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Hypothesis: Adjusting the water content and mechanical properties of polyelectrolyte coacervates for optimal
underwater adhesion requires simultaneous control of the macromolecular design and the type and concentra-
tion of the salt used. Using synthetic or bio-inspired polymers to make coacervates often involves complicated
chemistries and large variations in salt concentration. The underwater adhesiveness of simple, bio-sourced co-
acervates can be tuned with relatively small variations in salt concentration. Bio-sourced polymers can also
impart beneficial biological activities to the final material.

Experiments: We made complex coacervates from charged chitosan (CHI) and hyaluronic acid (HA) with NaCl as
the salt. Their water content and viscoelastic properties were investigated to identify the formulation with
optimal underwater adhesion in physiological conditions. The coacervates were also studied in antibacterial and
cytotoxicity experiments.

Findings: As predicted by linear rheology, the CHI-HA coacervates at 0.1 and 0.2 M NaCl had the highest pull-off
adhesion strengths of 44.4 and 40.3 kPa in their respective supernatants. In-situ physical hardening of the 0.2 M
coacervate upon a salt switch in 0.1 M NaCl resulted in a pull-off adhesion strength of 62.9 kPa. This material
maintained its adhesive properties in physiological conditions. Finally, the optimal adhesive was found to be
non-cytotoxic and inherently antimicrobial through a chitosan release-killing mechanism.
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P. Galland et al.
1. Introduction

Extracted from various natural organisms, bio-sourced polymers
come in a wide range of chemistries, often feature good biocompati-
bility, and, in some cases, have other interesting biological functions
such as antibacterial activity. These polymers have thus become one of
the key components of the materials toolbox for various biomedical
applications such as tissue engineering, drug delivery, and tissue adhe-
sives. Polysaccharides such as hyaluronic acid, chitosan, and alginate
have been widely used in these applications.[1,2].

Current designs of tissue adhesives based on bio-sourced polymers
rely on the in-situ crosslinking of a polymer solution. Meanwhile, re-
actions with the functions present on tissue surfaces allow the adhesive
to chemically bond to the tissue.[3-5] Tissue adhesives offer multiple
advantages over sutures and staples. These include less traumatic
(minimally invasive) wound closure, protection from potential infec-
tion, promotion of wound healing, and better cosmetic results for
external wounds. However, the crosslinking strategy has its limitations
and inconveniences such as (i) toxicity of the crosslinking reactions
(even when the polymers used are not toxic), (ii) excessive heat release
(exothermic reactions), and (iii) low adhesion strengths. [6,7].

Examples of polysaccharide-based tissue adhesives prepared as
described above are ubiquitous in the literature. For instance, tissue
adhesives have been reported based on chemical hydrogels of chitosan
(CHI) modified with a tyramine-modified polyethylene glycol [8],
phloretic acid [9], hydrocaffeic acid and hydrophobic side chains [10],
and gallic acid moieties [11]. Similarly, chemical hydrogels of hyal-
uronic acid (HA) were modified with aldehydes [12], dopamine hy-
drochloride [13,14], polydopamine nanoparticles [15], and
phenylboronic acid [16] to obtain adhesion to wet biological tissues.
The majority of these hydrogels were crosslinked under oxidative con-
ditions using reagents like sodium periodate and hydrogen peroxide or
photo-crosslinked in the presence of a photoinitiator. The wet adhesion
strengths (maximum detachment force normalized by the contact area
in shear or pull-off) reported in these works varied in the range of 5 to
90 kPa.

An alternative approach to chemical crosslinking is to develop ma-
terials that are, and that ideally remain, sticky in aqueous media as a
model for the biological environment. The stickiness is either a fine-
tuned inherent property of the material or is induced by an external
stimulus such as pH or temperature. These underwater adhesives do not
rely on specific interfacial interactions. Rather, the viscoelastic proper-
ties of the material may be tuned such that it can form intimate contact
with various substrates and resist the applied stresses to dissipate large
amounts of energy during debonding.[7] These materials must have (i) a
storage modulus (G') well below 0.1 MPa on the time scale of bonding (1
Hz; known as the Dahlquist’s criterion [17,18]) and (ii) a loss factor
(tan(8) = the ratio of the loss modulus (G) to the storage modulus)
between 0.3 and 1.0.[19-21] It must be noted that these criteria are
necessary but not always sufficient for a material to exhibit the typical
behavior of hydrophobic pressure-sensitive adhesives (PSAs).

Complex coacervates, formed via associative phase separation of
oppositely charged polyelectrolytes in water, are water-rich soft mate-
rials with widely adjustable mechanical properties from soft gel-like
solids to viscous liquids. It is important to note that changes in the
mechanical properties of these materials are closely linked to changes in
their composition, especially the water content.[7,22] The tunability of
the mechanical properties of complex coacervates and their typically
large water contents (60 — 90 wt%) make them promising candidates for
biomedical purposes. These materials can also be designed as liquid-like
or soft, solid-like complex coacervates that harden in physiological salt
concentration in a so-called salt switch, as previously studied in model
[23,24] and bio-inspired [25] systems. This strategy relies on the
diffusion of salt out of the material (driven by higher salt concentrations
in the coacervate than in the medium) and the formation of additional
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physical crosslinks.

As briefly introduced above, the underwater adhesive properties of
complex coacervates may be predicted and tuned based on their linear
viscoelastic properties. The majority of complex coacervates studied as
underwater adhesives have been based on synthetic model poly-
electrolytes or bioinspired polyelectrolytes with complicated chemis-
tries. The reported underwater adhesion strength of these
polyelectrolyte complex coacervates without further modifications,
chemical crosslinking, and or resorting to other weak interactions is
between 7 and 50 kPa. [7] We note that given the viscoelastic and thus
rate-dependent nature of these materials, adhesion strength values from
different reports must be compared with caution. Nonetheless, the
current state of the art clearly suggests that it is possible to exploit
electrostatic interactions to develop underwater adhesives with com-
parable performance to chemical hydrogels. Exploring widely available,
non-toxic, and preferably bio-sourced polyelectrolytes seems like a
reasonable next step in the development of coacervate-based underwa-
ter adhesives.

Chitosan and hyaluronic acid are linear polysaccharides bearing
positively and negatively charged functional groups at mildly acidic pH,
respectively (Fig. 1A). CHI is known to possess antibacterial activity[26]
while HA plays an important role in tissue hydration, water transport,
and inflammatory response after trauma [1,27]. Perry’s group reported
on the effect of solvent quality on the phase behavior and the rheological
properties of CHI-HA complex coacervates at pH 4.5 where both poly-
mers are fully charged.[28] The authors showed that the rheological
behavior of these complex coacervates is very sensitive to small changes
in salt (NaCl) and cosolvent concentrations. Interestingly, increasing the
NaCl concentration from 0.3 M to 0.6 M transformed the initially soft,
viscoelastic solid-like materials into highly viscoelastic liquid-like
coacervates.

More recently, Kamperman’s group performed a detailed investiga-
tion into the phase behavior and viscoelastic properties of CHI-HA
complex coacervates at pH 4.0 and 6.0.[29] At pH 6.0, the authors
found clear evidence of dynamically arrested domains due to extensive
hydrogen bonding resulting from the partially protonated amine groups
of CHI at this pH. The resulting materials were thus soft elastic gels with
little sensitivity to salt concentration. Nonetheless, at the lower pH
where CHI is almost fully charged, the dynamics of the system was
controlled only by electrostatic associations and was adjustable as a
function of the salt concentration. The intriguing tunability of the dy-
namics of this system at relatively low NaCl concentrations may be
exploited to design soft adhesives adapted to physiological
environments.

Non-cytotoxic, degradable, hemostatic, and antibacterial, CHI is
widely used to develop materials (such as films, hydrogels, sponges,
nanofibers, etc.) for biomedical applications, in particular as wound
dressings.[1,30] Naturally found in the body, highly hydrated, and
recognized specifically by CD44 cell receptor, HA is used to develop
nanoparticles, hydrogels, or scaffold for drug delivery and tissue engi-
neering.[1,31].

Despite multiple examples of each polymer in the development of
tissue adhesives (as briefly reviewed above), no study has focused on the
underwater adhesive properties of complex coacervates based on CHI
and HA. This work introduces a rational design of CHI-HA complex
coacervate-based underwater adhesives based on their linear visco-
elastic properties. As shown in Fig. 1B and C, these materials are simply
obtained by mixing and centrifuging high molecular weight poly-
saccharides in NaCl solution. We emphasize that the preparation in-
volves no chemical reactions or modifications whatsoever. After the
determination of the coacervates’ water content, the most promising
underwater adhesives are identified based on underwater rheological
measurements at 37 °C. The viscoelastic properties of CHI-HA complex
coacervates are studied (i) immersed in their respective supernatant, (ii)
upon a salt switch, i.e. immersed in 0.1 M NaCl at pH 5.0, and (iii)
immersed in phosphate-buffered saline (PBS) at 0.137 M NaCl at pH 7.4
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where they experience both a salt and a pH switch. We verify our pre-
dictions by well-controlled underwater pull-off tests performed imme-
diately after each rheological measurement. Importantly, the most
performant complex coacervate is shown to be antibacterial and non-
cytotoxic, making it a promising candidate for potential biomedical
applications.

2. Experimental
2.1. Materials

High MW Chitosan (base form) with a deacetylation degree of 72.1 %
(confirmed via 'H NMR) was purchased from Sigma-Aldrich. The weight
average molecular weight was measured via Size Exclusion Chroma-
tography (SEC) to be 548 kg.mol’1 (My/M,, = 2.36). High molecular
weight Hyaluronic Acid was purchased from Lifecore Biomedical. The
weight average molecular weight measured via SEC was 400 kg.mol
(Mw/M;y = 2.1). The characterizations performed on the polymers is
detailed in the Supporting Information. Sodium chloride (NaCl) was
purchased from Fisher Chemical. 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were purchased
from Sigma Aldrich. MilliQ water was used in all experiments. pH Ad-
justments were done using small quantities of concentrated solutions of
HCl and or NaOH.

2.2. Preparation of CHI-HA complex coacervates

Prior to sample preparation, all the glassware was washed with
MilliQ water, rinsed with ethanol, and dried at 80 °C for 30 min to
remove potential biological contaminations. First, stock solutions of the
individual polymers and NaCl were prepared. CHI was dissolved at 1 wt
% in 0.1 M HCI (pH 1) by extensive stirring for 48 h at 50 °C. The so-
lution was then filtered against 45 um pore-sized sterile filters (poly-
ethersulfone (PES) membranes, SARSTEDT) and the pH was adjusted to
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5 using a concentrated solution of NaOH. Changes in concentration were
taken into account. HA was dissolved at 2 wt% in MilliQ water at pH 5
and filtered against 20 ym pore-sized sterile filters (polyethersulfone
(PES) membranes, SARSTEDT) before use. A 3 M stock solution of NaCl
at pH 5 was made and filtered against the 20 ym filters mentioned above.

All the complex coacervates were prepared at pH 5 where the charge
ratio between the oppositely charged groups of the two polymers is
nearly stoichiometric.[28,32] The total polymer concentration was fixed
at 1.12 wt%, corresponding to a total charged group concentration of 39
mM. The complex coacervates were prepared with a slight deviation
from stoichiometry in favor of the carboxylic acid groups from HA (1.1:
1.0 carboxylic acid: amine groups). At each salt concentration, the
calculated amount of the stock NaCl solution was added to 5.35 mL HA
under stirring. To this, 6.80 mL of CHI was added in one shot, imme-
diately resulting in a turbid or hazy mixture (at salt concentrations
where complex coacervation took place). The stirring was continued for
3 h before transferring the samples into Falcon® Tubes. After 24 h of
rest, the samples were centrifuged at 9500 rpm for 30 min. All the
samples were prepared in triplicates on different days and from different
stock solutions to ensure reproducibility. The samples used in all the
experiments are those after centrifugation, unless otherwise mentioned.

Carbodiimide cross-linked CHI-HA coacervates were obtained by
incubating 35-40 mg CHI-HA coacervates in 0.2 mL of 200 mM EDC/ 50
mM sulfo-NHS solution in 150 mM NaCl at pH 5.5 for 18 h at room
temperature, followed by rinsing the coacervates using 150 mM NaCl
solution for 2 h.

2.3. Water content determination

The determination of the water content using Thermo Gravimetric
Analysis (TGA) was performed on a thermal analysis system (TGA2,
Mettler-Toledo) following a procedure detailed elsewhere.[24] Briefly,
for each sample, the supernatant phase was removed carefully and be-
tween 10 and 40 mg of the complex coacervate were placed in 150 pL

increase in relative volume

24 h at rest
—_—

30 min
9500 rpm

‘ V N\

<+——————— 3 hofstirring —m8 >

Fig. 1. (A) The chemical structure of chitosan (CHI, top) and hyaluronic acid (HA, bottom) in the charged state. (B) Schematic representation of the preparation of
CHI-HA complex coacervates. (C) The CHI-HA complex coacervate samples at different NaCl concentrations prepared at pH 5.0.
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Alumina crucibles. The sample was heated at 10 °C.min"! up to 150 °C
under air, where it was maintained for 20 min. The mass loss at the end
of this procedure was taken as the content of water. We verified the
occurrence of no further mass loss upon heating up to 200 °C. The re-
ported water contents correspond to at least three measurements on
independently prepared samples.

2.4. Microscopy observations

Aliquots taken 1 h after mixing the two polyelectrolytes, i.e. before
resting and centrifugation, were imaged under an inverted optical mi-
croscope (Zeiss). The aliquots were placed between two glass slides
separated with a spacer and observed at different magnifications.

2.5. Underwater linear rheology

Linear rheology experiments were performed on a Discovery HR-20
(TA Instruments) rheometer, equipped with a Peltier plate and a reser-
voir cup around the geometry. All rheological experiments were per-
formed at 37 °C in the aqueous medium mentioned for each test. The
geometry used was a sandblasted INOX flat plate with a radius of 10 mm.
The medium was added after the sample was gently squeezed down to a
thickness of hg = 500 ym. Frequency sweeps were performed at 0.1 %
strain (verified to be in the linear regime). The time sweeps to follow salt
switch experiments were performed at 0.1 % strain and 10 rad.s~L. In
this case, the immersion medium was added 60 s after the onset of the
time sweep.

2.6. Underwater pull-off tests

Underwater pull-off tests were performed on a rheometer (Discovery
HR-20, TA Instruments) following a procedure described previously.
[33] In this case, the pull-off tests were performed immediately after the
linear rheology experiments (frequency or time sweeps), i.e. keeping the
same aqueous medium and geometry at 37 °C. The initial thickness of
the adhesive film was 500 ym. The flat probe was pulled off at a constant
debonding velocity of 100 ym.s~!, corresponding to a nominal strain
rate of 0.2 s”!. The pull-off force was recorded as a function of
displacement. The maximum pull-off force normalized by the initial
contact area, called the underwater adhesion strength, is presented as a
failure criterion for the adhesives. The reported values are the average of
three measurements on independently prepared and tested samples.

2.7. Antibacterial activity

Antibacterial tests were carried out employing one strain of Gram-
positive bacteria, Staphylococcus aureus (S. aureus, ATCC 25923), and
another strain of Gram-negative bacteria, Escherichia coli (E.coli, ATCC
25922). S. aureus and E. coli were precultured separately in aerobic
conditions at 37 °C in a Mueller Hinton (MH) and Luria-Bertani (LB)
broth medium (Merck, Germany), respectively, at pH 7.4. One colony
from previously prepared agar plates by bacteria streaking protocol was
transferred to 7 mL of MH or LB medium and incubated in an agitator
overnight at 37 °C. To obtain bacteria in their mid-logarithmic phase of
growth, the absorbance at 620 nm (ODgyg) of overnight cultures was
adjusted to 0.001 by diluting in RPMI (Roswell Park Memorial Institute)
cell culture medium, corresponding to a final cell density of approxi-
mately 8 x 10° CFU/mL. Cultures growing in the presence of antibiotics
(Tetracycline and Cefotaxime) were taken as positive control. Bacteria
quantification (in colony forming unit per mL, CFU/mL) was performed
after 24 h of incubation with the samples. This was determined by
plating 100 pL of the supernatant, after serial dilution, on nutrient agar
plates at 37 °C overnight, followed by counting the viable cell colonies
(CFU/mL). 35-40 mg CHI-HA 0.2 M coacervates were placed in 96-well
plates and sterilized for 20 min by UV light. 100 pL of S. aureus or E. coli
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inoculation (ODgyo = 0.001) were added to each well and incubated at
37 °C for 24 h. The quantification of adherent bacteria on CHI-HA co-
acervates and tissue culture polystyrene, TCPS, (Ctrl) was performed
after 24 h of incubation as follows. After the removal of the bacterial
suspension, CHI-HA and TCPS were gently rinsed with PBS to remove
non-adherent bacteria. Adherent bacteria were then detached in PBS
using an ultrasonication step in an ultrasonic bath for 7 min. The number
of living adherent bacteria was determined as previously detailed.
Regarding the statistical analysis, all experiments were carried out
independently in triplicate and three analyses per replication at least
were performed. The significant differences in the experimental data
were analyzed using the Student’s t-test procedure.

2.8. Cell cytotoxicity test

Cytotoxicity assays were carried out by incubating CHI-HA co-
acervates with 0.1 mL of DMEM High Glucose supplemented with 10 %
decomplemented Fetal Bovine Serum and 1 % penicillin streptomycin at
37 °C. After seeding the cells for 24 h, the extracts were removed under
sterile conditions. Separately, BALB 3 T3 mouse fibroblast cells, cell
passage from 17 to 19, were seeded at a density of 1 x 10* cells/mL in a
supplemented medium in a sterile 96-well culture plate and incubated to
confluence. After 24 h of incubation, the medium was replaced with the
corresponding extracts and incubated at 37 °C in humidified air with 5
% COas. After 24 h of incubation, the samples were carefully rinsed with
sterile PBS for 5 min, and kept in 100 pL of supplemented medium.
Subsequently, the plates were incubated with 100 uL per well of a
CellTiter-Glo 2.0 luminescence assay reagent and incubated for 15 min
at room temperature with shaking. Finally, the luminescence (in Rela-
tive Light Units, RLUs) was measured using a spectrophotometer. The
cell viability was calculated as:

_ RLUs — RLUy

Cellviability(%) = "
Cc B

100

where RLUs, RLUp, and RLU¢ are the optical density for the sample (S),
blank (culture medium) (B), and control (TCPS) (C), respectively.
Regarding the statistical analysis, all experiments were carried out
independently in triplicate and a minimum of three analyses per repli-
cation were performed. The significant differences in the experimental
data were analyzed using the Student’s t-test.

3. Results and discussion
3.1. Preparation and composition of the complex coacervates

The physical state of complex coacervates is typically quite sensitive
to the method of preparation.[34] We prepared stoichiometric CHI-HA
complex coacervates under vigorous stirring at pH 5, where both poly-
electrolytes are almost fully charged.[32] After mixing all the compo-
nents, the mixtures were left under stirring for 3 h to minimize
heterogeneities due to kinetic trapping effects. We note that long stirring
times do not necessarily eliminate kinetic trapping (basically, solid
precipitates are kinetically trapped structures formed due to the strong
association of the macroions leading to pairs with no or little exchange
on observable time scales[35]), but ensures obtaining materials with
reproducible properties. The samples were then allowed to rest for 24 h
and centrifuged at 9500 rpm to separate the complex coacervate and the
supernatant phases (Fig. 1).

The water content of the complex coacervate phase was measured
via thermogravimetric analysis. The CHI-HA complex coacervates pre-
pared at 0.1 to 0.45 M NaCl contained relatively large water contents (>
85 wt %), as shown in Fig. 2. Such values are characteristic of highly
hydrophilic, water-rich complex coacervates.[7] At 0.5 M NaCl, the two
phases (coacervate and supernatant) were difficult to distinguish with
the naked eye and to separate from one another using a micropipette.
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This indicates that this salt concentration is very close to the salt resis-
tance of the system. At 0.55 M NacCl, no complexation between CHI and
HA was observed using optical microscopy.

Previous works reported the salt resistance of this system to be 0.65
M NaCl at pH 4 [29] and pH 4.5 [28], and 0.55 M NaCl at pH 6 [29]. At
first glance, this may be surprising given that the polymers used in our
work are of higher molecular weights. However, the different prepara-
tion conditions in the previous reports (i.e. different pH values, 10 - 120
s of vortexing as opposed to 3 h of stirring, and centrifugation without
rest time) may explain, at least to some extent, the moderately higher
salt resistance.[28,29] Moreover, these works used CHI of relatively
higher degrees of deacetylation. At comparable molecular weights, an
increased degree of deacetylation is expected to promote macroion
pairing per chain [32,36], thereby increasing the salt resistance. The fact
that the salt resistance values are similar (0.55 to 0.65 M NaCl) in all
these works (using CHI of various molecular weights) signifies the
importance of CHI’s degree of deacetylation in stabilizing these complex
coacervates. Another point which can help to shed light on these
apparent discrepancies is the total polymer concentration at which the
CHI-HA complex coacervates were prepared in different reports. These
concentrations do not necessarily correspond to the unique “critical”
polymer and salt concentrations (at the maximum of the binodal curve).
For example, in Es Sayyed’s work [29], the total polymer concentration
is at 24 mM (compare to 40 mM in Sun’s work [28] and 39 mM in the
present work).

As expected, the salt-induced increase in the water content (Fig. 2) is
due to the doping effect of salt on the macroion pairs between the
oppositely charged groups of HA and CHI.[37,38] Increasing the salt
concentration reduces both the strength and the number of macroion
pairs, favoring the swelling of the complex coacervate phase (see
Fig. 1C), thereby decreasing the polymer concentration.[7] Yet, the high
sensitivity of the CHI-HA system to a moderately doping salt (NaCl) is
noticeable.[39] This sensitivity may be related to the lower charge
densities of these polysaccharides compared to their synthetic counter-
parts such as poly(acrylic acid) (PAA) or polyallylamine (PAH), which
bear the same ionizable functional groups.[32,40] A plausible conse-
quence of this difference is a sparser network of macroion pairs (in a
given volume) in the CHI-HA complex coacervates.[36]

3.2. Microscopic aspects of the complex coacervates

Before the mechanical investigations, we studied the microscopic
aspects of the CHI-HA complex coacervates to visually assess their solid
or liquid nature (Fig. 3). CHI-HA 0.1 and 0.2 M NaCl appeared as solid
aggregates in the supernatant. The sample at 0.3 M NaCl appeared to be
in a transition state, looking neither like solid precipitates nor like liquid

100 100
95| 95
<
~ 90} 90
2
5)
S s 85
S
8o} 80
=01 02 03 04 o045 7
[NaCl]prep (M)

Fig. 2. The water content of the CHI-HA complex coacervate phase prepared at
different NaCl concentrations. The error bars represent the standard deviation
for three independently prepared and measured samples.
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droplets. At 0.4 and 0.45 M NaCl, CHI-HA complex coacervates featured
a liquid-like character, with abundant liquid droplets moving around in
a pool of supernatant. In the case of CHI-HA 0.4 M NaCl, the droplets
tend to coalesce, with some appearing as elongated, non-spherical fea-
tures. This is likely due to their highly viscoelastic nature. Similar ob-
servations were reported for synthetic complex coacervates close to the
critical gel point.[41] In the case of CHI-HA 0.45 M NaCl, the droplets
were smaller in diameter (a few microns vs. tens of microns in the case of
0.4 M NaCl). This indicates a lower viscosity at 0.45 M NaCl, which
allows more droplet breakup under the shear applied during the stirring.
Complexation between CHI and HA still occurred at 0.5 M, but the
droplets were barely distinguishable under the optical microscope (see
Fig. 3). As mentioned earlier, and further verified by microscopic ob-
servations, we estimate the salt resistance to be around 0.55 M at pH 5.0.
Sun et al. reported large, coalescing liquid droplets at 0.5 M NaCl at pH
4.5.[28] Qualitatively similar microscopic observations have been re-
ported for other systems based on synthetic polyelectrolytes [41] and
ionic polypeptides [42].

3.3. Predicting underwater adhesiveness via linear rheology

The salt-induced change in the composition of the complex co-
acervates (Figs. 1 and 2) and their microscopic aspects (Fig. 3) is known
to modify their mechanical properties.[7,22,43] We seize this oppor-
tunity to fine-tune the rheological properties and thereby the under-
water adhesiveness of CHI-HA complex coacervates. We first
investigated the linear rheological behavior of the CHI-HA complex
coacervates immersed in their supernatant at 37 °C. Fig. 4A shows the
frequency dependence of the storage (G) and loss (G) moduli for the
samples prepared at different NaCl concentrations at pH 5.0. The cor-
responding loss factors (tan(s) = G /G) are shown in Fig. 4B. The
rheological behavior of CHI-HA complex coacervates gradually transi-
tions from viscoelastic solid-like (featuring the onset of a rubbery
plateau at high frequencies) to viscoelastic liquid-like (typical of poly-
mer solutions at low frequencies) at higher NaCl concentrations. Both G
and G decrease in magnitude and become increasingly frequency
dependent, with their crossover shifting towards higher frequencies.
This shift corresponds to shorter terminal relaxation times (7, = 1/w,),
[44] indicating that the system becomes increasingly dynamic. At the
highest salt concentration, the material exhibits the characteristic dy-
namics of a polymer solution in the terminal region, with G and G'
scaling with w? and !, respectively (marked by the black and dark blue
solid lines in Fig. 4A).

To investigate the viscoelastic behavior of these materials beyond the
experimentally accessible window, we examined the applicability of the
time-salt superposition principle. As shown in Fig. 4C, a master curve
was obtained by shifting the original frequency sweeps (from Fig. 4A),
taking the sample at 0.2 M NaCl as the reference. This indicates that the
salt impacts all the relaxation modes to the same extent and that the
material remains self-similar.[44,45] The horizontal shift factor
(Fig. 4D) shows a strong dependence on salt concentration, changing by
3 decades when the NaCl concentration is increased from 0.1 to 0.45 M.
The fit, marked by the dashed line, represents the following scaling,
asxexp(A — B.[NaCl]), with A and B constants, as found in other systems.
[22,46] The vertical shift factor has a weak dependence on salt con-
centration, accounting for the change in polymer volume fraction. These
trends are in good agreement with previous reports.[28,29]

Except for some differences, previous reports on CHI-HA complex
coacervates at pH 4 and 4.5 have found generally similar trends to those
in the present work. In comparison to the work of Sun and co-workers
[28] (polysaccharides of comparable molecular weights to this work,
pH 4.5), we find relatively lower dynamic moduli at identical salt con-
centrations. Moreover, our complex coacervates are more sensitive to
the increase in salt concentration as the transition between the visco-
elastic solid-like and the viscoelastic liquid-like behaviors occurs around
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Fig. 4. Linear viscoelastic properties of the CHI-HA complex coacervates at 37 °C: (A) storage modulus (G’), loss modulus (G"), and (B) the loss factor, tan(s) = G / G
as a function of angular frequency. The black and dark blue lines on A mark xw? and «w', respectively. All the samples were tested in their respective supernatant.
(C) Dynamic moduli master curve constructed through time-salt superposition. (D) The dependence of the a, horizontal, and b, vertical, shift factors on the prep-

aration NaCl concentration.

0.3 M, as opposed to 0.5 M in the work of Sun. On the other hand, Es
Sayed and colleagues reported viscoelastic liquid-like coacervates (low
molecular weight (30 — 50 kg.mol 1) polysaccharides at pH 4), even in
the absence of added salt.[29] In making these qualitative comparisons,
we note that the preparation methods, polymer molecular weights, pH
values, and total salt and polymer concentrations can each impact the
viscoelastic properties of these water-rich materials.

Importantly, as witnessed by the construction of a master curve
through a time-salt superposition (see Fig. 4C), the fact that our CHI-HA
complex coacervates remain self-similar at all the salt concentrations
studied confirms that the dynamics of these materials is mainly
controlled by electrostatics. In other words, dynamically arrested do-
mains reported for this system at pH 6 [29] are not present or significant
enough at pH 5 where both polymers are still almost fully charged [32].
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We now analyze these results to predict which samples are expected
to have the best underwater adhesive performance. Considering the
general requirements discussed in the introduction, the sample at 0.1 M
is expected to be the stickiest, followed by the sample at 0.2 M. As seen
in Fig. 4, CHI-HA 0.1 and 0.2 M samples exhibit the onset of a rubbery
plateau with a terminal relaxation time of 10.0 and 1.4 s, respectively.
This behavior, with a plateau modulus on the order of several kPa (well
below the Dahlquist’s criterion of 0.1 MPa [17]), is typical of highly
viscoelastic polymer liquids. [28,17] Moreover, the values of tan(s) for
these two samples fall in the range of 0.3 — 1 on the time scales relevant
for typical adhesion experiments (10'2 —10! s).[7] Furthermore, these
two samples have the lowest water contents among the samples studied
(Fig. 2). The coacervates prepared at 0.3, 0.4, and 0.45 M NaCl have
higher water contents and increasingly liquid-like behavior, making
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them potentially weaker underwater adhesives.

We also characterized the rheological properties of the different CHI-
HA coacervates upon a salt switch in 0.1 M NaCl at 37 °C, as a model
medium for physiological conditions. Due to the pH-sensitive nature of
these materials and the formation of hydrogen bonds at higher pH [29],
we decided to first determine the role of a salt switch alone. Therefore,
the pH of the immersion medium was kept at pH 5.0. The real-time
evolution of the dynamic moduli and the loss factor of the samples
over 1 h of the salt switch are shown in Fig. 5A and B, respectively. It
should be emphasized that the measured change in the mechanical
properties is an average value, as the switch starts at the periphery of the
confined disk and advances toward the center.

In the case of CHI-HA 0.1 M NaCl, no salt switch takes place due to
the absence of a gradient in salt concentration and the material remains
stable in this medium. The samples prepared at higher salt concentra-
tions show an increase in their dynamic moduli as soon as they are
immersed in 0.1 M NaCl. This is due to the formation of additional
macroion pairs as the salt diffuses out of the complex coacervates. The
liquid-like CHI-HA coacervates undergo a sol-gel transition followed by
gradual hardening, while the solid-like samples harden into stronger and
increasingly elastic-like solids. This behavior is concomitant with the
drop in tan(s) to values between 0.3 and 0.5 within 1 h.

Except for the 0.1 M sample which does not undergo a salt switch, all
the other samples are expected to have improved underwater adhesion
after the salt switch, compared to when they were immersed in their
supernatant. The advantage of this strategy is that the material can make
good contact in its initial liquid-like or soft state, and further solidify and
harden in-situ. Among the different CHI-HA complex coacervates, the
sample at 0.2 M is expected to have an optimal performance in
phosphate-buffered saline (0.137 M NaCl, pH 7.4) as a model of the
physiological environment. Upon immersion in PBS, this complex
coacervate undergoes two opposing changes: (i) a salt switch as the NaCl
concentration decreases to 0.137 M and (ii) a pH switch as the pH in-
creases to 7.4. The salt switch tends to solidify the material, as seen in
Fig. 5, while the pH switch is expected to eventually soften and possibly
dissociate the material as CHI gradually becomes uncharged.

The evolution of the dynamic moduli of CHI-HA 0.2 M NaCl co-
acervates as a function of immersion time in PBS is shown in Figure S1.
During the first 90 min, the dynamic moduli increase slightly. Longer
immersion times result in a moderate decrease in the dynamic moduli up
to 9 h, followed by a more rapid softening. Notably, the material is still
solid-like with a storage modulus at half the initial value after 35 h in
PBS. These results suggest that the salt switch occurs on relatively
shorter time scales ( 1 h) compared to the pH switch ( 10 h). We verified
this by performing independent experiments, changing one parameter at
a time: (i) by changing the pH from 5 to pH 7.4 in 0.2 M NaCl and (ii) by
changing the salt concentration from 0.2 M to 0.137 M NaCl at pH 5.0.
The results are shown in Figure S2. It should also be noted that the
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contribution of hydrogen bonding to the mechanical properties of this
material becomes significant as the increase in pH causes the deioniza-
tion of CHI.[29] This can partly explain the slower response of the
material to an increase in pH (Figure S2); a feature that should favor the
prolonged performance of the material under physiological conditions.
Another possibility to explain the slower kinetics of the pH-triggered
changes in rheology is the buffering capacity of the coacervate itself.
[47,48]

3.4. Adhesion in aqueous and physiological media

Considering the viscoelastic behavior of CHI-HA complex co-
acervates in aqueous media, we proceeded to study their adhesive
behavior in underwater pull-off tests as previously described.[33]
Following the same order as the previous section, we first studied the
underwater adhesiveness of each complex coacervate in its supernatant.
In a second set of experiments, the adhesiveness of the complex co-
acervates was studied after a salt switch in a large volume of 0.1 M NaCl
at pH 5 or in PBS (0.137 M NaCl at pH 7.4). Typical nominal stress —
strain curves are provided in Figure S3.

The filled bars in Fig. 6 present the average underwater strength
values for CHI-HA complex coacervates in their supernatant. The soft-
ening effect of the salt on the complex coacervates is visible from the
decrease in adhesion strength. In the case of CHI-HA 0.1 and 0.2 M NacCl,
the average adhesion strengths (in pull-off) are 44.4 and 40.3 kPa in
their respective supernatant. At higher salt concentrations, the values
drop rather abruptly, down to 1.3 kPa at 0.45 M NaCl. These are the
adhesive strengths of the CHI-HA complex coacervates without any
external triggers such as temperature, salt concentration, or pH.

Quantitative comparisons between the linear rheology and the pull-
off data are not straightforward.[49] Nonetheless, the salt-dependent
trend in the adhesion strength (Fig. 6, filled bars) is in excellent agree-
ment with our predictions based on the linear viscoelastic behavior of
these materials in their supernatant (Fig. 4). To further elucidate the
trend in adhesion strength, we used the following approximation,
Waep ~ 27 Vqep /Do, to link the time scale of the pull-off test to the corre-
sponding angular frequency from linear rheology. V4, and hy are the
debonding rate (100y m.s~1) and the initial thickness of the layer (5004
m), respectively.[20] In our experiments, the corresponding angular
frequency is wgep = 1.25 rad.s™. This frequency is just above the
crossover frequency of the CHI-HA 0.2 M NaCl sample (0.70 rad.s™}) and
below that of the 0.3 M NaCl sample (3.15 rad.s’l). Based on this rough
approximation, the 0.2 M NaCl sample is expected to be less dynamic
and more viscoelastic on the time scale of the pull-off test. This explains
the abrupt drop of the adhesion strengths (filled bars in Fig. 6) at NaCl
concentrations above 0.2 M.

The underwater adhesion strengths of the complex coacervates un-
dergoing a salt switch in 0.1 M NaCl at pH 5 are given by the hatched
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Fig. 5. Time sweep data (at 10 rad.s™1) of CHI-HA complex coacervates upon immersion in 0.1 M NaCl at pH 5.0 (A) Storage (G) and loss (G") moduli. (B) tan(5).
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Fig. 6. Underwater adhesion strength of the CHI-HA complex coacervates in
their supernatant and upon 1 h of salt switch in 0.1 M NaCl at pH 5.0. The pull-

off tests were performed at 37 °C at a nominal strain rate of 0.2 s *.

bars in Fig. 6. Generally, a significant increase is observed compared to
the values measured in the case of the coacervates in their supernatant
(filled bars). We recall that the CHI-HA 0.1 M does not experience a
switch. Once more, the improved adhesion strength of the hardened
complex coacervates is in good agreement with the increase in their
dynamic moduli upon salt switch (Fig. 5). An intriguing observation is
that the adhesion strength of the 0.2 M NaCl sample after 1 h of salt
switch in a 0.1 M NaCl (62.9 kPa) is even higher than that of the sample
prepared in 0.1 M NaCl (44.4 kPa).

To explain this point, we study the quality of the initial contact and
the evolution of the viscoelastic properties during the course of the salt
switch. At the time of contact formation, CHI-HA 0.1 M and 0.2 M NaCl
have tan(s) values of 0.4 and 0.6, respectively (Fig. 5). This means that
the 0.2 M NaCl sample is a more viscoelastic material (closer to the gel
point) and therefore able to make better contact with the substrate. This
sample is also relatively softer (lower G) than the 0.1 M NaCl sample.
Over the course of the salt switch, CHI-HA 0.2 M NaCl sample gradually
hardens but its final loss factor remains larger than that of the sample at
0.1 M NacCl, while its storage modulus remains slightly lower (Fig. 5). As
such, one might argue that the CHI-HA coacervate at 0.3 M NaCl (and
higher NaCl concentrations) should form even better contacts with the
probe, given their relatively larger values of tan(s). This argument is
indeed valid, which is why a more comprehensive explanation is needed
that considers both tan(5) and G.

Deplace and coworkers [20] suggested that for a given geometry and
substrate, there is an optimal window of tan(5)/G where the material is
capable of both forming a good contact and resisting debonding. Outside
this window of tan(s)/G (at the angular frequency equivalent to the
strain rate of the pull-off test), the material is either too solid-like and
stiff to be able to form good contact (too low tan(5)/G) or too liquid-like
to resist debonding (too high tan(s)/G). Accessing this window by
crossing the lower threshold of tan(6)/G, a transition from interfacial
crack propagation to fibrillation is expected. In other words, relatively
higher values of tan(5)/G indicate a stronger interface (regardless of the
eventual type of failure; adhesive or cohesive). In our experiments, both
CHI-HA 0.1 M and 0.2 M NaCl detach adhesively from the probe.
However, the initial value of tan(5)/G' is higher for the 0.2 M NaCl
sample (8.3 x 107 Pa ) compared to that of the 0.1 M NaCl sample (2.8
x 10°° Pa™1). Therefore, this approximation predicts a stronger interface
in the case of CHI-HA 0.2 M NaCl coacervates, consistent with its higher
adhesion strength (Fig. 6).

As shown in Figure S4, over the course of the salt switch, the value of
tan(5) /G decreases as CHI-HA 0.2 M NaCl becomes more solid-like, but
it remains larger than that of the 0.1 M NaCl sample after 1 h. Lower

203

Journal of Colloid And Interface Science 661 (2024) 196-206

values of tan(5)/G' (which is equal to G'/G%) can be due to either a
relative decrease in G or a relative increase in G, knowing that changes
in G have a greater impact (as G is squared). In our case, both G and G
increase during the course of the salt switch (Fig. 5), with a concomitant
reduction in tan(5). This means that G increases at a higher rate than G,
rendering the material less viscoelastic and less dynamic. Therefore,
while a relatively higher initial value of tan(5)/G ensures better contact
formation, relatively lower final values of tan(s)/G are needed for
greater resistance to debonding. In fact, values below a critical value of
tan(s) /G lead to premature detachment. We remind the reader that the
adhesion of soft materials strongly depends on both contact formation
and resistance to debonding.[49] In light of these explanations, the ideal
transition would be rapid, with a change in tan(5)/G from very high to
near-critical, low values, with the material transitioning from a low-
viscosity liquid to a robust, viscoelastic (but not too elastic) solid.

Regarding the type of failure in the case of CHI-HA 0.1 and 0.2 M
NacCl, no fibrillation was observed under the experimental conditions of
this work (with maximum strains below 100 %). For fibrillation to occur,
the viscoelastic response of the material must be near the entanglement
relaxation time (well within the rubbery plateau) on the time scale of the
pull-off test. However, the viscoelastic response of the CHI-HA complex
coacervates is close to their terminal relaxation time. We therefore
anticipate that fibrillation should occur in pull-off tests performed at
strain rates two decades above the current value (i.e. in the range of 2 —
20 s71). In any case, a clean detachment without fibrillation is not a
drawback for the intended applications of this work.

CHI-HA 0.2 M NaCl has a slightly lower adhesion strength of 50 kPa
in PBS when compared to 62.9 kPa when tested in 0.1 M NaCl at pH = 5.
This is expected from the time sweeps in PBS (see Figure S1). Moreover,
the adhesion strengths measured at different immersion times in PBS
remained relatively constant for up to 24 h. As mentioned earlier, this is
most likely due to the added contribution of the hydrogen bonds, which
compensate the loss of properties as CHI loses its charge at higher pH.
These features make the CHI-HA complex coacervate at 0.2 M NaCl an
ideal candidate for potential biomedical applications.

The adhesion strength of the CHI-HA 0.2 M NaCl (40 - 63 kPa
depending on the test medium, see Fig. 6) is comparable to the highest
values reported for water-rich, complex coacervates based on model
polyelectrolytes tested under comparable experimental conditions.[7]
For example, the complex coacervates of poly(2-acrylamido-2-
methylpropanesulfonic acid) and poly(N,N-[(dimethylamino) propyl]
methacrylamide) had a maximum adhesion strength of 24 kPa in 0.1 M
NaCl (at a rate of 0.2 s~ 1).[24] In another work, an adhesion strength of
7 kPa was reported for complex coacervates of poly(acrylic acid) and
poly(N,N-dimethylaminopropyl acrylamide).[50] The highest adhesion
strength reported here is also comparable to those of other systems
based on H-bonding and hydrophobic interactions.[21,33,51,52] In
particular, Dompé and colleagues measured adhesion strengths of 60
kPa for thermoresponsive complex coacervates with a reduced water
content of 77 wt% (after extrusion) by adjusting the temperature and the
salt concentration of the medium.[52] The added values of the CHI-HA
complex coacervates reported here are that they are bio-sourced, water-
rich, and potentially less toxic than synthetic polyelectrolytes.

3.5. Antibacterial and cytocompatibility of CHI-HA

Bioactive, biodegradable, and potentially less toxic than synthetic
polyelectrolytes, CHI-HA complex coacervates are promising candidates
as biomedical adhesives. Since CHI is known to be antibacterial, we first
investigate the antibacterial property of CHI-HA 0.2 M NaCl against
Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative
Escherichia coli (E. coli). Bacterial quantification (in colony forming
unit per mL, CFU/mL) was performed after 24 h incubation with the
sample and TCPS substrate as a control (Ctrl) (Fig. 7). CHI-HA 0.2 M
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Fig. 7. Microbiological tests on CHI-HA 0.2 M NaCl coacervates. Colony-forming unit (CFU) of (A, C) planktonic (B, D) adherent S. aureus and E. coli cells incubated
for 24 h in contact with (A, B) CHI-HA coacervates and (C, D) rinsed CHI-HA coacervates with the supernatant retrieved at the rinsing. TCPS was used as control
(Ctr]). The differences between the given groups were tested for statistical significance using Student’s t-test (**p < 0.01; ***p < 0.001; ****p < 0.0001).

NaCl coacervates showed a significant reduction of both tested bacterial
strains in the planktonic state, i.e. present in the supernatant. A stronger
efficacy was observed against S. aureus with a reduction of more than 2.5
log10 (99.7 %) vs 1.5 log1o (96.7 %) against E. coli. Adherent bacteria on
CHI-HA coacervates were harvested from the surfaces by ultrasonication
to evaluate their viability (Fig. 7B). A reduction of 3.7 logo (99.98 %)
against S. aureus and E. coli was observed in comparison to the Ctrl.
These results confirmed the antibacterial properties of CHI-HA co-
acervates. CHI is known to interact with the negatively charged bacterial
cell wall through electrostatic interactions, causing the permeabilization
of the bacterial surface, the leakage of intracellular substances, and
subsequently the death of the bacteria.[26] To explore the mechanism of
action, the CHI-HA coacervates were rinsed with the culture medium for
24 h prior to bacterial incubation and tested against S. aureus as well as
the collected supernatant. Rinsed coacervates present similar bacterial
reduction in planktonic (2.9 logig, 99.9 %) and adherent bacteria 2.7
log10 (99.7 %) compared to non-rinsed coacervates (Fig. 7C). In the case
of the collected supernatant, the bacterial reduction was 1 log;o (90.4
%), probably due to the presence of CHI in the supernatant. In agree-
ment with the decrease of rheological properties of the coacervates upon
contact with PBS, these results provide evidence for the release of CHI
chains (as well as HA) in the supernatant from the CHI-HA coacervates.
Moreover, if CHI chains are chemically crosslinked to HA by a carbo-
diimide reaction, the antibacterial activity of the CHI-HA coacervates is
lost (Figure S5 A). [22]

Finally, the cytotoxicity of the CHI-HA coacervates was assessed on
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BALB 3 T3 mouse fibroblast cells, using the CellTiter-Glo 2.0 indirect
luminescence test, which indicates the metabolic activity of cells. Cell
viability was evaluated after 24 h of incubation with the extraction fluid
of CHI-HA 0.2 M NaCl coacervates (Figure S5 B). There is no significant
difference in the cell viability found compared to cells in contact with
the culture medium, indicating that the CHI-HA complex coacervates
are noncytotoxic.

4. Conclusions

We have fine-tuned the underwater adhesive properties of non-
cytotoxic and antibacterial complex coacervates from bio-sourced
polysaccharides, CHI and HA. We found that the water content of
these complex coacervates is extremely high (>85 wt%) and very sen-
sitive to small variations in NaCl concentration. The viscoelastic prop-
erties of these complex coacervates were tuned via salt-induced changes
in their composition, notably their water content. By studying the
viscoelastic properties of these complex coacervates, we predicted that
the coacervates prepared near physiological salt concentrations (0.1 and
0.2 M NaCl) should be inherently sticky, without the need for an
external trigger or switch. This prediction was validated by well-
controlled pull-off experiments on complex coacervates immersed in
their own supernatant.

We also studied CHI-HA complex coacervates after a salt switch in
0.1 M NaCl at pH = 5.0 and a combined salt and pH switch in phosphate-
buffered saline (0.137 M NaCl, pH = 7.4). As expected from the
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evolution of the viscoelastic properties of the complex coacervates
experiencing a salt switch, the underwater adhesion strength was sys-
tematically enhanced. The highest underwater adhesion strength of
62.9 kPa was obtained with CHI-HA 0.2 M NaCl after 1 h of salt switch at
37 °C. This adhesion strength is one of the highest reported values for
water-rich underwater adhesives based on complex coacervates. We also
showed that this material maintains 80 % of its adhesion strength after
24 h of immersion in phosphate-buffered saline. This was associated
with the slight reduction in the dynamic moduli due to the trade-off
between (i) the deionization of CHI at pH 7.4, effectively reducing the
transient crosslink density, and (ii) the formation of dynamically-
arrested domains due to hydrogen bonding [29].

To summarize, the key advantages of the reported CHI-HA co-
acervates over current coacervate-based underwater and biomedical
adhesives are that (i) they are based on bio-sourced polymers, (ii) they
are prepared via a simple mixing method, (iii) they combine significant
water contents (> 85 wt %) and underwater pull-off adhesion strengths
comparable to some the highest values (5 — 90 kPa) reported for chem-
ically crosslinked tissue adhesives based on either CHI or HA, (iv) they do
not require a large trigger to perform, and (v) they are inherently anti-
bacterial and non-cytotoxic. The present work highlights the untapped
potential of simple, bio-sourced complex coacervates for future
biomedical applications.
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