tests were
performed on a MACH-1 testing device (Biomomentum, Canada)
at 100% strain/min. Because the materials have a non-linear vis-
coelastic behaviour, the secant modulus (i.e., the elastic modu-
lus at a given deformation) was calculated at 30% strain based
on the recorded stress. Toughness was calculated by integrating
the stress/strain curve between € = 0% and the strain at ultimate
stress before breakage (ultimate strain).

2.3.4 Injectability and Gelation Kinetics.

The shear-thinning behaviour of the dhba-CH pre-gel solutions
was established through viscosity tests using a PP25 geometry.
Injectability was confirmed by extruding the pre-gels solutions at
RT through 25G needles. Time sweeps at 37 °C were performed
on a Physica MRC 301 rheometer (Anton Paar) to study the in-
crease in storage (G’) modulus with time. To simulate injection
at body temperature, the temperature was initially set at 22 °C
for the first minute then rapidly increased to 37 °C. The test was
continued for 1 hour following that.

2.3.5 Adhesion.

Glass slides were used as an inorganic substrate for adhesion
tests. Pre-gel solutions (0.5 mL) made with cat-CH and NaHCO4
dissolved in either DW or PB were spread on a glass slide, and a
second slide was placed above so that the pre-gel solution became
the interface between the two slides. Water was added in the bot-
tom of each sample-holder to saturate the samples and mimic a
wet environment while preventing the samples from drying. Af-
ter 24 h at 37 °C, adhesion of the hydrogels was quantified with a
lap shear pulling test on an Electroforce 3,200 (TA Instruments)
while recording the maximum detachment force.

2.3.6 Indirect Cytotoxicity.

A first assessment of biocompatibility was performed via indirect
cytotoxicity tests where murine L929 fibroblasts (ATCC) were cul-
tivated with culture media conditioned with hydrogel extracts.
To prepare the hydrogel extracts, pre-gel solutions (1 mL) were
poured into a 24-well plate and incubated at 37 °C. After 24 h,
3 mL of complete media (DMEM/F-12, 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin (pen/strep)) was added on top



Table 2 Listing of the formulations used throughout this work. The concentrations of the gelling agents were adapted to the considered polymer
following an optimization of the NaHCOj3 concentration. Cpyy is the concentration of the gelling agents upon dissolution and C, is the concentration
of the gelling agents in the pre-gel solutions. In some cases, PB was added to NaHCO3 as gelling agent (identified as CH [PB]).

formulation hca-CH dhba-CH dhba-CH [PB] dhb-CH CH CH [PB]
Cpw (mM) NaHCO, 175 200 200 125 187.5 187.5
PB 0 0 200 0 0 25
Cgal (M) NaHCO, 70 80 80 50 75 75
PB 0 0 80 0 0 10

of the hydrogels and incubation was carried out for the next 48
h. The conditioned culture media was retrieved and changed ev-
ery 24 h. Then, the conditioned culture media was used for the
growth of an adhered, near confluent L929 fibroblasts layer. Cell
viability was assessed by measuring metabolic activity with an
Alamar Blue assay. Cells cultivated with standard culture media
were used as a positive control. To carry out the assay, cells were
incubated with 100 uL Resazurin at 37 °C, 5% CO, for 3 h. The
plate was read with a spectrophotometer (excitation wavelength:
260 nm, emission wavelength: 290 nm).

2.3.7 Cell Encapsulation.

Murine fibroblasts (L929) were used at passages 3 and 4. Cells
were expanded and cultured in complete media. Fibroblasts were
encapsulated in dhba-CH hydrogels as follows: 0.6 mL of dhba-
CH (x=2 and 4%) was first mixed with 0.2 mL of gelling agents
(either NaHCO, or NaHCO4 [PB]), then with 0.2 mL of cell sus-
pension (5 million cells/mL). The final mixture was poured in
48-well plate (200 uL/well) and left to gel at 37 °C, 5% CO,, for
10 min. Then, 500 uL of complete media was added on top of
each well and cells were incubated in the media for 24 h. CH
[PB] hydrogels were used as positive controls as they are more
cell compatible than CH hydrogels. We did not use hca-CH and
dhb-CH for cell encapsulation tests. Live/Dead assays were per-
formed after 24 h to assess cell viability. Briefly, each sample was
washed with PBS and incubated with serum-free media supple-
mented with 2 uM ethidium homodimer-3 and 1 uM calcein AM
(LIVE/DEAD Cell imaging kit reagents, R37601, Life Technolo-
gies, Carlsbad, USA) for 45 min at 37 °C. The sample was again
washed with PBS and immediately observed using an inverted
fluorescent microscope (Leica DM IRB, Feasterville, USA). Cell vi-
ability was calculated as the ratio of live cells (green) to total cells
number (green and red). The counting was done using the An-
alyze particles function in ImageJ (National Institute of Health,
USA).

2.4 Statistical Analysis

All experiments were performed at least twice in triplicate (N>2,
n>6). Statistical analysis was performed on GraphPad Prism 7.0
with either nonparametric t tests or two-way ANOVA followed by
Tukey post-hoc tests. The p-value was used to express the level
of statistical significance. A p-value p <0.05 (*) was considered
statistically significant, and p <0.005 and below (***) was con-
sidered highly statistically significant.

3 Results and Discussion

3.1 Properties of cat-CH
3.1.1 Catechol grafting degree

All the results of the different synthetic routes tested in this work
are presented in Table Representative 1HNMR spectra are
shown in Fig. S2. Method A-1 allowed fabricating hca-CH with
grafting degrees of y=3% and 6%, as previously published,®
but this protocol only yielded ¥ <1% with DHBA. The two con-
formations of DHBA showed different reactivity: using Method
A-2 with (2,3)DHBA increased y compared to Method A-1; be-
sides, x also increased when increasing the pH and the quantity
of reagents. However, changing methods or parameters did not
make any difference for (3,4)DHBA (y=1% at most). Thus, we
chose (2,3)-DHBA to fabricate dhba-CH up to y=8% and aban-
doned (3,4)-DHBA, which had besides been reported as less re-
sistant to oxidation because electrons are less delocalized in this
conformation.“2 While using two different protocols for HCA and
DHBA made it difficult to reach the exact same y, all were in the
same range, allowing us to compare directly dhba-CH (2, 4 and
8%) to hca-CH (3 and 6%).

In parallel, Method B produced dhb-CH with a high grafting
degree () >20%). We chose the (3,4) conformation to fabricate
dhb20-CH as a control for highly oxidated cat-CH. In both meth-
ods, the conformation (2,3) yielded cat-CH with a higher y than
the conformation (3,4). We attributed this to an increase in the
electron-withdrawing strength of the carboxylic acid (in the case
of DHBA) or the aldehyde (in the case of DHB) due to the vicinity
of the hydroxyl groups.

We also tested Method A-2 with HCA. For the same pH and
quantity of reagents, hca-CH reached a significantly higher y than
dhba-CH. We speculated that the longer chain of HCA acted like a
grafting arm that increased the availability of the carboxylic acid,
making HCA easier to graft than DHBA.

3.1.2 Mucoadhesion of cat-CH

The binding strength of a material, i.e., its overall adhesive prop-
erties, derives from the synergistic contribution of high adhesion
and high cohesion.>?57 Here we only measured the adhesive con-
tribution using a non-destructive rheological method to assess the
mucoadhesive properties of cat-CH. Mucoadhesion is the adhe-
sion to mucus, a gel secreted by epithelial cells that coat most
tissues in the body. We monitored the change in viscosity upon
mixing cat-CH and mucin together to calculate a mucoadhesion
index (see part 2.2.4 in the Experimental section).

Results are presented in Fig. [B]A. The mucoadhesion index of
dhba-CH and hca-CH increased with )y and was therefore at-
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Table 3 Summary of the y obtained for different cat-bearing molecules, isomers, and parameters. The y values were calculated based on UV-Vis

spectrometry (see Fig. S3).

Method cat-bearing molecule conformation Ratios of reagents pH x (%)
CH cat-bearing molecule EDC

A-1 HCA / 1 1 1 4.6 3
A-1 HCA / 1 1 2 4.6 6
A-1 DHBA (2,3) 1 1 2 4.6 <1
A-2 HCA / 1 1.6 2.75 5 30
A-2 DHBA 2,3) 1 1.6 2.75 5 2
A-2 DHBA (2,3) 1 1.6 2.75 6 4
A-2 DHBA 2,3) 1 3.2 2.75 6 8
A-2 DHBA 3,4) 1 1.6 2.75 5 1
A-2 DHBA 3,4) 1 3.2 2.75 6 1
B DHB (2,3) 1 0.5 / / 40
B DHB 3,4) 1 0.5 / / 20

tributed to the increase in catechol content. Surprisingly, despite
its high y, the mucoadhesion index of dhb20-CH was comparable
to that of dhba-CH and hca-CH with y < 4%.

3.1.3 Oxidation of cat-CH

To compare the rate of catechol-to-quinone oxidation of the vari-
ous cat-CH, we monitored their change in colour when dissolved
in DW. Fig. shows the pictures taken at day 1 and day 21
(see Fig. S4 for the other time points) while Fig. [3C summarizes
the evolution of the oxidation degree (o,,), visually evaluated
based on the colour change. Immediately after dissolution, oxida-
tion was already noticeable for hca3-CH, hca6-CH and dhba8-CH.
Over the course of the experiment, the «,, of dhba-CH seemed to
remain unaffected regardless of y; however, hca-CH and dhb-CH
oxidated with time. The three polymers that reached a high o,
were, in order, hca6-CH (day 2), hca3-CH (day 7) and dhb20-
CH (day 21). Only hca6-CH attained the point of no-flow over
the course of the experiment, meaning it underwent oxidative
crosslinking. As expected, a higher y made oxidation more no-
ticeable because of the higher catechol content.

These results confirm our main hypothesis, namely that the
amide group in dhba-CH protected catechol from oxidation
thanks to its electron-withdrawing effect. Conversely, catechol
became more vulnerable to oxidation when substituted with an
EDG such as the alkyl group in hca-CH or the amino group in
dhb-CH.2 This phenomenon had already been observed and re-
ported for DOPA.>8:>9 The difference in oxidation rates between
hca-CH and dhb-CH can be explained by the fact that hca3-CH
and hca6-CH were already partially oxidized during dissolution
despite their low y. As underlined by some recent work on cate-
chol grafting,4? catechol oxidation had probably already started
during fabrication with Method A-1.

3.2 Properties of cat-CH hydrogels with NaHCO4
3.2.1 Oxidation of hydrogels

Dhba-CH and dhb-CH have already been synthesized and charac-
terized in previous studies®®? but have never been turned into
hydrogels. After showing that substituting HCA for DHBA signifi-
cantly decreased catechol auto-oxidation in cat-CH solutions, we
tested whether the same effect was obtained for cat-CH hydro-
gels prepared with 70 mM NaHCO5;. We used CH and dhb20-
CH as positive and negative controls respectively, and we com-
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pared the oxidation of the pre-gel solutions and the hydrogels
after 24 h of gelation at 37 °C (Fig. [4). Dhba-CH and hca-CH
pre-gel solutions were all transparent like CH, suggesting that
no oxidation occurred following the addition of NaHCO,. After
24 h of gelation, we classified them by sight from the least oxi-
dized to the most oxidized: CH<dhba2-CH<dhba4-CH<dhba8-
CH<hca3-CH< <dhba20-CH. While oxidation was more notice-
able when increasing ), dhba8-CH hydrogels appeared less oxi-
dized than hca3-CH hydrogels, suggesting that DHBA succeeded
in protecting the cat group against oxidation.

To confirm our hypothesis, we also prepared dhba-CH hydro-
gels with NalO,, a potent oxidant able to quickly oxidize cat-
echols into quinones®! (Fig. S5). The hydrogels turned yel-
low/orange after 24h; yet, even in the presence of 6 mM NalO,,
the colour was less deep and intense than what we observed for
the hca3-CH hydrogels without oxidants. Based on these results,
we concluded that dhba-CH hydrogels were more resistant to ox-
idation than hca-CH hydrogels.

3.2.2 Mechanical properties and gelation kinetics

Chitosan is only soluble when its amino groups are protonated
(pH <6.3). The pre-gel solutions made of chitosan and a gelling
agent are liquid at room temperature, and physical gelation hap-
pens through a temperature-triggered deionization of the amino
groups of chitosan.©263 The nature of the gelling agent and its
concentration are known to have a strong influence on the prop-
erties of the gels. When using sodium bicarbonate (NaHCO,),
previous work has shown that the stiffness of CH-based hydro-
gels as a function of NaHCO4 concentration followed a bell curve,
with an optimum around 70 mM for hca3-CH28 and 75 mM for
chitosan.*® For dhba-CH with y <8%, this optimum was found at
80 mM (data not shown). Like hca-CH pre-gel solutions, 28l a1l
dhba-CH pre-gel solutions were shear-thinning and injectable at
22 °C through 25G needles (Fig. S6). At high shear rates (v > 10
s'1), the viscosity of the pre-gel solutions was significantly lower
than that of other recently designed injectable systems (u > 1 Pa.s
compared to p < 0.02 Pa.s for dhba-CH hydrogels) 640>

Even at the optimised NaHCO, concentration of 50 mM,
dhb20-CH yielded weak hydrogels (data not shown). Because
DHBA and DHB have the same size and thus create the same
steric hindrance at a given yx, we linked the low mechanical prop-
erties found for dhb20-CH gels to their high catechol and quinone
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Fig. 4 Oxidation of cat-CH (dhba-CH, hca-CH and dhb-CH) and CH
hydrogels. Pictures were taken right after mixing with NaHCO3 (pre-gel
solutions) and after 24 h of gelation (hydrogels). The colour gives an
indication of the extent of oxidation.

content.

Following the acquisition of the stress/strain curves (Fig. [5A),
we measured the stress under compression at 30% deforma-
tion and calculated the secant modulus of the cat-CH hydrogels
(Fig. [5B) to evaluate their mechanical properties. The stiffness
of dhba-CH hydrogels was lower than that of CH hydrogels and
decreased with increasing x, which we attributed to the steric hin-
drance of DHBA causing irregularities in the network. However,
at similar y, stiffness was significantly higher for dhba-CH hydro-
gels than for hca-CH hydrogels (p<0.05). This agreed with our
hypothesis that choosing a smaller cat-bearing molecule (DHBA
instead of HCA) would increase network cohesion. We calculated
the toughness by integrating the stress-strain curves and found
that dhba-CH hydrogels were significantly more tough than hca-
CH hydrogels Fig. [5C). Similarly, both breaking strain and stress
were higher for dhba-CH hydrogels than for hca-Ch hydrogels
(p<0.05) (Fig. S7A&B). Besides, the mechanical properties of
dhba-CH hydrogels were overall superior to that values reported
recently on hcalO-CH hydrogels crosslinked by bio-silicification
(Omax = 8 kPa vs. 61 +7 kPa for dhba8-CH hydrogels) or by
metal coacervation (E = 5 kPa vs. 20 +5 kPa for dhba8-CH hy-
drogels).

Then, to study the influence of steric hindrance on the gelation

rate at body temperature, we performed time sweep rheological
tests with dhba-CH and hca-CH (1 min at 22 °C followed by 1
h at 37 °C) (Fig. [6| (a)). As illustrated by the slow increase of
G’ with time, hca3-CH only mildly responded to the temperature
trigger. Conversely, dhba-CH with y < 4% showed a clear inflec-
tion following the switch in temperature, and reached a G’ twice
as high as hca3-CH after 20 min. This inflection was less visible
for x=8%; nonetheless, the slope of G’ for dhba8-CH was still
greater than for hca3-CH. We thus confirmed that using DHBA
over HCA decreased steric repulsion between the chains and ben-
eficiated gelation altogether, bringing both faster gelation and
higher mechanical properties to the resulting hydrogels. Gela-
tion was significantly faster than other cat-CH hydrogels, in-
cluding recently designed hydrogels such as thermosensitive cat-
CH/oyster peptide microsphere hydrogels (G’=1 Pa after 12 min
vs. 15 Pa for dhba4-CH hydrogels).@I

3.3 Properties of cat-CH hydrogels with PB

Even though the properties of cat-CH hydrogels were improved
by reducing catechol steric hindrance, the gelation of dhba-CH
with NaHCO4 was still slow compared to that of chitosan®4. For
in-vivo injection, quickly reaching high mechanical properties to
ensure no leakage at the target site is critical. 38 To accelerate
the gelation of dhba-CH, we used 80 mM of PB, a pH8 buffer of
H,PO,~ /HPO42‘ (pKa = 7.2) that has been shown to speed up
the gelation of CH hydrogels significantly when used in combina-
tion with NaHCOg4 35 As already reported, PB tends to increase
the pH of the pre-gel solutions, increasing the risk of cat auto-
oxidation as well. Due to this, as expected, adding PB to hca3-CH
pre-gel solutions turned them into oxidized precipitates that were
too weak for mechanical characterization. Conversely, adding PB
did not alter the oxidation state of dhba-CH thanks to its higher
resistance to oxidation. Therefore, we were able to characterize
the gelation kinetics and mechanical properties of dhba-CH [PB]
hydrogels.

Journal Name, [year], [vol.], 1 |7



A) — dhba2-CH B) == NaHCO3 C) dhba2-CH hca3-CH
--- hca3-CH NaHCO3 [PB] mm dhbad-CH hca6-CH
60 000 : r T 80— mm dhba8-CH
*%k%*
w * 5000 —
— 52 60
& 400001 1 3= < 4000 ;
w 2E S
® Eg 4 o 3000- ,
5 & o
& 20 000 | . s 2
§8 20 -§, 2000} -
® 5
etk F 1000
0 romns? T 0
S ® &
Strain (% R R R
™ s A
¥ L ® 9 <
&y ¢

Fig. 5 A) Stress-strain compression data until breakage obtained for dhba2-CH and hca3-CH hydrogels. Rupture occured at lower stain and lower
loads for hca-CH than for dhba-CH. B) Secant modulus in compression of dhba-CH, hca-CH and CH hydrogels prepared with their optimized NaHCO4
concentration with and without 80 mM PB (mean £SD of n=6, N=3; * p <0.05; $: statistically significant to all the other formulations). C)
Toughness (Pa) of dhba-CH and hca-CH hydrogels calculated by integrating the stress-strain compression curve from 0 to breakage.
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Fig. 6 Time sweeps (1 min at 22 °C followed by 1 h at 37 °C) for dhba-
CH and hca-CH hydrogels (G’ is the mean of N=3 and n>6 ) prepared
with (a) the optimized NaHCO; concentration and (b) the addition of
PB.

While PB did not affect the gelation speed of dhba-CH with
X >4%, it succeeded in significantly increasing the gelation rate
of dhba2-CH (Fig. E] (b)), with G’ reaching 20 Pa in 6 = 3 min in
contrast to 16 = 4 min without PB (p <0.05).

Previous work on chitosan hydrogels has shown that their ex-
cellent mechanical properties were granted by the slowness of the
amine deionization; when gelation is accelerated, the chains are
given less time to optimize their spatial organization. As such,
increasing the gelation speed with PB was correlated to a loss
in stiffness.2> Here, contrary to CH, adding PB did not signifi-
cantly affect the secant modulus of dhba-CH hydrogels (Fig.[5B).
We hypothesized that catechol engaged in competing electrostatic
interactions with H,PO,~ and HPO42‘ , preventing PB from inter-
acting with chitosan altogether.
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3.4 Adhesion of cat-CH hydrogels

Since quinones may contribute to adhesion on organic substrates
through covalent bonding, 2?79 adhesion tests were performed on
inorganic substrates where quinones are known to adhere signif-
icantly less than catechols.””2 We used dhba-CH hydrogels with
different grafting degrees and compared them to hca3-CH and
CH hydrogels. Thanks to their superior gelation speed that made
them especially promising, dhba2-CH [PB] hydrogels were tested
as well. We quantified hydrogel adhesion by recording the force
necessary to detach the hydrogels from glass slides (Fig. [7A).
All samples were gelled in a wet environment as sample-drying
would artificially increase the detachment force results.

Dhba-CH hydrogels with y < 4% showed a significantly higher
detachment force than CH and the other cat-CH formulations,
and dhba2-CH hydrogels showed the highest values amongst all
formulations (Fig. ). Even if the detachment force of dhba2-
CH [PB] hydrogels was lower than that of dhba2-CH hydrogels, it
significantly outperformed CH and hca3-CH and was comparable
to other recently designed cat-CH or cat-alginate hydrogels.’27/72

Despite their higher cat content and better performance in mu-
coadhesion tests, the adhesion of dhba8-CH hydrogels to glass
slides was significantly lower than that of dhba-CH gels with
lower y. Two factors come at play to explain these results. First,
dhba2-CH hydrogels had shown the highest secant modulus dur-
ing compression tests, and the stiffness of dhba-CH decreased
with increasing grafting degree (see Fig. [5B). Because the bond-
ing strength depends on both adhesion and cohesion, the me-
chanical properties may have limited the maximum detachment
force. Second, we previously observed that dhba8-CH and hca3-
CH hydrogels had a higher oxidation degree than dhba2-CH and
dhba4-CH hydrogels, hence a higher ratio of quinones to cate-
chols. While cat groups strongly adhere to inorganic substrates,
they lose this property when oxidized into quinones. Since dhba-
CH hydrogels with ¥y < 4% had both high cohesion and low oxi-
dation, they outperformed the other formulations.
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Fig. 7 A) Shear-detachment tests to evaluate cat-CH hydrogel adhesion
to glass substrates. Each formulation gelled between two glass slides for
24h at 37°C in a wet environment. The slides were pulled apart at a
steady rate of 1 mm/min. B) The resulting detachment force is recorded
and normalized to the area of the glass slide. Unmodified chitosan (CH)
hydrogels were used as controls. (mean £SD of N>2, n>6, **** p
<0.001)

3.5 Cytocompatibility and Cell Encapsulation
3.5.1 pH of hydrogels

We measured the pH of the hydrogels before performing indirect
cytotoxicity tests; to limit cytotoxicity, the pH must stay inside the
physiological range. Before adding the cells and the media, the
pH of all the pre-gel solutions was close to 7 (see Fig. S8). Adding
PB had a mild buffering effect on the pre-gel solutions, bringing
the pH closer to physiological values (pH=7.3 for dhba2-CH [PB]
hydrogels). The pH increased during gelation. For dhba-CH with
X >4%, this increase was reduced in the presence of PB, probably
because PB kept its buffering ability by not physically crosslinking
the network.

3.5.2 Indirect cytotoxicity

Indirect cytotoxicity was evaluated on all formulations, including
dhb20-CH hydrogels (control for high oxidation). 1L929 fibrob-
lasts were exposed to cell culture media previously conditioned
with hydrogel extracts. The metabolic activity of the cells ex-
posed to the extracts released during the first and second day
is presented in Fig. [§A. For the first day extracts, only dhba-CH
hydrogels with y < 4% showed no significant cytotoxicity (via-
bility >80%). Hca3-CH and hca6-CH were mildly cytotoxic. Ex-
tracts from dhb20-CH hydrogels were strongly cytotoxic (viability
<40%) and their cytotoxicity persisted after 24h, contrary to all
the other formulations (p <0.001).

The cytotoxicity of cat has been reported numerous times in
the literature and attributed to the generation of semi-quinone, a
free radical formed during the auto-oxidation of cat2273/74 (see
Fig.[IB). In the presence of oxygen, these radicals can create reac-
tive oxygen species (ROS)Z2 which, in high concentrations, cause
oxidative stress to cells.”% Based on these results as well as the
observed oxidation states of the hydrogels (see Fig. ), we can
infer that the observed cytotoxic effects were indeed related to
cat oxidation and the subsequent production of ROS. Trapped
into the network during gelation, semi-quinone could have been

transferred into the extracts. The high cytotoxicity of the dhb-CH
extracts even after 24 h would thus be explained by the high x
and high oxidation levels of the dhb-CH hydrogels.
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Fig. 8 A) Indirect cytotoxicity tests: Viability of L929 fibroblasts in
DMEM media conditioned with different cat-CH hydrogels extracts col-
lected in the first (a) and second day (b). Samples were declared cytotoxic
when the viability was below 80%. &: statistically different from all other
formulations. B) Viability of L929 fibroblasts encapsulated in dhba-CH
and CH (control) hydrogels using Live/Dead assay performed after 24
h in culture. The living cells appear in green and the dead cells in red.
The scale bar (on the control picture) is 200 um. C) Quantification of
the Live-Dead Assays: no significant differences were observed between
conditions in terms of cell viability.

3.5.3 Cell Encapsulation

We encapsulated 1929 fibroblasts in the most promising formu-
lations, namely dhba2-CH, dhba2-CH [PB] and dhba4-CH hydro-
gels, selected for their high adhesive properties and low cytotoxic-
ity. Cell viability was assessed after 24 h of incubation using Live-
dead staining. As shown in Fig.[8B&C, all the tested formulations
showed a high number of living cells (viability >80%) without
any significant difference between dhba-CH hydrogels and the
control (CH [PB] hydrogels). Based on this, we concluded that
the presence of catechol in these three formulations did not in-
duce any significant cytotoxicity.

To our knowledge, this is the first report of cat-based hydro-
gels that are both injectable and compatible with cell encapsu-
lation. For instance, hydrogels based on oxidized cat-PEG,”Z cat-
alginate”® and cat-hyaluronic acid (cat-HA)72"81 are cytocompat-
ible despite being formed through oxidative crosslinking; how-
ever, they either need to be gelled in vitro beforehand beforehand
or to be directly painted on the tissue, restricting their use to in-
vasive procedures. Conversely, other injectable cat-based hydro-
gels like cat-aldehyde-modified-alginate?Z, thermosensitive quat-
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ernized cat-CH®% pH-responsive cat-CH/oxidized-pullulan®? or
photo-crosslinkable Fe-cat-methacrylated CH®3 hydrogels have
been designed for drug delivery and wound dressing applica-
tions. Their cytotoxicity has only been evaluated via indirect or
co-culture contact tests, and they have no proven compatibility
with cell encapsulation. Thus, the dhba-CH [PB] hydrogels are
the first example of injectable cat-CH hydrogels that are not only
cytocompatible but also possible to use as cell-loaded vehicles to
perform targeted cell therapy.

4 Conclusions

In this paper, we showed that by carefully selecting the cat-
bearing molecule and the catechol grafting degree, we succeeded
in fabricating a hydrogel that is both adhesive and compatible
with cell encapsulation. Choosing a cat-bearing molecule substi-
tuted by an EWG such as DHBA significantly decreased catechol
oxidation in cat-CH, which in turn allowed for the preparation
of mechanically strong and adhesive hydrogels. This strategy is
much simpler than previously reported catechol protection strate-
gies through chemical modification.

While cat-CH prepared with DHB or HCA and combined with
NaHCO, led to oxidized and non-cohesive hydrogels, cat-CH hy-
drogels prepared with up to 8% DHBA resisted oxidation at phys-
iological pH. Dhba-CH hydrogels with y <4% showed very low
indirect cytotoxicity and excellent cell viability after 24 h of en-
capsulation. Thanks to the low steric hindrance of DHBA, they
also showed higher cohesion and faster gelation than previously
reported hca-CH hydrogels.

The hydrogels made with dhba2-CH, NaHCO5; and PB com-
bined all the desired properties at once, with a quicker gelation
and higher cohesion than many other cat-CH hydrogels. This in-
jectable and adhesive hydrogel could be an excellent candidate in
many tissue regeneration applications, such as cartilage regener-
ation or cardiac tissue repair.84 Future work will include ex-vivo
shear detachment tests to demonstrate the adhesion on biological
tissues, as well as cell viability and proliferation assays on longer
time scales. In-vivo tests will be also necessary to confirm the ef-
fective transfer of the encapsulated cells and their secreted factors
to the surrounding tissues.
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