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Highlights
e CT networks were developed with heparin-mimicking monosodiumiféisophthalate
e Tunable degradation profiles were observed in aqueous media up to 30 days
¢ No toxic response was observed with L929 mouse fibroblasts

¢ Native CT antibacterial activity was retained with Porphyromonas gingivalis

Abstract

Chitosan (CT) is an antibacterial polysaccharide that has been investigataid carriers, haemostats and
wound dressings. For these applications, customised CT devices canbeftedbtained with specific
experimental conditions, which can irreversibly alter native biopolymeuepties and functions and lead to
unreliable material behavioutn order to investigate the structure-function relationships in CT covalent
networks, monosodium 5-sulfoisophthalate (PhS) was selected asnheyimicking, growth factor-binding

crosslinking segmentwhilst 1,4-phenylenediacetic acid (4Ph) and poly(ethylene glycol) bis{egmethyl)
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ether (PEG) were employed as sulfonic acid-free diacids of low and dnagislinker length respectively
Hydrogels based on short crosslinkers (PhS and 4Ph) displayredsed crosslink density, decreased swelling
ratio as well as minimal hydrolytic and lysozymic degradation, whilst add@folysozymes to PEG-based
networks resulted in 70 wt.-% mass loBhS-crosslinked CT hydrogels displayed the highest loss (@0 *
CFU%) of antibacterial activity upon incubation with Porphyromonasigitig, whilst respective extracts were

tolerated by L929 mouse fibroblasts

Keywords:. chitosan; biomaterial; functional; structure-function relationship

1. Introduction

Chitosan (CT) is a linear polysaccharide derived from the partial deacetyétbitin, which is found
in the exoskeletons of crustaceans and arthropods; asGU@vailability is second only to cellulos€éhe CT
backbone consists of randomly repeating units of glucosamini-auetylglucosamine, whereby the former (i)
mediate the solubility of CT in aqueous systef]s (i) are amenable to chemical functionalisation towards the
synthesis of water-soluble CT derivatives [2]; and (iii) prov@dewith unique antibacterial properties [$Yith
the breakout of antibiotic resistance, CT has found wide applicamin@emostat [4], wound dressing f&nd
antibacterial coating [6], in the form of electrospun webs [7], namtieplates [8] or water-swollen networks
[9]. As a nitrogen-rich polysaccharid€T is insoluble in organic solvents, so that either extreme experimental
conditions [LO], oxidative degradationl1fl], multi-step synthetic routesl®], or combination thereof, are
typically required to obtain customised material formatese strategies lead to low yields and time-consuming
purification, whilst native CT functionalities (e.g. degradability, antibacterial &gtiwviay be irreversibly losh
resulting materials, resulting in poorly-controllable structure-function reships In an effort to synthesise
functional systemsdn reliable, straightforward and mild environments, we have previoteghprted the
formation of covalent hydrogel networks, whereby CT was eglagith various diacids in acid-free and room
temperature conditionslB]. In light of the functionalisation imparted at the molecular level, these materials
could be employed as tunable drug carriers of either negatively- or pgstharged soluble molecules
overcoming loading limitations linket CT cationic charge

Building on this knowledge, this study investigated the structuretitmrelationshipsn CT hydrogels
functionalised with or without sulfonic acid pendant grouplse molecular scale of covalent networks was

explored, whilst swelling propertiem both acidic and basipH, as well as hydrolytic and lysozymic



degradability, quantifiedUItimately, the hydrogét impact on both Porphyromonas gingivalis and L929

fibroblasts vasalso explored, looking at potential applicability of these materials in oral care.

2. Materials and methods
2.1 Materials

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), y#ioxysuccinimide (NHS) and
Phosphate-buffered saline (PBS) solution were supplied by Alfa AesaRR Wérnational and Lonza

respectively. All the other chemicals were purchased from Sigma.

2.2 Synthesisand characterisation of CT hydrogels
CT hydrogels were synthesised following previous proto (Supporting Information (SI)). The molar
content of primary amino groups was measured via 2,4,6-trinitzelesulfonic acid (TNBS) assay (n=24]

15]. Respective degree of CT crosslinking (@&s quantifiedas

C= (1_ Abs, j %100 (Equation 1)
Abs

CT

where Abs. and Absgr indicate the 343imabsorbances (UV-Vi€§305Jenway) of crosslinked and native CT,

respectively.

2.3 Swelling and degradation tests

Weight-based swelling rati®GR was determined via 24-hour room temperature incubation ofdnples (~ 30

mg, n=3 in 5 mL 0.15 M NaCl aqueous solutiatpH 4 — 9 . Hydrolytic (5 ml PBS, pH 7.4, 37 °C) and
lysozymic (5 ml PBS, pH 7.4, 37 °C, 2 mg-hi/sozyme) degradation tests were performed for 30 days. At
specific times, samples (n=3) were collected, rinsed with distilled water, pkped, weighed, and
freeze-dried. Time point-specific relative masg|vas determined as:

M= (l— m] x100 (Equation 2)
m

d

where mand m correspond to the time point-specific and initial dry masses, resggciivme point-specific

SRs were determined from respective swollen and dry samples masses.



2.4 Cytotoxicity and antibacterial testsin vitro

L929 cells were cultured on hydrogel extracts (sectionSB4 Cell morphology and metabolic activity were
analysed via transmitted light microscopy (Zeiss, Germany) and MTS @3sHYiter 96° AQueous Assay,
Promega), respectively.

Porphyromonas gingivalis W50 (P. gingivalis) were culturedUdfiirradiated samples (Bop-Rad GS Gene
Linker™ UV, 250 mJ, 3x). Biofilms were grown on each sample (n+8) anaerobically incubated in brain
heart infusion (BHI) broth (80% N 10% CQ, 10% H atmosphere, 37C, 48 h) (Whitley A45 Anaerobic
WorkstationDon Whitley Scientific ltd). Each sample was then transferred into 2 ml sterile reduced transport
fluid (RTF) and vortexed. 1 mil0* dilution in sterile RTF was spread unto blood agar plates (Columkoa blo
agar base, Oxoid). The plates were anaerobically incubated (37 °C, 48 hurabér of colonies optically

counted (Stuart SC6).

3. Results and discussion

Network formation was accomplished via a nucleophilic addition/elimination mischaf CT primary amino
groups withNHS-activated diacids (Scheme ,S3I). An averaged degree of crosslinking was measured via
TNBS calorimetric assay in the range of 86 mol.%; sample<CT-4Ph and CT-PEG displagthe highest and
lowest crosslink densitiesespectively (Table 1), in agreement with previous stu. TNBS values
of PhS-crosslinked CT were used to determine the molar content ofiswudicid moietiesconsidering a 1:2
molar ratio between the former and PhS-crosslinked amino gréupaveraged molar content of 13 mét.-

PhS was observeih agreement withH-NMR measurements (18 mol.-% PhS) on degraded network oligomers

.

Table 1. Degree of crosslinking (C) and swelling rati®R of chitosan networks obtained via either TNE
assay or equilibration in aqueous solutions at varied pH, respecBrdflata could not be determined for nati
CT controls in light of their non-controllable degradation behaviour in agugmironments.

SR/wt.-%
Sample ID C /mol.-%
pH 4 pH 6.5 pH 7.4 pH 9
CT-PhS 26+1 542 + 80 498 + 254 717 + 168 582 + 247
CT-4Ph 38+1 409 + 55 548 + 103 472 + 27 527 + 65
CT-PEG 8+4 1090 + 867 1098 + 188 1195+ 148 1133+ 179

© statistically significant mean at each selected pH (p <0.05, Bonferroni test)



Introduced sulfonic acid groups in network CT-PhS could be explagedsimple heparin-mimicking cue for
binding and delivering growth factoi[G] towards mineralised as ageBoft tissue repair in dentistry. Their
impact on hydrogel swelling was investigated in acidic and basic pH, as descrgitinative and
bacteria-contaminated tissue states, respectidély SR values were in the range of 409 + 53195 + 142
wt.-%, proving to be lower than the hydrogels prepared with Iowem@if:entrationﬂS]. Samples CT-PhS
displayed a slightly increase®R in neutral compared to acidic solutions, in contrast to the other hydrogels
which is attributed to the deprotonation of both PhS sulfonic gt{d € 3) and CT primary amin@K, ~ 6.5)
groups. Observed pH-dependent swelling behaviour may be exploited to défigased passive sensors
for bacteria detection. Overall, samples @T-PEG displayed the higheSR due to their low degree of
crosslinking and the hydrophilicity of PEG (Table 1), showingnise asa dressing material for moist wound

healing.
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Figure 1. Relative massf) and swelling ratio$R profiles of networks CT-PhS-{e—), CT4Ph (——¢——)
and CT-PEG «m-) during hydrolytic ((AB) and lysozymic (C-D) degradation. Native CT controls are
reported as completely degraded after 1-day incubation in both testing media.

Minimal changes in sample weight and swelling ratio were recordeéagduydrolytic incubation, whilst native
CT samples were completely degraded in either hydrolytic or lysozymic mesli@xpected for a non-
crosslinked material. Addition of lysozymes proved to induce ne@rlwt7% mass loss in hydrogels CT-PEG
(Figure 1), suggesting that cleavage of CT chains was preferentially accadpligh lysozyme-induced
breakdown of glycosidic linkages rather than hydrolysisnaifia net-points. The increased degradation kinetics
of hydrogels CT-PEG was in agreement withitHew degree of crosslinking. SEM analysis revealed an
increased porous sample microstructure following 30-d lysozymic aticub(Figure 2), suggesting a surface

erosion rather than bulk degradation mechanism.



Figure 2. Scanning electron microscopy of surface structure following either nefieomation (A, C, E) ¢
30-d enzymatic incubation (B, D, F). (A-B): CT-PhS; (C-D): CT-4Ph; (E-F):REG.

Figure 3 describes the impact of hydrogels in vitro on both L929 mouseblists and Porphyromonas
gingivalis, respectively. L929 cell morphology cultured on extractaofige CT-PhS was comparable to the
ones of cells cultured on DMEM. The high tolerability of hydrogel extvems$ also confirmed by cellular
metabolic activities. Hydrogels CT-PhS cultured with Porphyromonas giigialso displayed the lowest
retention of native CT antibacterial activity, followed by hydrogels CT-@&th CFU%) and CT-PEG (69
CFU%) (Figure 3, D). The electrostatic interaction of positively-charged amingpg with negatively-charged

microbial cell membranes has been hypothesised to be responsible for theerdllzativity of CTﬁ].
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Figure 3. (A-B): extract cytotoxicity tests were conducted according to EN DIN ISO stan@8@B5 an
L929 cell morphology investigated following 48-hour culture in eiDBHEM (A) or extract of sample CT-P
(B). (C): MTS assay following 48-hour cell culture on either extodsiample CT-PhS, DMEM or DMSO. (I
antibacterial activity displayed by both CT hydrogels and native CT folipd@ihour incubation with P. ging
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Results obtained in this study support this mechanism: in lightafdhsumption of primary amino groups and
introduction of negatively-charged sulfonic acid moieties, a reduced antibaatdivétly in samples CT-PhS is
expected. Likewise, the lower antibacterial activity in samples CT-Ph @gtrect to CT-PEG is in line with the

lower molar content of primary amino groups in the former, coetptr the latter, formulation.

4. Conclusions

CT hydrogels were synthesised with eithatiacid beamg heparin-mimicking, growth factor-binding sulfonic
acid group or two sulfonic acid-free diacids. Hydrogel degradabiligcuwed preferentially via
lysozyme-induced breakdown of glycosidic linkages, whereby lanksgensity was found to play a significant
role. Growth factor-binding sulfonic acid pendant groups proved toc@dusignificantly reduced antibacterial
activity in hydrogels CT-PhS, whilst no hydrogel-triggered toxic sasp was observed with L929 mouse

fibroblasts.
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Scheme S1. Formation of CT hydrogels: CT was dissolved in a HOBBHsystem and reacted with NHS-
activated PhS (1), Ph (2) and PEG (3), respectively.

S1. Synthesisof CT hydrogels

CT (0.15 g) was dissolved in a distilled water solution (4.23 g) contghOBt (0.12 g) via magnetic stirring at
room temperature. A 2-fold molar content of either PhS, 4Ph or RE respect to the amino groups in the
CT solution) was activated in distilled water (0 °C, 30 min.) with alé+faolar ratio of both EDC (2.3 M) and
NHS (2.3 M) with respect to crosslinker carboxylic functions. NHS-activatégti@® was mixed with
previously-obtained CT solution and incubated overnight at roorpeeture under gentle shaking. Formed
hydrogels were washed with distilled water and freeze-dried. Comtngbles were prepared by freeze-drying
HOBt-containing aqueous solution of CT. Crosslinked samples are cod@¥-XXX, whereby ‘XXX’

identifies the selected diacid.



S2. Scanning electron microscopy
The internal architecture of dry freshly synthesised and partially degssdedles was inspected using a
Hitachi SU8230 FESEM. Samples were inspected with a beam intensity of 10 kVaddtespgttering using a

JFC-1200 fine sputter coater.

S3. Statistical analysis
Data normality was confirmed via the Shapiro-Wilk test and data presentedesage + standard deviation.

One-way ANOVA was carried out to test statistical significance (p < 0.05eBonf test).

SA. Preparation of hydrogel extractsfor cytotoxicity assay

0.1 mg of ethanol-treated hydrogel was incubated at 37 °C in 1Dmhecco's Modified Eagle Medium
((DMEM). After 72 hours, sample extract (n=3) was applied to 80% camiflu929 mouse fibroblasts cultured
on a polystyrene 96-well plate. Dimethyl sulfoxide (DMSO) and DMEM wexed as negative and positive

controls, respectively (n=3).
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