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Abstract

Collagen/hyaluronan hydrogels with physical properties well suited for biomedical
applications are challenging to synthesize due to the formation of polyionic complexes (PICs).
A systematic physicochemical study was thus performed to determine novel conditions to
inhibit the formation of collagen/hyaluronan PICs and obtain composite hydrogels with high
physical properties. Using a range of pH from 1 to 5.5 and the addition of NaCl, type | collagen
and tyramine-substituted hyaluronic acid (THA) solutions were mixed and analyzed by cryo-
scanning electron microscopy and ATR-FTIR. PIC formation was inhibited at pH 1 without salt
and at pH 2.5 and 5.5 in the presence of 400 mM NacCl. Interestingly, collagen fibrils were
observed in solution at pH 5.5 before mixing with THA. After collagen gelling by pH increase,
a homogeneous hydrogel consisting of collagen fibrils was only observed when PICs were
inhibited. Then, the THA gelling performed by photo-crosslinking increased the rheological
properties by four when hydrogels were formed with collagen/THA mixtures at pH 1 or 5.5
with salt. Taken together, these results show that a pH of 5.5, close to the collagen isoelectric
point, enables the formation of collagen fibrils in solution, inhibits the PICs formation, and
allows the formation of homogenous collagen/THA composite hydrogels compatible with cell

survival.
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1. Introduction

Hydrogels are promising materials for tissue engineering applications as they are highly
hydrated with tunable mechanical properties. In addition, they allow for the rapid diffusion of
nutrients and oxygen through the scaffold 1. Last, mechanical irritation on the surrounding
tissues after implantation is low 2. They can be synthesized from natural or synthetic polymers
that form physically or chemically crosslinked networks 3.

Biopolymers are of great interest in tissue engineering through their biocompatibility and
ability to mimic the natural cellular environment #°. Type | collagen is the main component of
mammalian extracellular matrices and is at the origin of the fibrous structure and resistance
of tissues. This protein is broadly used for biomedical applications as it is the natural support
for cells ®. Collagen-based hydrogels are usually fabricated from low-concentrated (less than
5 mg/mL) solutions by pH increase, up to 7 to form a physical hydrogel composed of collagen
fibrils 7. The main limitation of these biomaterials is their low stability in vivo, mainly due to
their fast degradation. In addition, the collagen network contracts under the cellular activities
of fibroblasts or stem cells 8.

Hyaluronic acid is a non-sulfated glycosaminoglycan naturally present in the extracellular
matrix. Due to its biological properties, water retention properties, and capability to be
chemically modified to modulate its properties, hyaluronan is broadly used in tissue
engineering and 3D printing. In its native form, this polysaccharide does not form hydrogels 2.
To fabricate hyaluronan-based hydrogels, it is necessary to functionalize the polysaccharide
chain with a cross-linkable function such as Tyramine. Tyramine-substituted hyaluronan (THA)
gelation can be performed using several methods including enzymatic (Horseradish

Peroxidase/H20z) or photocrosslinking. The Horse Radish Peroxidase (HRP) / H202 system is



an interesting candidate to control the crosslinking density and gelation kinetic. In addition,
the mild conditions do not produce cytotoxic by-products 2219, Photocrosslinking relies on the
use of photoinitiators which produce reactive species upon light exposure. Visible light is
recognized to enable higher cell survival than UVs 1. Eosin Y used as photoinitiator can be
exposed to green a light to efficiently gel THA. At an optimized concentration and exposure
time, itis not cytotoxic for cells and allows fast gelation into covalent networks with tunable
properties 19, The latter depends on molecular weight and degree of substitution by tyramine
moieties. However, cell adhesion to THA hydrogels is low and it is therefore often combined
with another biopolymer allowing for cell survival 1213,

Collagen/hyaluronic acid composite hydrogels have been broadly studied to develop
biomaterials used in tissue engineering. Combining intrinsic properties of both biopolymers is
interesting for biomedical applications such as dermal filling, intervertebral disc regeneration,
cartilage and bone repair. Due to a strong interaction between positively-charged collagen
and negatively-charged hyaluronic acid, polyionic complexes (PICs) readily form in solution 13
These biopolymers tend to precipitate and are therefore difficult to use to generate composite
hydrogels. To circumvent this issue, one strategy is to form one hydrogel first and then add
the second biopolymer 4. However, such an association is not always beneficial to the
properties of the composite hydrogel 1°. Collagen fibrillogenesis can be altered within HA
hydrogels and HA incorporation into collagen hydrogels can modify mechanical properties 1°.
Another strategy is to form a hybrid network following the chemical functionalization of both
collagenand HA. In this case, collagen fibrillogenesis is completely inhibited. Without fibrillar
structure, these materials do not reproduce the natural topography of extracellular matrices.
Last, both polymers can be pre-neutralized before mixing >. At pH 7, collagen is close to

neutral, thereby limiting electrostatic interactions with HA. However, the pH increase triggers



a fast collagen gelling. Hence, collagen/THA solutions have to be immediately used after
mixing. As a consequence, composite materials cannot be produced by 3D printing,
electrospinning or spray drying that require an initial solution stable over the whole processing
duration, i.e tens of minutes 1718, A few studies investigated how to inhibit PICs formation in
solution. Chen et al have shown that the PICs formation could be inhibited by the addition of
NaClin highlyacidic conditions (pH 1) 17. Nevertheless, no studies on hydrogels formation from
these acidic solutions have been conducted. Only crosslinked sponges synthesized by freeze
drying of acidic collagen/HA solutions have been described. In addition, no systematic studies
on the impact of pH and the presence of salt have been performed either.

In this study, we investigated polyionic complexation between collagen and tyramine
functionalized hyaluronic acidin order to identify novel conditions for its inhibition. This would
allow to generate homogeneous collagen/THA hydrogels with physical properties suitable for
biomedical application (structure and mechanical properties). For this purpose, a range of pH
was tested in collagen/THA mixtures followed by saltaddition to evaluate the physicochemical
behavior of these biopolymers in solution. Then, hydrogels were formed by triggering first the
collagen gelling using pH increase. Then, THA gelling was carried out using the enzymatic or
photo-crosslinking. Last, the physical properties of the as-made collagen/THA composite

hydrogels were analyzed in detail.

2. Materials and methods

2.1. Materials

Hyaluronan sodium salt from Streptococcus equi with weight average Molecular Weight

(MW= 290 kDa) and dispersity index of 1.86 was purchased from Contipro Biotech s.r.o (Czech
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Republic). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM)
was purchased from TCl Europe N.V. (Tokyo, Japan), Tyramine hydrochloride (Tyr), hydrogen
peroxide, horseradish peroxydase, NaOH, NaCl and eosin Y were purchased from Merck
(France). HCI (37 %), acetic acid (99-100 %), and absolute ethanol were purchased from VWR

International (France). 1X PBS was obtained from Thermo Fischer Scientific.

2.2. Collagen extraction and purification

Native type | collagen was extracted from tails of Young Wistar male rats as previously
described *°. Basically, rat tails were rinsed with 70% ethanol, placed in a safety cabinet and
cut in 1 cm sections from their extremity to extract tendons. After several rinses in 1X PBS,
tendons were solubilized in 500 mM acetic acid for 24 hours. Then, collagen was purified by
precipitation using 0.7 M NaCl. Precipitates were dissolved in a fresh 500 mM acetic acid
solution. Salt elimination was performed by dialysis against 500 mM acetic acid. The final
solution was centrifuged for 4 hours at 30000 g to remove aggregates and supernatant was
stored at 4 °C. The collagen concentration was determined by hydroxyproline titration 2° and
purity assessed by SDS-PAGE electrophoresis (MiniProtean TGX, Biorad). Finally, the
concentration was set to 6 mg.mL™? via evaporation under a safety cabinet. Dialysis of the
collagen solution was performed against different HCI solutions with concentration from 101
to 10° M to set the pH value from 1 to 5.5.

2.3. Hyaluronic acid functionalization with Tyramine

Hyaluronan functionalization was conducted by amidation reaction of the carboxylic acid
moieties from HA and the amine group from Tyramine hydrochloride using DMTMM as

previously described 21. For this purpose, hyaluronic acid sodium salt (2g, 5mmol carboxylic



groups) was dissolved overnight in 200mL of ultrapure water at a final concentration of 1 %
(w/v). HA solution was then warmed up to 37°C using a thermostatic oil bath. 1,38 g of
DMTMM was added to the HA solution and then a cap was set to keep the system closed. In
parallel, Tyramine hydrochloride (5 mmol) was dissolved in 5 mL of MilliQ water and then
added dropwise to the mixture. The reaction was conducted at 37 °C under stirring for 24 h.
The following day, 32 mL of a saturated NaCl solution was added and stirred for 30 minutes.
The tyramine-modified Hyaluronan (THA) precipitation was then performed by adding
dropwise 96 % alcohol (600 mL). The precipitate was collected by filtration under vacuum
using a Gooch filter P3. After several washes with 80% ethanol (500 mL), 90% ethanol (200
mL), 96 % ethanol (200 mL) and absolute ethanol (200 mL), the solid was spread on a glass
petri dish, left in the hood overnight and finally dried at 40 °C for 48h. Salt residues were
detected with a silver nitrate (0.1 M) and molar degree of substitution was determined using
by measuring absorbance at 275 nm of 0,1 % (w/v) THA solution in MilliQ water using a Cary
5000 UV-vis-NIR Spectrophotometer (Agilent Technologies). Standards with Tyramine
hydrochloride were used to calculate THA degree of functionalization in a concentration range
between 0 and 1000 pg/mL. THA was dissolved in different HCl solutions (10 to 10 M) to a

final 30 mg.mL?-.

2.4. Mixtures of Collagen and THA

The collagen solutions (6 mg.mL™?) and the THA solutions (30 mg.mL™) prepared with HCl
concentrations from 101 M to 10 M, with or without NaCl at 400 mM, were used for this
experiment. The solutions were stirred for 24h at room temperature prior to their utilization.

The following day, collagen (666 uL) and THA (133 uL) were mixed at a 1:1 mass ratio (w/w)



with a positive displacement micropipette (Gilson) to reach a4 mg.mL? concentration for both

biopolymers. Then, the mixtures were stirred for 12 h at room temperature.

2.5. Gelling and fibrillogenesis of collagen/THA solutions

Collagen fibrillogenesis and gelling of collagen/THA mixtures was triggered by pH increase. To
do so, 200 uL of previously prepared mixture was poured into small molds (7 mm in diameter)
and placed under ammonia vapors for 24 h. The day after, resulting hydrogels, 5 mm thick,

were extensively washed with MilliQ water until a neutral pH was reached.

2.6. THA crosslinking within Collagen/THA hydrogels.

After collagen gelling, THA crosslinking was performed using two different methods to obtain
interpenetrated network hydrogels. (i) Enzymatic crosslinking was carried out using Horse
Radish Peroxidase (HRP) and Hydrogen Peroxide (H202). 100uL of HRP/H20; solution, ([HRP] =
1.5 Ul.mL?, [H202] =1.1 mM ) was added on top of collagen/THA hydrogels. Hydrogels were
then incubated at room temperature on a stirring plate covered with a tin foil for 24 hours to
allow chemical crosslinking (formation of di-tyramine bonds.) The second method was based
on photocrosslinking using an eosin Y / green LED light system. Eosin Y was firstly solubilized
in DMSO to generate a stock solution concentrated at 200 mg.mL* and then diluted in water
to reach a final concentration at 200 pg.mL?. Collagen/THA hydrogels were immersed in an
Eosin Y bath (2 mL) overnight in a 24 well plate protected from the light. The Eosin
homogeneity was checked by observation of its orange color throughout hydrogels. The
following day, hydrogels were removed from the eosin bath and photocrosslinked under

green LED lightfor 90 min (hydrogels placed at 10 cm from the led lamp). The green light could
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be observed through hydroegels, thereby evidencing the effective crosslinking. Hydrogels
were then washed extensively with MilliQ water until the orange color due to the eosin

presence disappeared.

2.7. Cryogenic Scanning Electron Microscopy (Cryo-SEM) analysis

Collagen/THA mixtures were processed for cryo-SEM using the PP3010T, QUORUM cryo
preparation system (Laughton, United Kingdom). For this purpose, a drop of each
collagen/THA mixture with or without NaCl was placed between two rivets. Then, rivets were
set onto a sample holder attached to a shuttle. The freezing step was performed in slush
nitrogen, cooled by pressure drop (9x102 mBar) to approximately -206 °C. After introduction
into the preparation chamber, the samples were cryo-fractured, sublimated (4 min at-100°C),
and sputtered with palladium (50 s, 10 pA).

The samples were then introduced into the electron microscope and positioned on the cold
stage (-140 °C). Observations were performed on a Gemini SEM 300, ZEISS (Oberkochen,
Germany) at 2 kV, 30um diaphragm, using either SE2 detector positioned in the chamber or

SE2 detector (Inlens) positioned in the column (n=3).

2.8. ATR-FTIR analysis

ATR-FTIR analyses were conducted on the different collagen/THA fibrillated hydrogels to
identify possible interactions between collagen and THA when PICs are formed. To do so,
composite hydrogels were freeze-dried for 24 hin 1 mL microfuge tubes. Dried hydrogels were
cooled in ice and blended with a mortar. Then, they were analyzed using Attenuated Total

Reflectance (ATR)— FTIR method using a Perkin EImer Spectrum 100 equipment. Samples were



deposited on the diamond crystal and pressed to optimize signal intensity (n=3). For each
spectrum, 64 scans were collected between 500 and 4000 cm™ with a measure every 1 cm™.

For each condition, three spectra were acquired and the mean was calculated for eachsample.

2.9. Differential Scanning Calorimetry (DSC)

DSC was conducted on collagen/THA solutions or hydrogels to measure the denaturation
temperature of collagen in different conditions. One mL of mixtures was freeze-dried for 24
hours and then rehydrated with 15 pL of the solvent used for their synthesis (i.e the
appropriate NaCl and HCl concentrations). Regarding hydrogels, 1 mL of hydrogel was freeze-
dried, and 20 pL of MilliQ water was used to rehydrate them after lyophilization. Then, 5 to
10 mg of rehydrated hydrogel or collagen/THA solution was placed within hermetically closed
aluminium pans. Samples were analyzed using a modulated DSC TA Q20 (Texas Instrument).
Standby temperature was set at 20°C, then increased from 10 °C to 90 °C at a heat speed of
10 °C.min"1. Data were analyzed using TA Universal Analysis software (n=3). Denaturation

temperatures were calculated using the mean of triplicates for each condition.

2.10. Rheological measurements

Shear oscillatory measurements were performed on collagen/THA hydrogels using an Anton
Paar rheometer MCR302 fitted with a 7.5 mm sand-blasted parallel plate upper geometry. All
tests were performed at 20 °C with sweep frequency (from 0.1 to 10 Hz). Mechanical spectra,
namely storage G’ and loss G”” moduli versus frequency, were recorded at an imposed 1%
strain, which corresponds to non-destructive conditions, as previously checked with an

amplitude sweep (data not shown). In order to test all hydrogels in the same conditions,
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before each run, the gap between base and geometry was chosen to apply a 0.1 N positive

normal force on gels during measurement. At least 3 hydrogels per condition were tested.

2.11. Scanning Electron Microscopy (SEM) analysis

Collagenhydrogels were imaged using SEM before and after THA crosslinking. Hydrogels were
first fixed using a glutaraldehyde solution at 4% in PBS overnight, then washed three times in
a cacodylate 0,1 M/saccharose 0,6 M buffer (1 vol/1 vol) and dehydrated using different
ethanol baths with increasing concentration (from 50 % to 100 %). Last, samples were dried
using a super critical dryer (Leica). Dried samples were then scratched, stuck onto holders and
sputtered with a 15 nm gold layer (n=3). Observations were carried out with a Hitachi S-3400N
SEM operating at 10 kV with a probe current around 95 pA. Images were captured at a

magnification of X 20k.

2.12. Statistical analysis

All experiments were carried out at leasttwice, and the results were expressedas mean values
+ standard deviation (SD). The differences between the different formulations were analyzed
for each time point using Kruskal-Wallis test. Then, a Dunn Test was used as post-hoc test to

determine the differences between groups. A p value <0.05 was considered significant.

3. Results and discussion

3.1. Preparation and characterization of Collagen/ THA solutions
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(A) Collagen/THA solutions (B) Pure collagen
[NaCl] OmM pH  [NaCl] 400mM  pH [NaCl] OmM [NaCl] 400mM
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Figure 1 : (A) Collagen/THA solutions (0.4%/0.4% w/v) observed with CryoSEM (scale bar: 1um) and
their corresponding macroscopicviews. (B) Pure collagen hydrogelsobservedwith CryoSEM (Scale bar:
1um). (C) Denaturation temperatures of collagen in the different formulations measured by

Differential Scanning Calorimetry (DSC). *: p<0.05 (n=3).
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Mixing THA and collagenat pH 1 generated clearand homogenous solutions (with and without
salt addition) (Figure 1A). From pH 2.5 ([HCI] = 102 M), some aggregates appeared in the
mixtures, characteristic of the formation of polyionic complexes (PICs). Aggregates were
cohesive in the form of compact blocks (Figure 1A). PICs were still visible when the pH was
increased up to 5.5. The addition of 400 mM NaCl weakened the PICs cohesion as blocks
became granular suspensions (Figure 1A). Surprisingly, pure collagen solutions at pH 5.5 also

exhibited a milky aspect with or without salt addition. (Figure 1B).

The analysis of collagen/THA solutions by cryo-scanning microscopy revealed sheet-like
ultrastructure for the mixtures at pH 1, 2.5 and 4, regardless of the addition of NaCl. At pH 4.5
and 5.5, numerous fibrils appeared in the collagen/THA solutions (Figure 1A). Fibrils were also
visible in pure collagensolutions at the same pHs, suggesting they were present before mixing.
The thermal stability of collagen was analyzed within the mixtures by DSC. The collagen
denaturation temperature was not significantly modified in the presence of THA but it was
influenced by the presence of NaCl. At pH 1, the denaturation temperature was around 37°C
which is similar to that of collagen in acetic acid (Figure 1C). From pH 2.5, the denaturation
temperature of collagen in mixtures slightly increased to reach around 40 °C at pH 4. At this
pH, the addition of 400 mM of NaCl dramatically increased the collagen denaturation
temperature up to around 55 °C. The same phenomenon was observed for mixtures at pH 4.5
and 5.5 with salt(Figure 1C). Interestingly, the same denaturation temperature was measured

for pure collagen solutions prepared with 400 mM NaCl from pH 4 to 5.5 (Figure 1C).

The observation of a homogenous solution at pH 1 shows that the PICs formation was
inhibited in high acidic conditions as previously reported 3. Carboxylic acid moieties on THA

have a pKa around 2.5-3 22, Hence, below this pH value, carboxylic acids are protonated,
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resulting in a neutralization of the macromolecular chain. This neutrality drastically decreases
the electrostatic attractions between collagen and hyaluronic acid, thereby preventing
complexation. From pH 2.5 without salt, PICs appeared which could be attributed to a strong
interaction between positively charged collagen and THA, negatively charged at this pH. The
addition of NaCl screened the charges on biopolymer’s chains and inhibits the PICs cohesion
17 At pH 4, the addition of NaCl was not sufficient to prevent this complexation. However,
NaCl might contribute to weaken PICs formation by increasing ionic strength in the
macromolecular mixture and partially screened electrostatic attractions between
biopolymers. For pH 4 and above in presence of salt, the temperature of denaturation
increased up to 55 °C for pure collagensolutions and collagen/THA mixtures, which is the value
for collagen fibrils. This suggests that collagen fibrillogenesis occurred in collagen solutions
prior to mixing. Cryo-SEM confirms this hypothesis as fibrils were visible in pure collagen
solutions and mixes at pH 4.5 and 5.5. The isoelectric point of collagen being around 6, the
presence of fibrils in these solutions is justified 2324, It was previously shown that the self-
assembly of collagen into fibrils occurs at lower pH, however it leads to immature fibrils with
an inferior stability and small size 7. The self-assembly of collagen into fibrils also occurred at
pH 4.5 and 5.5 without salt but the denaturation temperature was lower (around 45 °C). This
indicates that the presence of saltallowed an appropriate fibrillogenesis and stabilized fibrils
thanks to the adequate ionic strength. As the collagen fibril surface is quasi neutral, this could
limit its interaction with THA 7. Hence, the addition of salts prevents PIC’s formation at very
acid pH (2.5) due to charge screening and at high pH (from 4.5) thanks to the formation of
collagen fibrils in solution.

Taguchi and collaborators have shown PICs formation can be inhibited in the presence of salt

with 400mM NaCl as the optimal salt concentration to hinder electrostatic interactions
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between collagen and THA at low pH values 3. Chen et al. extended this study by showing a
shielding transitional area around 100 mM NaCl 7. In this transitional area, ionic strength is
too low to screen interactions between both biopolymers but weakens it. Therefore, PIC
formation depends on the balance between ionic strength and the strength of attractive

interactions between collagen and THA.

3.2. Collagen gelling and fibrillogenesis within COL/THA hydrogels

[NaCl] OmM [NaCl] 400mM

pH 1 Gel Gel
PICs Gel
PICs Gel
PICs Gel
PICs Gel

Figure 2 : Ultrastructure of Collagen/THA hydrogels observed after collagen gelling by scanning

electron microscopy (scale bar: 1 um).
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The ability of collagen/THA mixtures to gel and form collagen fibrils was investigated. For this
purpose, collagen fibrillogenesis and gelling were triggered by neutralization. Hard gels were
formed from collagen/THA solutions at pH 1 without or with salt (Figure 2). These gels
exhibited a homogenous fibrillar network (Figure 2), thereby evidencing that collagen
fibrillogenesis occurred properly. These hydrogels exhibited an ultrastructure similar to that
of pure collagen hydrogels. For collagen/THA mixtures formed at pH 2.5 to 5.5 without salt
addition, PICs were observed and hydrogels were not formed (Figure.2). PICs swelled during
the ammonia exposure, but the aggregates were still visible. These materials were populated
by thick fibrils or sheets, disorganized and massive (Figure.2). Despite PICs formation in
solution, collagen fibrils could be formed, however their morphology seems to be disturbed
by the presence of THA.

Chen et al previously observed this phenomenon by 2D IR mapping and reported a
modification in the triple helical structure of collagen due to the presence of HA at low NaCl
concentrations 7. However, the expected amide | bond was visible by increasing the NaCl
concentration, evidencing collagen a-helical structure was recovered. Hence, collagen was
more prone to form fibrils. In this study, we confirm these results as individual fibrils are
observed when 400 mM NaCl was added to collagen/THA mixtures. In addition, soft hydrogels
were formed (Figure 2), suggesting that the PICs formation was limited enough to allow
collagen gelling.

In more details, for initial solutions at pH 1 and pH 2.5 with salt addition, a homogenous
fibrillar collagen network was visible similar to that observable in pure collagen hydrogels. For
mixtures at pH 4, fibrillogenesis seemed to be disturbed as small aggregates were formed
(Figure 2). Better defined collagen fibrils were observed in the pH 4.5 initial conditions while

at pH 5.5, hydrogels were populated by well- defined collagen fibrils with a regular thickness.
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Despite different structures, collagen has the same denaturation temperature around 52 °Cin
all gels, indicating that the thermal stability of fibrils was not altered by the ultrastructural

modifications (Supporting Information 1).

Normalized Transmittance

Without NaCl (B) With NaCl
1,01 1,01
. —— Collagen/THA e ; —— Collagen/THA
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1000 1500 1000 1500 :
Wave numbers (cm™) Wave numbers (cm ')

Figure 3: ATR-FTIR spectra of collagen/THA composite hydrogels after collagen gelling (A) without salt

addition (B) and with 400 mM NaCl (zoomin the range from 750 to 1750 cm™).

The collagen/THA interactions within composite hydrogels were investigated by ATR-FTIR
after collagen gelling. We specifically focused on the 750-1750 cm™ wavenumber range that
includes characteristic vibration bands of proteins (Amide | at 1650 cm™, Amide Il at 1550 cm"
1 d(CH3) and d(CH2) between 1480 and 1350 cm™, Amide Il between 1300 and 1200 cm)
(Supporting information 2). In this region, hyaluronan also exhibits several vibration bands at
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1620 cm™ and 1420 cm corresponding to the carboxylate moieties (Supporting information
2). In the 900-1200 cm range, two peaks at 1030 and 1080 cm™ corresponding to d(C-0) and
d(C-0O-C) of carbohydrate moieties are observed for both polymers, but they are of high
intensity in THA and of low intensity in acidic collagen (Supporting information 2). In the
absence of salt, these peaks are observed in this range for composite hydrogels synthesized
from solutions at pH 1 (Figure 3A). This is in good agreement with the fact that this is the only
condition where the collagen gelling and fibrillogenesis occur without PICs formation (Figure
3A). In parallel, the similarity between all other spectra for solutions at higher pHs suggest
that the formed PICs share a common chemical structure (Figure 3A and Electronic
Supplementary Information N°3).

In contrast, in the presence of salts, spectra show important variations with initial pH (Figure
3B and Electronic Supplementary Information N°3). This would point out that, despite the fact
that the final pH is the same for all conditions, the presence of the saltin the solutions leads
to distinct chemical structures after gel formation. This should reflect that pH conditions have
a strong influence on the protonation state of the charged moieties of both polymers but also
on their conformation (Figure 3B). Similar to conditions without salts, the peaks at 1030-1080
cm?® drastically decreased when the PICs were observed, suggesting the strong interaction
with collagen modified the vibration of carbohydrate moieties. At pH 2.5 with NaCl addition,
these peaks were visible, suggesting THA was in a free form (Electronic Supplementary
Information N°3). This shows that PICs are no longer formed in these conditions and confirms
that the addition of salt screens the charges to prevent the PICs formation 7. At pH 4 and 4.5,
the spectra resemble those obtained without salt addition when the PICs are present (Figure

3B). At pH 5.5, the peaks at 1030-1080 cm™ were observed, suggesting collagen/THA
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interactions are weak at a pH close to the collagen isoelectric point (Figure 3B and Electronic
Supplementary Information N°3).

To summarize, well-fibrillated collagen networks were formed where PICS formation could be
avoided, i.e. at low pH thanks to the screening of polymers charge and at high pH where
collagen fibrillogenesis occurs before HA addition.

Usually, biomaterials synthesized from stable collagen/THA solution without the presence of
PICS are sponges and not hydrogels 7. Other studies have been carried to form homogeneous
collagen/HA hydrogels but they do not take into account the complexation phenomenon 132>,
These systems were homogeneous due to the specific conditions. Actually, gelation was
conducted at cold temperature with a pre-neutralization of collagen concomitant to the THA
gelling by enzymatic crosslinking 1°. Cold temperature only slows down gelling of neutralized
collagen. As a consequence, it is impossible to use this formulation to develop a homogenous

ink for 3D printing or electrospinning as the gelling is not controllable or tunable.

3.3. THA gelling by enzymatic or photocrosslinking

Subsequently to the collagen gelation, THA crosslinking was performed to form the
hyaluronan network. The efficacy of photocrosslinking (using eosinY and green led light) was
investigated and compared to enzymatic crosslinking using HRP/H205. The final goal was to
create a double network and reinforce the collagen/THA hydrogel structure. The impact of
THA crosslinking on the collagen network was studied through SEM observations (Figure 4).
Only the conditions which allow the formation of homogenous hydrogels, i.e in presence of
400 mM NaCl, are presented on Figure 4. The THA crosslinking did not impact the

collagen/THA hydrogel ultrastructure as a homogeneous fibrillar network was observed
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regardless of the HCl concentration considered. This ultrastructure resembled that of pure
collagen hydrogels. Hence, the formation of di-tyramine bonds of the THA network does not
modify the collagen ultrastructure. The porosity seems to be large enough and the interaction

between both biopolymers small enough to generate an interpenetrating network.

pH 2.5 pH 4 pH5.5

| e— P
» 1000 nm 1000 nm

Figure 4: Ultrastructure of collagen/THA hydrogels from solutions with salt after enzymatic crosslinking or

photocrosslinking (scale bar: 1um).

The collagen thermal stability was investigated after THA crosslinking. The denaturation
temperature was affected by the crosslinking method as shown in Figure 5A. Regarding the
enzymatic crosslinking by HRP/H202, collagen in composite hydrogels underwent
denaturation at around 53 °C, i.e the same denaturation temperature found in pure collagen
hydrogels. This suggests that the formation of the THA gel did not stabilize or destabilize
collagen and no covalent bonds were formed between both polymers. In the composites
photocrosslinked by green light, the collagen denaturation temperature increased up to 62 °C

(Figure 5A). This increase means that photocrosslinking stabilized the collagen network and

20

1000 nm

1000 nm




reinforced it. Since collagen has tyrosine in its sequence 26, amino acid similar to tyramine, a
hybrid network could be formed using photocrosslinking. Besides the Tyramine/Tyramine
bonds forming the THA network, a hybrid network could be generated by the formation of
Tyramine/Tyrosine bonds. In addition, the collagen network could also be reinforced by the
creation of Tyrosine/Tyrosine bonds between two collagen fibrils. Altogether, this could
explain the higher denaturation temperature measured in photocrosslinked collagen/THA
hydrogels. This hypothesis is supported by the increase in denaturation temperature up to
59°C in pure collagen hydrogel after photocrosslinking, indicating fibrils were stabilized
possibly through new Tyrosine/Tyrosine covalent bonds 27:28, The difference of collagen
denaturation temperature between pure and Collagen/THA hydrogels could be due to the

formation of supplementary Tyrosine/Tyramine bounds.

Rheological analysis revealed a decrease of storage modulus after enzymatic crosslinkingin all
conditions except for 10> M HCI (pH 5.5) (Figure 5B). Hence, HRP/H202 was inefficient to
trigger THA network formation after collagen gelling and altered the hydrogel mechanical
properties. The absence of THA network formation could be due to the weak diffusion of HRP
within the fibrillated collagen network. Besides, the drop in mechanical properties may reflect
partial depolymerization of THA induced by H,02 2°. The slight increase observed for 10° M
HCI in the presence of salt could be attributed to the preformed fibrils in the solution.
Consequently, fewer collagen molecules are available to form a gel, and the porosity could be

higher. Then, the HRP diffusion could be facilitated.
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Figure 3 : (A) Collagen denaturation temperature of fibrillated hydrogels before and after THA
crosslinking analyzed by DSC (B) Storage modulus of fibrillated hydrogels before and after THA

crosslinking measured by rheometry. *: p<0.05 (n=3).

Enzymatic crosslinking using HRP/H202 hydrogels has previously been investigated on
collagen/THA 25, HRP was found effective in these systems because crosslinking was triggered
during the co-gelation of pre-neutralized THA and collagen mixtures. In these conditions, no
polyionic complexes were formed but the gelling was fast and not controllable after

neutralization.

The storage modulus increased after photocrosslinking using Eosin Y and green light. Unlike
HRP, eosinis a small molecule, thus it can easily diffuse within the collagen fibrillary network
to the THA molecules. The condition for which the storage modulus gain was the highest were

was at pH 5.5 with salt (10> M HCI) as the storage modulus doubled. This is correlated to the
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inhibition of PICs and the formation of homogenous gels. Since tyrosine amino acids are
located at the fibril surface 39, covalent bonds could be formed between collagenfibrils or with
THA, as previously mentioned. These crosslinkings would reinforce the polymeric structure
and could explain the increase of mechanical properties. Therefore, photocrosslinking seems
to be the optimal way to crosslink THA since it promotes the best structural, thermal and

mechanical properties to the as-obtained hydrogel.

To fabricate composite hydrogels, several strategies have been tested. To obtain homogenous
hydrogels, with suitable physical properties, polyionic complexation has to be inhibited
somehow. The most developed materials rely on the use of EDC/NHS, photocrosslinking or
enzymatic crosslinking of preneutralized collagen/HA solutions. This one pot technique seems
to be the most promising method to target a wide range in swelling and mechanical properties
31-34 However, fibrillogenesis is inhibited, thus the physiological topography cannot be
reproduced. Inaddition, the high crosslinking between polymers inhibit biological degradation
and water retention 1°. Last, long term procedures cannot be performed as collagen gelling
rapidly occurs. Hence, our novel procedure to produce collagen/THA hydrogels seems to be

promising for biomedical applications.

4. Conclusion

This study describes an original method to inhibit the polyionic complexation between
collagen and hyaluronic acid-tyramine, thereby generating homogenous and biomimetic
composite hydrogels. Unlike the common strategy based on the utilization of highly acidic
solutions (pH 1), it is possible to form composite hydrogels using solutions with a pH close to
the collagenisoelectric point (pH 5.5). In this condition, stable and mature collagen fibrils are
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generated in solution, which can homogenously be mixed with hyaluronic acid without
triggering any polyionic complexation. Subsequently, collagen gelling can be performed by pH
increase. The method presented is compatible with a secondary crosslinking mechanism by
forming di-tyramine bonds using eosin and green light to modulate composite hydrogels'
physical and rheological properties without altering their structure. Taken together, these
results show collagen and THA can be mixed at pH near physiological conditions, i.e
compatible with cells survival, then used to synthesize biomaterials for tissue engineering

applications.
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