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Abstract :

Glycosaminoglycans (GAGS) are essential constituents of the cell surface and extracellular matrix, where
they are involved in several cellular processes through their interactions with various proteins. For
successful tissue regeneration, developing an appropriate matrix supporting biological activities of cells
in a similar manner than GAGs remains still challenging. In this context, this study aims to design a
thermosensitive polysaccharide that could further be used as hydrogel for tissue engineering applications.
For this purpose, infernan, a marine bacterial exopolysaccharide (EPS) endowed with GAG-mimetic
properties was grafted with a thermosensitive polymer, poly(N-isopropylacrylamide) (pNIPAM). Eight
grafted polysaccharides were obtained by varying EPS/pNIPAM molar ratio and the molecular weight of
pNIPAM. Their physicochemical characteristics and their thermosensitive properties were determined
using a multi-technique, experimental approach. In parallel, molecular dynamics and Monte Carlo
simulations were applied at two different scales to elucidate, respectively, the molecular conformation of
grafted infernan chain and their ability to form an infinite network undergoing a sol-gel transition near the
percolation, a necessary condition in hydrogel formation. It comes out from this study that thermosensitive
infernan was successfully developed and its potential use in tissue regeneration as a hydrogel scaffold
will further be assessed.
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1. Introduction

Glycosaminoglycans (GA7s), linear anionic heteropolysaccharides are critical
constituents of both the cell suri>ce and extracellular matrix (ECM) of animal tissues. Presenting
a high charge density, =~%s regulate several cellular behaviors (adhesion, migration,
proliferation, differentia.’on) through interactions with multiple proteins (e.g. growth factors,
cytokines) (Gandhi & Mancera, 2008; Perez et al., 2023). GAGs are therefore essential elements
of the cellular microenvironment responsible for the development and maintenance of
physiological functions, inspiring in this way a large number of tissue engineering strategies in
the search for bio-mimetic scaffolds (Baei, Daemi, Aramesh, Baharvand, & Eslaminejad, 2023;
Celikkin et al., 2017; Menezes, Vincent, Osorno, Hu, & Arinzeh, 2023). Although their

exploitation was initially based on extraction from animal organisms (bovine, porcine, chicken,



shark), the difficulties of standardization and contamination of batches encountered in recent
years led to the development of alternative sources of GAGs (Badri, Williams, Linhardt, &
Koffas, 2018). The biosynthesis of these bioactive polysaccharides by microorganisms, such as
bacteria constitutes an interesting approach, offering a controlled production in bioreactors, thus
allowing to obtain batches of constant quality with high purity in a short time and with a high
potential yield (Cimini, Bedini, & Schiraldi, 2023; Kang et al., 2018; Liu, Guo, Chen, Liu, &
Gao, 2023). Bacteria from deep-sea hydrothermal vents exhibic ~n atypical chemodiversity,
reflecting the environment in which they evolve (Delb~r-a-Lzdrat, Sinquin, Lebellenger,
Zykwinska, & Colliec-Jouault, 2014; Zykwinska et al., zc19a). This is particularly the case of
the marine Gram-negative bacterium Alteromonas n.*=rnus, secreting an original highly
branched exopolysaccharide (EPS) called infernrai. .G (785 EPS) (Raguénés et al., 1997; Roger,
Kervarec, Ratiskol, Colliec-Jouault, & Cnevolot, 2004). In our previous studies, the GAG-
mimetic properties of infernan, resulting from the presence of both sulfate groups and uronic
acid (UA) residues, were demons*ated in vitro and in vivo (Rederstorff et al., 2011, 2017).
Indeed, the addition of nati.= EPS of HMW (~10° g/mol) into silated hydroxypropyl
methylcellulose (Si-HPM™) 1, rogel supported the viability and proliferation of chondrocytes
and osteoblasts cultureu in two and three dimensions (Rederstorff et al., 2011). In vivo, this
infernan-enriched hydrogel implanted in the subcutis of nude mice allowed the synthesis of a
cartilage-like extracellular matrix, rich in sulfated GAGs and type Il collagen, by incorporated
chondrocytes (Rederstorff et al., 2017). Indeed, due to its natural affinity towards the growth
factors, such as TGF-p1 and BMP-2, native infernan can be exploited in tissue regeneration
(Rederstorff et al.,, 2017). The presence of this HMW polysaccharide also improved the

mechanical properties of the final hydrogel (Rederstorff et al., 2011, 2017). Thus, possessing the



functional properties (biological and structural) of GAGs, using infernan as a scaffold to support
cellular activities, including cell adhesion and proliferation seems promising. While medium-
molecular weight infernan derivatives display gelling properties with calcium and can be
structured in microgels delivering growth factors for tissue engineering purposes (Gélébart et al.,
2022; Zykwinska et al., 2019b, 2022), too high chain length of the native EPS limits its ionic
gelation through properly establishing junction zones mediated by calcium ions (Makshakova,
Zykwinska, Cuenot, Colliec-Jouault, & Perez, 2022). Therefore, ni ification of native infernan
IS necessary in order to provide gelling properties to the pr! swconaride for its further use as
hydrogel in tissue engineering. Among the simple moufication that can be envisaged, the
grafting of smart polymers sensitive to a stimulus, partic «arly the temperature, seems ideal for
biomedical applications (Ruel-Gariépy & Lerouv, ?J0 ¢). As such, due to its rapid coil-to-globule
phase transition at lower critical soluticn t:mperature (LCST ~32°C) below physiological
temperature, poly(N-isopropylacrylamiu>Y (pNIPAM) is one of the most widely studied
thermosensitive polymer with a hvg~ potential in tissue engineering (Rana & De la Hoz Siegler,
2021). Its temperature-depende, * properties arise from the rearrangement of water molecules
near hydrophilic and hydrcrhezic groups of pNIPAM above LCST, leading to reduction of the
exposed hydrophobic su:face by their clustering (Ortiz de Solorzano, Bejagam, An, Singh, &
Deshmukh, 2020; Tavagnacco, Zaccarelli, & Chiessi, 2018). PNIPAM with various terminal
groups (-NH,, -COOH, -N3) and molecular weights can be tailored for grafting on multiple
polymers. Several polysaccharides were thus grafted with pNIPAM, amongst alginate (Ciocoiu,
Staikos, & Vasile, 2018), hyaluronan (Atoufi et al., 2019; D'Este et al., 2016) and chitosan (Ding
et al., 2020), allowing the development of custom grafted polymers that can be exploited in

tissue engineering.



In this context, the objective of the present study was to obtain a thermosensitive
polysaccharide by grafting GAG-mimetic infernan with pNIPAM and to characterize the
physicochemical characteristics, i.e. degree of grafting, molecular weight, conformation and
morphology of grafted polysaccharide chains and their phase transition properties. For this
purpose, different grafted polymers were synthesized using amino-terminated pNIPAM and 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/N-hydroxysuccinimide
(EDC/NHS) coupling chemistry by varying EPS to pNIPAM molas -atios and molecular weights
of pNIPAM. The impact of these parameters on molecular z~aicz.eristics of grafted polymers
and their thermosensitive properties was then evaluate.' using a complementary approach
involving several experimental techniques, amongst Fr.: nlet-Asymmetrical Flow Field-Flow
Fractionation coupled with Multi-Angle Light S-attering and Refractive Index detectors (FI-
AF4-MALLS-dRI), Dynamic Light Scat'arirg (DLS), Attenuated Total Reflection - Fourier
Transform Infrared (ATR-FTIR) spectro.~opy, Nuclear Magnetic Resonance (NMR) and Atomic
Force Microscopy (AFM). In par-lle. a theoretical approach exploring molecular dynamics
(MD) simulations was applied o establish the molecular conformations of infernan grafted with
pPNIPAM chains at differe~t 1. zls, thus allowing a better understanding of intra and inter-chain
interactions occurring in colution. Complementary Monte Carlo simulations were also performed
to investigate the ability of grafted polysaccharide chains to form an infinite network by only
assuming attractive inter-chain interactions between pNIPAM grafts. The main hypothesis of the
present study was to assess if the degree of grafting tuned by EPS/pNIPAM molar ratio and
pNIPAM molecular weight impacts the physicochemical and thermosensitive properties of
grafted polysaccharides. The knowledge of these parameters remains essential for the future use

of EPS-pNIPAM polymers as hydrogels for tissue engineering purposes.



2. Materials and Methods
2.1. Production of the native infernan by A. infernus fermentation and its characterization

Infernan was produced by fermentation of A. infernus as described earlier (Raguéneés et
al., 1997). Briefly, bacteria were cultured at 25°C, pH 7.4 in a 30 L bioreactor (Techfors,
INFORS, Switzerland) in Zobell medium composed of 33.3 g/L of aquarium salts, 5 g/L of
tryptone and 1 g/L of yeast extract. A. infernus uses glucose for EF> =vnthesis, added at 30 g/L at
the beginning of the batch. After 48h, EPS recovered in th2 sczernatant after centrifugation
(9000 g, 45 min) was purified by sequential filtration ai.d final ultrafiltration steps, (MWCO
100,000 g/mol) before being freeze-dried. Native EPS w 5 characterized by its monosaccharide
composition and sulfur content, as previously desc-oe J (Gélébart et al., 2022).
2.2. Grafting of pNIPAM-NH, on infernar. ay rarbodiimide chemistry

EPS-pNIPAM polymers were repared by grafting the amino-terminated (-NH,)
commercial pNIPAM-NH; to the ~ark».yl (-COOH) functions of uronic acids (UA) of native
EPS, through carbodiimide ch.miswy, using EDC/NHS as coupling agents. Two molecular
weights of pNIPAM-NH, **1. *.sed either pNIPAM of Mn 5,500 g/mol (p5) (Sigma, Aldrich) or
pNIPAM of Mn 20,009 g/mol (p20) (Polymer Source, Canada). Various molar ratios
COOH(EPS):NHy(pNIPAM) were applied : 0.65, 1.0, 2.1, 3.5 and 1.3, 2.3, 3.8, 6.3 for EPS/p5
and EPS/p20 coupling reactions, respectively (Table 1), in order to obtain four different EPS-
pPNIPAM polymers by pNIPAM molecular weight. In addition, the condition with the highest
molar ratio EPS:pNIPAM (condition 4) was carried out by mixing EPS and pNIPAM without
EDC/NHS adding to generate the conditions 4* and 8*, corresponding to ungrafted EPS-p5-0%

and EPS-p20-0%. For infernan grafting, EPS and pNIPAM-NH; were separately dissolved in 1



mL of MES buffer (50 mM, pH 4.8) at room temperature. After 24h, both solutions were mixed,

and EDC/NHS were added (except conditions 4* and 8*). The reaction mixture was stirred at

250 rpm for 6h at 20°C before a new EDC/NHS addition to potentialize the pNIPAM-NH; graft.

The final EDC/NHS molar ratio COOH:EDC:NHS was 1:1.6:1.6. After overnight incubation, the

products were dialyzed (MWCO 50,000 g/mol) against 0.3 M NaCl (24 h) and Milli-Q water (48

h) to remove both coupling agent and ungrafted pNIPAM, and freeze-dried. EPS-pNIPAM

grafting was performed in triplicate.

Table 1. Reaction conditions of pNIPAM-NH, (-Nr.) grafting on EPS (-COOH) by

carbodiimide chemistry (EDC/NHS) for a final molar ratc COOH/EDC/NHS = 1:1.6:1.6 (except

conditions 4* and 8%).

Polym
Reac
er
tion EPS | COOH of E.°S | pNIPAM- NH, of pNIPAM-
design
condi (mg) | (10° meY ™ NH, (mg) | NH, (10° mol)
ation Molar ratio
tion
@ COOH/NH,
1 EPS- N
p5- 10 1.9 161 2.9 0.65
16%
2 EPS-
20 3.8 200 3.6 1.0
p5-8%
3 EPS-
40 7.6 200 3.6 2.1

p5-3%




4 EPS-
40 |76 120 2.2 3.5

p5-2%

4% | EPS-

4 |76 120 2.2 3.5

p5-0%

5 EPS-
p20- |5 0.95 151 0.76 1.3
6%

6 EPS- N/
p20- |10 |19 161 1181 2.3
3% |

7 EPS- J
p20- |20 |38 | 200 1.0 3.8
1%

8 EPS- "/
p20- |20 |38 120 0.60 6.3
0.2%

g* EPS- B
p20- |20 |38 120 0.60 6.3
0%

(a) Polymer designation “EPS-pX-Y%” includes EPS, pNIPAM of either Mn 5,500 g/mol (p5)
or Mn 20,000 g/mol (p20) (X) as well as the degree of UA grafting (), calculated from the data
shown in Table 2.

Conditions 4* and 8* were carried out by mixing EPS and pNIPAM without EDC/NHS adding.




Mn EPS

(b) COOH of EPS (mol) = - repeating unit

x 3 UA in repeating unit x mol EPS

Mn p5, 5,500 g/mol; Mn p20, 20 000 g/mol; Mn EPS, 900 000 g/mol; M repeating unit of EPS,

1587 g/mol with 3 UA residues (sodium salt).

2.3. Molecular characterization of EPS-pNIPAM grafted polymers
2.3.1. Molecular dynamics (MD) simulations

The initial geometry of infernan was constructed accorcng o the sequence described in
Fig. 1 (showing the chemical structure of infernan) and usirg =av.librated torsion angles reported
in Makshakova et al. (2022). The length of the infern=n ti\gment used in MD simulations was
limited by four repetitive backbone blocks (or repeating units) and three side chains. The
analysis aims to investigate the influence .* siort-range interactions of pNIPAM covalently
attached to the UA on infernan. Three molecu."r systems were constructed: 1) linear backbone of
infernan grafted at galacturonic ac’'d - O sulfated (GalA2S) by three pNIPAM chains, 2)
branched infernan partially grefud au glucuronic acid (GIcA) in the side chain (with three
pPNIPAM chains per nine cavbox ‘late groups) and 3) branched infernan fully grafted at three UA
residues per repeatins;, w it (*vith nine pNIPAM chains per nine carboxylate groups). For this
purpose, one infernan fio.gment was placed into a water box with periodic boundary conditions.
Sodium ions were added to neutralize the charge of the molecular system (see precise
composition for each system in Table S1). The simulations were carried out using the
AMBER18 program package (Case et al., 2018) in the isotherm isobar thermodynamic
ensemble. GLYCAMO6j force-field parameters (Kirschner et al., 2008) were used for the
polysaccharide and GAFF parameters for pNIPAM moiety (Wang, Wolf, Caldwell, Kollman &

Case, 2004; Wang, Wang, Kollman & Case, 2006) (more details in Supporting Information



Figure S1, Table S2). The AMBER force field and the TIP3P model for water molecules were
used for ions. A time step of 2 fs was applied with the SHAKE algorithm (Ryckaert, Ciccotti, &
Berendsen, 1997) constrained bonds involving hydrogen atoms. Particle Mesh Ewald (PME)
(Essmann et al., 1995) handled long-range electrostatic interactions. An 8 A cut-off value for
electrostatic interactions was used in simulations; a rectangular water box was selected, having
dimensions commensurate to the size of the molecule under investigation. The temperature and
the pressure were kept constant using a Langevin thermostat with & cnllision frequency of 2 ps™
and a weak coupling anisotropic algorithm with a relaxatio~ tu.»z of 2 ps respectively. Initial
velocities were derived from a Maxwellian distribution a. 00 K using a random seed for each
simulation. Short equilibration phases were performed 1. itne NVT and NPT ensemble. Finally,
the production phases were performed on totall»* elexed” systems in the NPT ensemble at 300
K with trajectories in the range of 400 1s. vMD was used for the graphical representation

(Humphrey, Dalke, & Schulten, 1996).

2.3.2. Frit Inlet-Asymmetrical +'ow Field-Flow Fractionation coupled with Multi-Angle Light
Scattering and Refractive '~qc.- uetectors (FI-AF4-MALLS-dRI)

FI-AF4-MALLS-R1 was applied to characterize the degree of infernan grafting with
pNIPAM, the molecular weight of grafted polysaccharides and their conformation in solution
after separation according to the polymer size. The AF4 instrument was an Eclipse AF4
separation system (Wyatt Technology Europe, Germany) coupled with 8 angle Dawn Heleos 11
8+ multi-angle light scattering detector (Wyatt Technology, USA) operated at a wavelength of
662 nm, calibrated with toluene and normalized with the inter-detector delays and band

broadening calculations with bovine serum albumin (Mw 66,400 g/mol) and an Optilab T-Rex



differential refractive index detector (Wyatt Technology, USA) operated at a wavelength of 658
nm. AF4 analyses were done using a Thermo Scientific Dionex UltiMate3000 HPLC System
with pump and thermostated autosampler set at 20°C. A channel composed of regenerated
cellulose membrane (MWCO 5,000 g/mol) with a 350 um spacer was used. All grafted EPS
were prepared by keeping the polysaccharide concentration in all the samples constant at 1
mg/mL. Injections (50 pL at 0.2 mL/min) were performed in triplicate for each sample separated
by blank for a correction baseline. The detector flow rate was kep. constant at 1 mL/min. At the
beginning of elution (in 0.1 M ammonium acetate), the cross o, was maintained at 2 mL/min
for 2 min. It was then decreased exponentially from 2 m.'min to 0.04 mL/min in 18 min. The
cross-flow was kept constant at 0.04 mL/min for an admonal 20 min and reduced at 0 mL/min
for 2 min. The collected data were analyzed vsi~dg /istra 7.1.2. software with a Zimm fit for
pNIPAM samples (p5 and p20) and Berry secund-order polynomial fit for EPS and grafted EPS
samples. The dn/dc refractive index incicment was measured for EPS (0.1267 + 0,001, n=5), p5
(0.1717 £ 0.0001, n=2) and p20 (0 172 £ 0,0001, n=2) for n dilution range between 0.1 and 1
mg/mL in 0.1 M ammonium c«"etae. The average dn/dc value of 0.1740 was then used for
PNIPAM samples. The dn/7~ ¥ =PS was also used for grafted EPS.
2.3.3. Attenuated Total h>flection - Fourier Transform Infrared (ATR-FTIR) spectroscopy
ATR-FTIR spectra of EPS, pNIPAM (p5 and p20) and EPS-pNIPAM polymers were
recorded using a VERTEX 70 FTIR spectrometer (Bruker) in ATR mode using a diamond
crystal. Spectra were recorded in the range 4000-500 cm ' at a resolution of 4 cm™ with 100
scans per spectrum using OPUS software.
2.3.4. Nuclear magnetic resonance (NMR)

1D-(*H- and DOSY) and 2D-NMR (COSY and DEPT-HSQC) spectra were measured for



EPS, pNIPAM (p5) and EPS-pNIPAM (EPS-p5-2% and EPS-p5-0%) samples using a Bruker
Avance-11l (*H: 600 MHz, *C: 150 MHz) instrument equipped with a cryo-probe in D,O
(acetone as the internal standard, *H: (CH5),CO at § 2.22 ppm; *C: (CH;),CO at 6 31.5 ppm) at
40°C. The data were processed using the data analysis packages integrated with Bruker TopSpin
4.0.5 software. Gradient-selected COSY experiments were performed using spectral widths of
5000 Hz in both dimensions, and data sets of 2048 x 256 points. *H,**C-DEPT-HSQC
experiments were measured in the *H-detected mode via single niia. tum coherence with proton

decoupling in the *C domain, using data sets of 2048 x zo6 points and typically 100

increments. *H-DOSY experiments were measured with . 11“usion time of 100 ms.
2.4. Determination of thermosensitive properties of EF 3-p: 'IPAM grafted polymers
2.4.1. UV-visible spectroscopy

The thermosensitive properties ot =" S-pNIPAM polymers were evaluated using UV-
visible spectroscopy (Varioskan LUX, Tn.ormoFisher). The thermal phase transition in samples
at 1 mg/mL in PBS (pH 7.4) was nunwored by measuring the absorbance at 550 nm from 25°C
to 38°C with 10 minutes of the mc! equilibrium for each temperature.

2.4.2. Dynamic Light Sc atte “ing (DLS)

The thermo-respo: sive behavior of EPS, pNIPAM (p5 and p20) and EPS-pNIPAM
polymers was studied by DLS. All samples were prepared at 1 mg/mL in PBS (pH 7.4) and used
without pre-filtration to avoid modification of the polymer size. In addition, samples were
prepared by setting the EPS concentration constant at 0.1 mg/mL. DLS measurements were
carried out in triplicate on three independently synthesized samples using Zetasizer Pro (633 nm
He-Ne laser, Malvern Instruments Ltd UK) equipped with a Peltier module at a fixed scattering

angle of 173° at 25°C and 38°C with 10 minutes of thermal equilibrium for each temperature.



Data analysis was performed using Malvern Zetasizer Software 3.2.
2.4.3. Atomic force microscopy (AFM) imaging
Morphologies of grafted infernan chains were examined by AFM imaging. EPS,

PNIPAM (p5 and p20) and EPS-pNIPAM polymers were prepared in water at 1 mg/mL. After
24h dissolution, solutions were incubated either at 25°C or 37°C for 30 min before being diluted
at 5 pg/mL in water maintained at 25°C or 37°C. 10 pL of each solution were deposited onto
freshly cleaved mica surface and dried at either 25°C or 37°C. The ~urface of samples was then
imaged using NanoWizard® Atomic Force Microscope (JPK Taiany) operating in intermittent
contact mode under ambient conditions. A standard recta. aular cantilever (Nanosensors NCL-
W) was used with a free resonance frequency of 165 k. '« and a typical spring constant of 40
N/m. The radius curvature of the tip was ~5 nrr. . ”«at.-resolution images (10 um x 10 pum and 2
pm x 2 pm) were recorded on at least threc dif.erent zones of each sample. Image processing and
height measurements were performed us,q JPK Data Processing software (JPK, Germany).
2.5. Investigation of inter-chain EPS-LNIPAM associations by Monte Carlo simulations

Monte Carlo simulations w >re used to model the ability of EPS-pNIPAM chains to form an
infinite network. The hyp~the < underlying these simulations is that the inter-chain interactions
between pNIPAM drive *he construction of the EPS-pNIPAM network. Considering the long
calculation times, simulations were only carried out for EPS-p20 chains. In this case, ~5.9 % of
UA of the EPS chain with a contour length of ~1 um was used to graft pNIPAM chains with a
contour length of ~30 nm. In all simulations, the space step was kept constant at 5 nm so an EPS-
p20 chain was modelled by 200 pixels (contour length) with 12 grafted pNIPAM chains. For
each EPS-p20 chain, the 12 positions of grafted chains along the EPS chain were randomly

chosen. As the sol-gel transition of this system will occur above the LCST, where pNIPAM is in



its collapsed state, pNIPAM chains were modelled by refolded chains instead of freely chains.
Simulations were performed on a two-dimensional square lattice of LXL sites with periodic
boundary conditions imposed in both horizontal and vertical directions. From the initial state
where all lattice sites were empty, the first chain was freely deposited with a random position on
the lattice sites and a random conformation. Then, another chain with its random conformation
was deposited randomly on empty sites. Its horizontal and vertical values defined a local
rectangular box surrounding this conformation. One of the five rariu"m conformations generated
inside this local box was randomly attempted to equilibrate the =, stem, leading to a new trial
configuration of the added chain. The energy difference, AH, between the trial and the old
configurations was calculated to determine if the conform.1on change was accepted by using the
standard Metropolis acceptance criterion (Wu, Scamittmann, & Zia, 2008; Zykwinska, Pihet,
Radji, Bouchara, & Cuenot, 2014). If . *vas negative (i.e. the energy of the system was
minimized), the trial configuration was «~cepted and the procedure was repeated by choosing
another chain. If AH was positive = cunformation change was accepted or rejected according
to the standard Metropolis ac~ep*ance criterion probability. The system energy was calculated
for a given configuratic:i Vv only considering short-range attractive inter-chain interactions
between pNIPAM. In this way, the shortest distances between the 12 pNIPAM chains of the trial
conformation and the pNIPAM chains belonging to the neighbouring EPS-p20 chains were
considered (more details in Supporting Information).

The analysis of simulations consisted in evaluating the formation of clusters, which correspond
to an island of connected neighbouring chains. When the occupation probability ¢ (i.e. polymer
concentration) defined by the ratio of the number of lattice sites occupied by EPS-p20 chains to

the total number of sites increases, the size of clusters increases and neighboring clusters can



progressively merge. The limit case, called percolation, was reached when at least one cluster
formed a continuous path by connected chains from one side of the square lattice to the opposite
one. The percolation threshold ¢ (i.e. critical concentration) for a finite size L of the lattice was
defined as the occupation probability at the percolation. To evaluate ¢, from simulations, the
minimum and maximum coordinates of each cluster were determined in function of ¢ (i.e. for
each new EPS-p20 chain added on the lattice). The percolation threshold occurred when the
difference between these coordinates for the same cluster (in one “irection) exceeded L. To study
the influence of the lattice size on ¢, simulations were car’ieu out for different values of L (1
pm, 2 um, 5 pm and 10 pm). Larger lattices were not <..~u.>ted due to the too-long calculation
times. At least 50 independent simulations were s steiatically performed for each set of
parameters (L, ¢) for statistical analysis of simutations. The percolation probability was
calculated from these simulations as the .o of the number of percolated networks to the

number of generated networks.

3. Results and discussion

Native infernan produced by A. infernus was first described by Roger et al. (2004) as a
highly branched anionic heteropolysaccharide with a monosulfated nonasaccharide repeating
unit (Fig. 1A). Recently, a novel disulfated octasaccharide repeating unit was proposed after
mass spectrometry analysis performed on LMW infernan derivatives obtained after enzymatic
depolymerization (Akoumany et al., 2019). This finding was recently confirmed by 2D NMR
analysis performed on LMW chemically depolymerized derivative (Colliec-Jouault et al., 2023).

In this new repeating unit, EPS backbone and side chain sequences are conserved; only the



terminal Glc of the side chain initially linked to Gal residue at C-6 was replaced by a sulfate
group (Fig. 1A). The physicochemical composition, including monosaccharide composition,
molar ratio and sulfur content of the native HMW infernan used in the present study, were
presented in Table S3 (Supporting Information), in agreement with the previous studies
(Gélébart et al., 2022; Colliec-Jouault et al., 2023). The weight-average (Mw, 1.6x10° g/mol)
and number-average (Mn, 0.9x10° g/mol) molecular weights, showed a slight dispersity of native
infernan chains.
3.1. Molecular dynamics (MD) simulations of infernan grafter! *sn.> pNIPAM chains

Since infernan contains three consecutive UA residues in its repeating unit (one
galacturonic acid, GalA, in the backbone and two GIcA .. (he side chain), MD simulations were
applied to assess the accessibility of the three UA €r rjrafting with pNIPAM and to elucidate the
molecular conformation of resulting .raftad polysaccharide. The 3D structure of the
octasaccharide repeating unit of infern.n was built using torsion values related to the global
energy minimum of each constiti'~nt d’saccharide, as recently described (Makshakova et al.
2022). The resulting structure p.~senced in Fig. 1B, showing four repeating units with three side
chains, remained somewbh-t ¢.*:nded with an end-to-end distance of 4.84 + 0.28 nm (the per
residue raise of 0.403 = ¢ 023 nm). In the side chains, the branching of GIcA residues at 3-O and
2-0O positions by a-glucosyl residues results in the formation of stable hydrogen bonds between
the hydroxyl groups of glucosyl residues and the carboxylate groups of GICA residues. Despite
these interactions in the side chains, all three carboxylate groups (at GalA2S and two GIcA) in
the repeating unit seem to be available for interaction and reaction with the pNIPAM terminal
amino group. To study the effect of pNIPAM on the infernan extended conformation, pNIPAM

chains were covalently bound to carboxylate groups of the polysaccharide. At the model extreme



substitution level, all carboxylate groups were grafted with pNIPAM chains (Fig. 1C). The
degree of polymerization of pNIPAM was set to 21 to be comparable with the infernan fragment
in length. During MD simulations at 300 K, pNIPAM chains come into contact inducing a
bending of the infernan backbone, as indicated by a decrease of the end-to-end distance from ~5
nm to ~2 nm (Fig. 1C’, Figure S2). To further investigate if the extended backbone would also
collapse due to pNIPAM chains aggregation at a lower level of grafting, only one pNIPAM chain
per repeating unit was linked to the side chain of infernan, corre.nonding to 33% of grafting
(Fig. 1D). During the MD trajectory, the pNIPAM chains grr=neld and the end-to-end backbone
distance decreased to 3 nm (Fig. 1D’, Figure S2). The ~ffect of the backbone bending was
observed irrespectively of the place of grafting: either ~«de chain (at GIcA) or backbone (at
GalA2S) (Figure S2).

At a given density and length of the pNIP.AM chains, their interactions in bunches stabilize their
extended conformation. Such a behavio. differs from that observed for an individual pNIPAM,
where chain folding was observe” &> from infernan with 100% grafting, where pNIPAM
chains induce bending of the ii.fernan to maximize their interactions. MD simulations showed
the tendency of pNIPAM ~ha,»e, when grafted to infernan, to interact with each other leading to
the backbone bending. 1. implies that interactions between pNIPAM chains are more favorable
than forces keeping the polysaccharide backbone linear; this effect occurs at a short-range level.
The results from the investigation observed for short polysaccharide fragments can be
extrapolated to a larger scale. In the regions enriched with pNIPAM grafting, the local extension
of the polysaccharide backbone would exhibit a curvature shape due to pNIPAM chain
interaction, resulting in the local infernan compaction. The backbone bending and its local

compaction would make possible the interactions of pNIPAM chains from remote regions of



infernan, resulting in a global compaction of the macromolecular assembly (see the experimental

proof in Section 3.3.3).

. glucose U galactose ‘ Galactu Hnic acid a Glucuronic acid

Fig. 1. MD simulations of three molecular systems: (A) The two types of infernan repeating unit:
a monosulfated nonasaccharide repeating unit (R = B-Glc) (Roger et al., 2004) and a disulfated
octasaccharide repeating unit (R = SOs'Na*) (Akoumany et al., 2019; Colliec-Jouault et al.,
2023), (B) four octasaccharide repeating units of infernan showing a linear backbone branched at

GalA2S with three side chains, (C, C’) branched infernan fully grafted at three UA residues per



building block, leading to nine pNIPAM chains per nine carboxylate groups and (D, D)
branched infernan partially grafted at GICA in the side chain with three pNIPAM chains per nine

carboxylate groups. The representative structures are provided in Supporting Information.

3.2. Physico-chemical characterization of grafted EPS-pNIPAM polymers
3.2.1. Infernan grafting, molecular weight and conformation by FI-AF4-MALLS-dRI

Infernan was grafted with two amino-terminated pNIF," M-NH, of two molecular
weights, either Mn 5,500 g/mol (p5) or Mn 20,000 g/mol (p2M 2% different COOH/NH, molar
ratios (Table 1). The resulting grafted polysaccharides we. = characterized by FI-AF4-MALLS-
dRI to determine their grafting density, molecular we\;'it and conformation. If the standard
fractionation technique using size exclusion chi~me#ography (SEC) could be interesting for
LMW macromolecules, adsorption and c :gr/Jation by shear stress can occur for very HMW
compounds as polysaccharides, especian  if they are grafted with other polymers (Shin, Hwang,
Cho, & Moon, 2007). An alternati* re*nod could be a fractionation of components offered by
the AF4 technique, operating witiout a stationary phase. After focusing/relaxation steps,
molecules are separated h~sc™ on their translational diffusion coefficients by a longitudinal
parabolic flow. Using a i it inlet system, without focus step, enables injection of higher amounts
with better recovery than conventional FFF techniques and softer elution, thus preventing the
aggregation of compounds on the membrane (Fuentes et al., 2019; Lee, Kim, Choi, & Moon,
2017). FI-AF4 fractograms of EPS and p5 alone are presented in Fig. 2 (A, B). PNIPAM was
mostly eluted from 1 to 9.5 min; its mass fraction was estimated at 96% for a recovery of 89%
(pPNIPAM domain). Most of the EPS was eluted from 9.5 to 18 min (73% of the mass fraction)

(EPS domain). Fig. 2 C and D present FI-AF4 fractograms of four grafted EPS-p5 polymers and



ungrafted EPS-p5-0%, obtained by mixing EPS with pNIPAM without the addition of the
coupling agent (EDC/NHS) (Table 1). Fractograms of EPS-p20 samples were presented in Fig.
S3 (A, B). Two main peaks were always present, the first eluted in the pNIPAM domain,
corresponding to free ungrafted pNIPAM remaining in the sample and the second in the EPS
domain, matching with EPS or grafted EPS. It appeared that despite dialysis using 50,000 g/mol
cut-off membrane, unreacted (free) pNIPAM was not completely removed and was still

embedded in all samples, including the condition 4*, corresponding to ungrafted EPS (EPS-p5-

0%).
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Fig. 2. FI-AF4 fractograms: (A) Differential refractive index (dRI) and (B) light scattering (LS)

signals of EPS and pNIPAM 5,500 g/mol. (C) dRI and (D) LS signals of EPS-p5 samples.

The amount of grafted and free (ungrafted) pNIPAM was then estimated by taking into account:

(1) the known value of dn/dc refractive index increment of free pNIPAM, (2) the amount of



pNIPAM remaining in the sample after dialysis (and considering that only pNIPAM can be
removed, keeping the amount of EPS unchanged), (3) the amount of injected pNIPAM for FlI-
AF4 analysis in EPS-pNIPAM samples (after subtraction of the EPS amount), (4) the amount of
free pNIPAM quantified from FI-AF4-dRI (pNIPAM domain) and (5) by considering that this
analysis allows the recovery of 89% of pNIPAM (Table 2). The FI-AF4-MALLS analysis
allowed to distinguish between free ungrafted pNIPAM, still remaining in the sample despite the
dialysis step, and pNIPAM efficiently grafted on the EPS backbo.,e. Based on the amount of
grafted pNIPAM, the efficiency of reaction, being the ratic ~av.:cen the weights of pNIPAM
grafted and initially added, as well as the degree of graftii.. corresponding to the percentage of
UA grafted on the infernan chain were determined (Table 7), using the following equations:

grafted pNIPAM \~ug’

100 9
nitial pNI72.M (mg) X 1007

(a) Reaction efficiency (%) =

grafted oNIPAM (mol)
FPS ‘mol)

(b) Number of UA grafted =

YMuuiber of UA grafted

D f UA grafti %) =
(c) Degree of UA grafting (%) \"imber of UA per chaind

x 100 %

Mn EPS (g/mol)

d) Numb fUA baim -
(d) Number of UA per ¢ M repeating unit (g/mol)

x 3 UA in repeating unit = 1701

EPS (mg)

(e) EPS in grafted EPS - pNIPAM (%) = EPS (mg)+ grafted pNIPAM (mg)

x100%

Table 2. Characterization of grafted EPS-pNIPAM polymers in terms of the reaction efficiency
(see eq. a), the number of UA grafted (see eq. b), the degree of UA grafting (see eq. ¢) and EPS
amount in grafted EPS-pNIPAM polymers (see eq. e). The “Degree of UA grafting” values were

used for sample designation, as referred in Table 1 (EPS-pX-Y%).
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Mn p5, 5,500 g/mol; Mn p20, 20 000 g/mol; Mn EPS, 900 000 g/mol; M repeating unit of EPS,

1587 g/mol with 3 UA residues (sodium salt).

For grafted EPS-p5 samples, the lowest amount of pNIPAM (8.2 mg) was grafted in EPS-p5-2%.
By taking into account that 1701 UA are available for grafting per polysaccharide chain, it can
be estimated that ~ 34 UA (2% of UA grafted) were efficiently functionalized, which
corresponds to 34 pNIPAM chains grafted on one polysaccharide ¢, ain. In contrast, the highest
amount of pNIPAM (16.7 mg) with ~273 pNIPAM chains (25" ur UA grafted) was grafted in
EPS-p5-16%. In EPS-pNIPAM polymers, infernan content aried from 37% for EPS-p5-16% to
83% for EPS-p5-2% prepared using the lowest (0.65) and the highest (3.5) COOH/NH, molar
ratio, respectively (Table 1). For EPS-p20, a four-:nl7 increase in pNIPAM chain length had no
significant impact on both reaction efficie:.~y and degree of grafting, when compared to EPS-p5
samples obtained using similar COOH:N. '> molar ratios (Tables 1 and 2). Indeed, between 5.9%
and 1.2% of UA were grafted fui E°5-p20-6% and EPS-p20-1%, respectively. The lowest
amount of grafted pNIPAM (2 b Mg) was obtained for EPS-p20-0.2%. In EPS-p20 samples, EPS
content evolved between 5. und 93% for highly and slightly grafted EPS, respectively (Table
2).

Furthermore, FI-AF4-MALLS analysis allowed the determination of the molecular
characteristics of EPS-pNIPAM samples, such as the molecular weight, the radius of gyration
(Rg) and the chain conformation (Table 3). For molecular weight determination, dn/dc refractive
index increment of pure EPS was used since the presence of free (ungrafted) pNIPAM in the
samples prevented the estimation of the exact value for grafted polysaccharides. Nevertheless, an

important increase in Mw was observed for both EPS-p5 and EPS-p20 samples (Mw > 10°



g/mol) together with a five-fold increase in Rg (~500 nm), when compared to starting infernan
displaying Mw of 1.6x10° g/mol and Rg of ~100 nm. This increase was much higher than the
simple addition of pNIPAM chains on the infernan backbone. In contrast, no increase in
molecular weight was observed for EPS-p20-0.2%, having only 4 pNIPAM chains grafted on the
polysaccharide backbone. Any increase was neither measured for ungrafted EPS-p5-0%,
obtained by mixing EPS and pNIPAM without adding the coupling agent EDC/NHS, despite the
presence of free (ungrafted) pNIPAM not completely removed Aduiing dialysis. Therefore, the
increase in the molecular weight in EPS-pNIPAM samples resu.*eu from inter-chain associations
between polysaccharide chains mediated by grafted pNIF.AM, which led to the formation of
large aggregates. Free pNIPAM embedded within the <an.nle was not involved in the formation
of inter-chain associations since no increase n *h2 molecular weight was observed in the
ungrafted sample (EPS-p5-0%).

In addition, the hydrodynamic coefficieri. v calculated from the slope of the log-log plot of the
Rg as a function of the molecula .'eignt indicated a change in molecular conformation upon
grafting (Table 3). Indeed, a random coil conformation was observed for pure EPS (0.73), EPS
mixed with pNIPAM (E™C nu-0%) (0.68) and EPS-p20-0.2% (0.51) having only 4 pNIPAM
chains grafted. In contrat, a net decrease in the hydrodynamic coefficient by one order of
magnitude was noticed for EPS-p5 samples (from 0.02 to 0.06) and EPS-p20 (from 0.05 to 0.22),
indicating a dense spherical structure in solution. The intermediate hydrodynamic coefficient
obtained for EPS-p20-1% (0.22) could suggest mixed random coil/spherical conformation, most
likely due to a very low amount of grafted pNIPAM, being critical for establishing inter-chain

associations.



Table 3. Characterization of grafted EPS-pNIPAM polymers in terms of their weight-average

molecular weight (Mw), radius of gyration (Rg) and hydrodynamic coefficient (v).

Molecular characteristics

Reaction condition | Polymer Mw (g/mol) | Rg (nm) | v

- EPS 1.6+0.1x10° [ 104+4 [0.73
- pPNIPAM (p5/p20) | 1.0 +0.1x10° | 67 £3 | -

1 EPS-p5-16% 9.0£0.6x10 4825 [0.06
2 EPS-p5-8% 8.2+ 0.0.710 | 471+5 [0.02
3 EPS-p5-3% 1.2+11x10° [503+5 |0.04
4 EPS-p5-2% 1.52-0.1x10° [ 510+5 |[0.05
4* EPS-p5-0% Ti2201x10° (0927 | 068
5 EPS-p20-3% 3.0£0.3x10° | 448 +4 [0.09
6 EPS-n2u 3% 1.0+0.1x10° [ 4915 |0.05
7 Erc n:0-1% 9.0+0.9x10° [490+5 |0.22
8 J ~PS-p20-0.2% 1.2+0.1x10° [ 214 +4 | 051

Even though MD : imulations showed that all UA on the infernan backbone and its side
chain could be grafted, the pNIPAM functionalization was incomplete. It required pNIPAM
molar excess to improve the reaction efficiency (<10% for EPS-p5 and <7% for EPS-p20, Table
2) by increasing the probability of encounter between amino-terminated pNIPAM and
EDC/NHS-activated polysaccharide carboxylic acid groups. It can be thought that the grafting of
one pNIPAM chain may preclude the grafting of another chain due to steric hindrance and lower

accessibility of neighboring UA. Moreover, the molecular weights of the two pNIPAM (p5 and



p20) in an aqueous solution were much higher (~100,000 g/mol) (Table 3) when compared to the
molecular weight determined in an appropriate solvent and given by the supplier (5,500 g/mol
for p5 and 20,000 g/mol for p20). Therefore, in agreement with MD simulations, pNIPAM
chains tended to aggregate below LCST, thus forming clusters, as previously reported by Yan,
Huang, Zhang, & Zhou (2015). This aggregation, on the one hand, limited pNIPAM grafting on
the EPS and on the other hand, prevented unreacted pNIPAM from complete elimination by
dialysis through a 50,000 g/mol cut-off membrane. Even if severa: studies reported on anionic
polysaccharides grafted with pNIPAM, only a few of thc... ucermined the degree of UA
grafting. Safakas et al. (2021) grafted 3 pNIPAM chairnc (23,000 g/mol) per alginate chain
(140,000 g/mol), while Guo et al. (2018) functionalizec o.= alginate chain (60,000 g/mol) with 2
pPNIPAM chains (14,000 g/mol). However, ns [ fe;mation about free (ungrafted) pNIPAM
eventually remaining in the sample was re,ort.d in these different studies.
3.2.2. Band assignment in grafted EFC by Attenuated Total Reflection Fourier Transform
Infrared (ATR-FTIR) spectroscopy

Native EPS, pNIPAM a1 grafted EPS-pNIPAM polymers were analyzed using ATR-
FTIR spectroscopy. EPS 5 Z.id EPS-p5 spectra are shown in Fig. 3. EPS-p20 spectra are
presented in Fig. S4. Th. absorption regions of infernan agree with the vibrational bands first
described by Raguénés et al. (1997). A wide absorption band around 3310 cm™ and a weak band
around 2920 cm™ were associated, respectively, with O-H and C-H stretching vibrations. Two
strong absorptions at 1600 cm™ and 1408 cm™ were attributed to carboxylate groups asymmetric
and symmetric stretching vibrations. The absorption band around 1350 cm™ was assigned to the
deformation vibrations C-H,/C-Hz and C-OH. The band at 1220 cm™ confirmed the presence of

sulfate groups. The band around 1016 cm™ coincided with the C-O stretching vibrations of the



polysaccharide pyranose rings. The ATR-FTIR spectrum of p5 has the characteristic peaks of the
PNIPAM. The absorption band around 3300 cm™ was associated with the N-H stretching
vibration. The amide I (1635 cm™), amide 11 (1535 cm™) and amide 111 (1170-1130 cm™) bands
were characteristic of the C=0, N-H deformation and C-N stretching vibrations, respectively.
Finally, the asymmetric and symmetric deformation vibrations C-H,/C-H3 were also present. The
spectra of grafted polysaccharides have a similar absorption profile as pNIPAM alone. Those of
PNIPAM hid the EPS bands except at 1016 cm™, where the decreace in the pyranose ring band
was observed, in accordance with the weight proportion of F°S “»thin each final polymer. No
new absorption band attesting EPS grafting with pNIF.\M was observed, as the coupling
reaction leads to the formation of an amide bond, alrea.'v present within the repeating unit of
PNIPAM-NH,. Indeed, one chain of pNIPAM > rossesses 48 amide functions, while 176
functions are present in the p20 chain. Th grz.iting will therefore have a very low impact on the
intensity of the amide band. Although, u . influence of EPS/pNIPAM weight ratio in the spectra
of resulting EPS-pNIPAM polymer~ w =< observed, it was not possible from ATR-FTIR spectra
to distinguish between grafted .nd 1.ee pNIPAM. Indeed, ATR-FTIR spectrum of EPS-p5-2%

overlaid with that of ungrafau =.°S-p5-0%.
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Fig. 3. ATR-FTIR spectra of EPS, p5 and EPS-p5 sample<

3.2.3. Grafting assignment between EPS and p '\l 2! chains by Nuclear Magnetic Resonance
(NMR)

In order to get further insight 1.to EPS-pNIPAM structure, NMR spectroscopy was
applied to finely characterize the o aiuit grafting between the two polymers. *H-NMR spectra
of EPS, p5 and the mixture there~f (EPS-p5-0%) as well as of the grafted polymer EPS-p5-2%
were measured at 40°C - « tenperature above pNIPAM LCST — as a higher definition of the
peaks could be gained fo: protons located in a more rigid system (Coronado, Pekerar, Lorenzo,
& Sabino, 2011). A comparison of the spectra clearly revealed an overwhelming predominance
of the peaks related to p5 vs. EPS repeating unit (Fig. S5), as already observed for pNIPAM
grafting to high molecular weight polysaccharides (Ciocoiu et al., 2018; Coronado et al., 2011,
ter Boo, Richards, Moriarty, Grijpma, & Eglin, 2016). This could plausibly be to two major
reasons: i) the higher number of p5 vs. EPS repeating units — approx. 48x34 vs. 567, respectively

— as results by the ratio between Mn and repeating unit molecular weight of pNIPAM p5 (5,500



g/mol / 113 g/mol = 48), the number of UA grafted to a pNIPAM chain in EPS-p5-2% sample
(34, see Table 2) and the ratio between Mn and repeating unit molecular weight of EPS (900,000
g/mol / 1587 g/mol = 567; see Table 1); ii) a shorter transverse relaxation time of the
polysaccharide chain caused by a markedly lower overall tumbling associated with its much
higher length. In order to gain more insights into the covalent linkage between the polymers, a
'H,'H-homonuclear and a H,**C-heteronuclear 2D-NMR spectrum (COSY and DEPT-HSQC,
respectively) were measured for the samples. The attention was 1>cused on the region of the
spectra between approx. 2.5 and 3.5 ppm, where the 'H sigrz's ¢ the methylene groups of the
aminoethanthiol (NH,CH,CH,S, indicated as e and f in r*a. 4) moiety at p5 terminal end are
located (Lima et al., 2021). In particular, CH,N and CH,Z groups were found to resonate at oy/c
3.19/39.6 and 2.82/30.1 ppm (f and e signal, respe tiv ely), in the spectrum of both p5 alone and
its mixture with the polysaccharide (E.’S-,5-0%) (Fig. 4), thus revealing that any ionic
interaction between the amine and the ca hoxyl groups of the two polymers had no effect on the
chemical shift of the aminoethantr:2l \~uiety. Conversely, a downfield shift of the *H chemical
shift value related to the CH,N jroup was found in the spectra of the grafted polymer EPS-p5-
2%, in agreement with thC niczence of an electron-withdrawing moiety linked to the nitrogen
atom, i.e. a carboxyl groun forming an amide bond (Chen, Pawar, Munot, Chen, & Hsu, 2005).
Moreover, both the single signals of CH,N and CH,S (indicated in Fig. 4 as f* and ¢’,
respectively) in p5 and EPS-p5-0% DEPT-HSQC spectra split into three different signals in
EPS-P5-2% spectrum, thus suggesting that the amidoethanthiol (CONHCH,CH,S)CH, atoms are
divided into three different chemical environments. This could be ascribed to an effect of the CO

groups involved in the amide linkages, located on three different UA units of EPS repeating unit.
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Fig. 4. (a) Chemical structure o: free and EPS-grafted pNIPAM and (b) zoomed region of *H and
'H,BC-DEPT-HSQC NN R s ectra (600 MHz, DO, 40°C) of p5 (black), EPS-p5-0% (red) and
EPS-p5-2% (blue) samp!.s (CH, groups in black, red and blue, CH and CHjs groups in grey,
orange and light blue in the DEPT-HSQC spectra of p5, EPS-p5-0% and EPS-p5-2%,
respectively). Signals marked with an asterisk are related to low molecular weight contaminants
as demonstrated by their absence in diffusion-ordered *H-NMR spectra (DOSY, see Fig. S6).
Arrows connect signals related to protons on adjacent carbon atoms, as revealed by COSY
spectra (see Fig. S7-S9). Full *H and *H,"*C-DEPT-HSQC NMR spectra are reported in Fig. S5

and S10-S12, respectively.



3.3. Thermosensitive properties characterization of grafted infernan.

Thermosensitive properties of EPS-pNIPAM were studied to assess if grafted pNIPAM
chains could induce phase transition of the whole polymer. Indeed, the heat-sensitive nature of
pNIPAM was described at the molecular level by its ability to adopt a temperature-dependent
structural change involving a coil-to-globule transition. At room temperature, pNIPAM chains
adopt a random-coil conformation: hydrogen bonds between wate: Molecules and amide groups
promote the establishment of a hydration layer around nonpz!=1 curfaces in the form of a cage
responsible for the solvation of hydrophobic isopropyl (roups. The increase in temperature
generates a change in the enthalpy/entropy balance, thu. dJestabilizing this molecular network:
polymer-polymer interactions are favored to th= :tr'ment of water-polymer interactions. As a
result, pNIPAM chains collapse to minim’ze rontact between hydrophobic surfaces of pNIPAM
and water, thus adopting a thermoaynamically stable globular conformation (Deshmukh,
Sankaranarayanan, Suthar, & Manrini, 2412; Fujishige, Kubota, & Ando, 1989; Ono & Shikata,
2006; Tavagnacco et al., 2018).

3.3.1. LCST determinatic~ u, ~~mi-diluted solutions of grafted infernan

The evolution o1 ~bsorbance as a function of temperature in semi-diluted EPS-pNIPAM
polymer solutions was investigated (Fig. 5). At room temperature, all solutions prepared at 1
mg/mL were transparent and no absorbance was measured. Turbidity started to increase at 32°C
with a progressive increase in absorbance up to 38°C. The change from transparent to opaque
appearance at 32°C resulted from the phase transition induced by the association of
polysaccharide chains through grafted pNIPAM, thus showing a thermosensitive nature of

grafted infernan. Indeed, in semi-dilute solutions above LCST, intra-chain folding and inter-



chain associations between pNIPAM chains occur, where the grafted chains create micelle-like
aggregates, acting as physical crosslinks (Guo et al., 2015; Mortisen, Peroglio, Alini, & Eglin,
2010; Petit, Karakasyan, Pantoustier, & Hourdet, 2007). However, it cannot be excluded that the
presence of residual, free pNIPAM in EPS-pNIPAM samples contributes to the overall increase
in absorbance, in particular for EPS with a low degree of grafting, displaying similar absorbance
evolution between ungrafted EPS-p5-0% and slightly grafted EPS-p5-2% (Fig. 5A). The LCST
of grafted infernan was close to pure pNIPAM (32°C), as reportc.' for other pNIPAM grafted
polysaccharides, such as alginate (Vasile & Nita, 2011), hyal=a..2:i (Chen & Cheng, 2009) and
pullulan (Constantin, Bucatariu, Stoica, & Fundueanu, 20.7. Similar thermosensitive properties
with LCST at 32°C were observed for EPS-p20 (Fin. =8). However higher absorbance was

measured due to longer pNIPAM chains.
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Fig. 5. Evolution of absorbance at 550 nm with temperature for semi-diluted solutions of (A)

pPNIPAM p5 and EPS-p5, and (B) p20 and EPS-p20 at 1 mg/mL in PBS pH 7.4.



3.3.2. Determination of hydrodynamic diameter of grafted infernan by Dynamic Light
Scattering (DLS)

DLS measurements were applied to determine the impact of temperature on the
hydrodynamic diameter of EPS-pNIPAM polymers in semi-dilute solutions at 1 mg/mL in PBS
pH 7.4. DLS analysis was carried out in triplicate on three independently synthesized samples
and the average profiles were displayed in Fig. 6, since very low siw.ndard deviation values were
measured (Table S4). Indeed, these three independently synthz~1.22% samples were obtained with
similar yields with very low standard deviation values (Tau.= 2).

Below LCST, at 25°C, a major population of ~1uv '1m was present for pure pNIPAM (p5
or p20) (Fig. 6A, B), together with a populat'oi. nf ~200 nm, resulted most likely from the
association of pNIPAM chains, as already ot.served by FI-AF4-MALLS-dRI. Above LCST, at
38°C, only one pNIPAM population o1 ~2200 nm was measured, indicating aggregation of
chains induced by rearrangemer. ~f wvater in the proximity of the polymer surface with
hydrophobic interactions becomi>a dominant (Ortiz de Solorzano et al., 2020; Tavagnacco et al.,
2018). Similar DLS resu’ss ‘o1 iree pNIPAM below and above LCST were reported by Yan et
al., (2015). In contrast, »ure EPS did not present any thermoresponsive properties, as the
hydrodynamic diameter of its major population of ~700 nm remained unchanged below and
above LCST (Fig. 6A).

Below LCST at 25°C, in the case of EPS-p5 polymers, four populations were observed
(Fig. 6C), with the major one corresponding most likely to grafted EPS with the hydrodynamic
diameter varying from 753 £ 101 nm for the most grafted EPS (EPS-p5-16%) to 1500 £ 56 nm

for the less grafted EPS (EPS-p5-2%) (Table S4). Other populations of lower intensities



indicated most likely aggregated chains of free pNIPAM, remaining in the samples. The increase
in the hydrodynamic diameter for grafted EPS of decreasing grafting degree was independent
from the pNIPAM grafting and was due to the increasing amount of the polysaccharide per
sample (all prepared at 1 mg/mL), since the EPS amount in grafted EPS-pNIPAM increased
when the degree of UA grafted decreased (Table 2). With increasing EPS concentration, inter-
chain interactions between polysaccharide chains mediated by grafted pNIPAM increased, which
led to higher hydrodynamic diameters (Fig. 6G). Indeed, when c”S-pNIPAM solutions were
prepared at constant EPS concentration (0.1 mg/mL), simiicr diameters of ~1000 nm were
measured for grafted EPS (EPS-p5-8%, 3%, 2%) (Fig. S1_ Table S5). They were significantly
higher than pure EPS (~300 nm), emphasizing that infar-chain interactions mediated by grafted
pPNIPAM are responsible for EPS association. 1.»2 most grafted EPS sample (EPS-p5-16%)
showed lower diameter of ~700 nm comp2red to less grafted EPS. In this sample, due to high
degree of grafting, inter-chain interaction. resulted in a more compact network. Ungrafted EPS-
p5-0% sample, corresponding to =r'S with remaining free pNIPAM, displayed slightly lower
diameter compared to graftet =S samples (Fig. 6C and S13, Tables S4 and S5). In this
particular case, no inter-ci.an interactions through grafted pNIPAM could be established
between polysaccharide ¢ ains, which limits their ability of association.

Similar results were obtained for grafted EPS-p20 polymers below LCST, where the
hydrodynamic diameter increased with increasing amount of polysaccharide within the grafted
samples due to increasing inter-chain interactions, except for the EPS-p20-0.2%, having the
lowest number of grafted pNIPAM chains (Fig. 6D and S13, Tables S4 and S5). In this case, the
inter-chain interactions could not be efficiently established due to the low level of EPS grafting.

Ungrafted EPS-p20-0% showed similar behavior to EPS-p20-0.2% and ungrafted EPS-p5-0%



sample. DLS measurements below LCST are consistent with FI-AF4-MALLS data showing the
presence of large aggregates in grafted EPS samples resulting from inter-chain interactions
(Table 3).

Above LCST at 38°C, a decrease in hydrodynamic diameter was observed for all grafted
EPS-p5 samples with the presence of only one population between ~600 nm and ~800 nm in
diameter, independently from the EPS grafting degree and EPS concentration (Fig. 6E and S13,
Tables S4 and S5). This single population results from the aggreaation of all populations present
at 25°C, mediated by inter-chain interactions involving gre7icn uNIPAM chains. This further
induces a decrease in the diameter size due to folding of aiofted polysaccharide chains, allowing
a more compact structure to be adopted (Fig. 6G). Surh . chain collapse was also observed by
DLS for alginate (Vasile & Nita 2011), galactoria. na'1 (Lima et al. 2021) and dextran (Carneiro
et al. 2021) once grafted with pNIPAN. T.e similar diameter size of the samples despite
different grafting degrees and EPS co.<entrations could be due to high EPS to pNIPAM
molecular weight ratio. Indeed, th~ -es:'iing size will be governed by the polysaccharide chain
length, while the grafted pNIPA, 1 chains play the role of actuator by inducing the collapsed state
through EPS chain foldinr;. ~o1 (ne ungrafted EPS (EPS-p5-0%), the higher diameter (~1900 nm)
observed compared to u e grafted EPS-p5 may result from less dense network formed by
polysaccharide chains in the absence of inter-chain interactions mediated by pNIPAM. In this
case, aggregation of free pNIPAM chains, embedded within the polysaccharide chains, resulted
in the final measured diameter being close to that of pure pNIPAM p5 (~2200 nm).

Similar results were observed for grafted EPS-p20, where only one population of ~ 900 nm in
diameter was measured regardless of the degree of EPS grafting (Fig. 6F and Table S4). In

contrast to grafted EPS-p5, the chain collapse was less pronounced at 38°C due most likely to



their lower degree of grafting. When compared to grafted EPS-p20 samples, higher diameter was
measured for ungrafted EPS-p20-0% (~1300 nm), in a similar manner to EPS-p5-0%.

Finally, DLS measurements show that the grafted polysaccharide chains possess
thermosensitive properties responsible for network structuring, as different behaviors were
observed between grafted EPS-pNIPAM (p5 and p20) and EPS containing only free pNIPAM

(EPS-p5-0% and EPS-p20-0%).
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Fig. 6. Impact of the temperature (below and above LCST) on the hydrodynamic diameter of
semi-diluted solutions (1 mg/mL): (A) EPS and pNIPAM p5 at 25°C and 38°C, (B) EPS and
pNIPAM p20 at 25°C and 38°C, (C) EPS-p5 at 25°C, (D) EPS-p20 at 25°C, (E) EPS-p5 at 38°C,
and (F) EPS-p20 at 38°C. (G) Schematic representation of semi-diluted EPS-pNIPAM solutions
below and above LCST for two extreme cases (with respect to the degree of grafting and EPS
amount in the grafted samples) showing the effect of inter-chain interactions between EPS chains
mediated by grafted pNIPAM on resulting polymer diameters: r..7hly grafted EPS-pNIPAM
(EPS-p5-16%) having 16 pNIPAM chains (in red) per EPS chzin 2nd 5 EPS chains (in blue) and
slightly grafted EPS-pNIPAM (EPS-p5-3%) with 3 pNIP~.M chains (in red) per EPS chain and

13 EPS chains (in blue).

3.3.3. Investigation of chain morpholoc/ ir grafted infernan by Atomic Force Microscopy

(AFM)

AFM imaging in intermiti~nt ~catact mode in the air was applied to investigate the
morphology of infernan chains araiced with pNIPAM below and above LCST. Imaging was
performed on highly dilut2d c~raples to avoid aggregation. To assess the polysaccharide chain
morphology below and a~ove LCST, aqueous solutions of EPS, pNIPAM (p5 and p20) and EPS-
pNIPAM samples at 1 mg/mL were incubated at 25°C and 37°C, respectively, before being
diluted at 5 pg/mL in water (maintained either at 25°C or 37°C). Although all samples were
prepared at the same concentration, the amount of EPS in grafted samples increased inversely to
grafting density (Table 2). Before imaging, samples were dried on a freshly cleaved mica surface
at either 25°C or 37°C.

Below LCST, the morphology of grafted polysaccharide chains already differed from that



observed for pure EPS (Fig. 7A and S14). Chains appeared longer and highly connected with a
slight increase in diameter from 0.36 nm for pure EPS to 0.43 nm and 0.71 nm for EPS-p5-8%
and EPS-p5-16%, mainly observed on branched parts. Similar results were obtained for EPS-p20
(Fig. 7B and S14), suggesting that at least two grafted polysaccharide chains could associate
through pNIPAM chains (inter-chain associations). Above LCST, folded EPS chains were
observed for the most grafted EPS-p5-16%. Although the experimental rate of grafting was
lower (up to 16%) than in the MD simulations (down to 33%), tac AFM image of the sample
clearly illustrates the existence of local polysaccharide bendiz2. This may reflect a non-regular
distribution of pNIPAM branches along the infernan chain with increased local pNIPAM
density. In agreement with MD simulations, pNIPAM . *ra-chain associations may induce the
polysaccharide backbone bending in such fragme:*s viith a higher density of grafting. The local
infernan compaction due to backbone ben ing would make possible the interactions of pNIPAM
chains from remote regions of EPS witr, the resultant global chain folding. In addition to folded
polysaccharide chains, free ungraft~d »MIPAM chains associated in nanoparticles of 2.5 nm in
diameter were also observed ii. the EPS-p5-16% sample (Fig. 7A and S14). No similar chain
folding was observed abo'~ _"5T, in the highly diluted conditions used, for other less grafted
EPS-p5 and EPS-p20, w.ere chain morphologies remained similar below and above LCST (Fig.
7A). Indeed, a considerably lower amount of UA functionalized with pNIPAM chains prevented
most likely from intra-chain interactions, while favoring inter-chain associations. Polysaccharide
chains were clearly branched, forming a highly connected network already in highly diluted
solutions. For EPS-p20 samples above LCST, some nanoparticle assemblies were observed on
the polysaccharide chains, corresponding most likely to micelle-like structures formed by grafted

pPNIPAM chains, allowing for the establishment of inter-chain associations, in agreement with



the previously proposed models (Guo et al., 2015; Mortisen et al., 2010; Petit et al., 2007).
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Fig. 7. (A) AFM height images (2 L ™ » 2 yum) obtained in intermittent contact in air and (B)
height distribution of EPS-p5-76.~ EPS-p5-8%, EPS-p20-3% and EPS-p20-1% at 25°C and

37°C.

3.4. Investigation of inte:-chain EPS-pNIPAM associations by Monte Carlo simulations.

The Monte Carlo simulations were conducted to investigate the ability of grafted infernan
chains to form an infinite network undergoing a sol-gel transition near the percolation, i.e. when
at least one cluster formed a continuous path by connected chains from one side of a lattice to the
opposite one. In these simulations performed on a two-dimensional square lattice of size L at
37°C, only attractive short-range interactions between grafted pNIPAM chains belonging to

neighbouring polysaccharide chains were considered. Contrary to other Monte Carlo simulations



or the previous MD simulations where the analysis scale was atomic, molecular or at the single
polymer chain level (Cornette, Ramirez-Pastor, & Nieto, 2003; Tzounis, Anogiannakis, &
Theodorou, 2017), the elementary building block of these simulations was the EPS-p20 chain.
Three snapshots of the same simulation were represented in Fig. 8A for different occupation
probabilities ¢ of 0.03, 0.06 and 0.08, this latter corresponded to the percolation threshold. The
simulation performed on a square lattice of 2 um in size clearly showed the construction of the
EPS-pNIPAM network with the formation of isolated clusters where neighboring polysaccharide
chains were connected. All chains belonging to the same cliisir wvere evidenced with the same
colour and colours were related to the cluster size (i.e. the ~umber of chains forming the cluster
or the corresponding pixel number). As the size of the ~lusters increase with the number of
chains deposited or ¢, the neighbouring cluster:, L. ar.essively merge until percolation, where a
continuous path of connected chains exists, <russing the lattice from one side to the opposite one.
Interestingly, Monte Carlo simulations cu-rectly described the inter-chain associations observed
by AFM by considering similar pc:yme.” concentrations (Fig. 7). These simulations revealed that
a percolated network of EPS-nIn'PAM chains could be obtained by considering only attractive
interactions between graficd LiNIPAM chains belonging to neighboring EPS chains. Further
Monte Carlo simulations vere then carried out by varying the size of the square lattice, leading
to the same qualitative result (Fig. S15).

The transposition of these Monte Carlo simulations to future experiments is not straightforward
because simulations were carried out for finite lattice sizes, whereas experiments correspond to
an infinite lattice. However, the extrapolation of the percolation threshold toward an infinitely
large system (¢™) can be undertaken by a finite-size scaling analysis (Wu et al., 2008). Indeed,

the percolation probability curves as a function of ¢, calculated from simulations for lattices of



different sizes, intersect at a single point corresponding to ¢*. Fig. 8B showed these curves
obtained from simulations on lattices of increasing sizes: 1 pum, 2 pum, 5 um and 10 pm.
Increasing the lattice size makes the percolation probability curves steeper, which tend towards
the limiting case of the Heaviside step function centered at ¢” for an infinite system. The Monte
Carlo simulations estimate the percolation threshold for an infinitely large network of connected
EPS-pNIPAM chains at 0.068. To remove the finite size effect of simulations, the occupation
probability was normalized by (¢-¢™ )L® where o is the critical evounent of the phase transition
occurring in the studied system. Fig. 8C representing the percoiction probability as a function of
this reduced variable revealed that all the curves in Fig. ©® unllapsed onto a single master curve.
This result, with numerous points included in the crila.<ing curve, underlines that both the
values of ¢ and o were accurately determine«.. w. Jther words, the percolation threshold and
critical exponent of EPS-pNIPAM network. * vere identical for various lattice sizes, revealing the
universal character of the sol-gel tran<i*ioi. near the percolation. Indeed, the o values were very
close with 0.75, 0.77, 0.73 and 0 72 (~r the four simulated lattice sizes. Such finite-size scaling
analysis was previously conducteu to percolate particles or linear segments on two-dimensional
lattices (Cornette et al., 700o* Wu et al., 2008). The percolation of these systems also belonged
to the same universality rlass as that of random percolation models. Finally, the Monte Carlo
simulations revealed that inter-chain interactions mediated by grafted pNIPAM chains are strong
enough to form an infinite network of polysaccharide chains, a crucial feature in a hydrogel

setting.
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4. Conclusion

In the present study, infernan, a marine bacterial EPS was grafted with pNIPAM with the
aim of obtaining a thermosensitive polysaccharide that could further be used in tissue
engineering as a hydrogel scaffold. Eight grafted polysaccharides were prepared by varying
EPS/pNIPAM molar ratio as well as the molecular weight of pNIPAM. To describe their
physicochemical characteristics, including the degree of graftiny molecular weight, chain
conformation and morphology as well as their thermoserzitivz properties, an experimental
approach was applied using several complementary teci.niques (FI-AF4-MALLS-dRI, ATR-
FTIR, NMR, UV-Vis, DLS and AFM imaging). The c>valent grafting between infernan and
pPNIPAM chains was finely characterized by Mi”R spectroscopy, while FI-AF4-MALLS-dRI
allowed quantifying the grafting density. -or grafted infernan samples, below LCST of ~32°C,
large aggregates resulting from inter-ci.2in associations mediated by grafted pNIPAM were
evidenced by FI-AF4-MALLS-dF.: a:~ DLS. Above LCST, the hydrodynamic diameter of
grafted polysaccharides decreas. (DLS), which led to more compact structures resulting from
the rearrangement of we:l- 1.:ulecules in the vicinity of pNIPAM chains with hydrophobic
interactions becoming acvminant. A theoretical approach using MD simulations was applied to
get further insight into molecular conformation of grafted infernan chains and their ability to
establish intra and inter-molecular interactions. MD simulations showed the tendency of
pNIPAM chains, when grafted to infernan, to interact with each other leading to the backbone
bending. Such an intra-chain folding was clearly observed above LCST by AFM imaging for the
most grafted sample (EPS-p5-16%) in highly-diluted solution. However, inter-chain associations

were favored with lower grafting density, leading to a network of connected polysaccharide



chains (AFM imaging). A percolated network was also obtained by Monte Carlo simulations,
which considered only the attractive interactions between grafted pNIPAM chains belonging to
neighboring EPS chains. Therefore, this study shows that infernan can successfully be grafted
with  pNIPAM. The physiochemical and thermosensitive characteristics of grafted
polysaccharides can be tuned by EPS/pNIPAM molar ratio and pNIPAM molecular weight, thus
confirming the initial hypothesis. In the future, the ability of grafted infernan to form hydrogel
scaffolds endowed with biological and mechanical properties fu. tissue engineering will be
investigated.
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