-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by White Rose Research Online

UNIVERSITY OF LEEDS

This is a repository copy of Tuneable drug-loading capability of chitosan hydrogels with
varied network architectures.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/80783/

Version: Accepted Version

Article:

Tronci, G, Ajiro, H, Russell, SJ orcid.org/0000-0003-0339-9611 et al. (2 more authors)
(2014) Tuneable drug-loading capability of chitosan hydrogels with varied network
architectures. Acta Biomaterialia, 10 (2). pp. 821-830. ISSN 1742-7061

https://doi.org/10.1016/j.actbio.2013.10.014

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

A

A\ White Rose  uerese aca
. it H eprints@whiterose.ac.u
‘\ /h Hﬂﬁ'{gﬁf{:{ L‘iei{_}:iilz LL\J,UT https://eprints.whiterose.ac.uk/



https://core.ac.uk/display/29032293?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Tuneable Drug-loading Capability of Chitosan Hydr ogels with Varied

Networ k Architectures

Giuseppe Trond,” Hiroharu Ajiro¢ Stephen J. Russ&lDavid J. Wood, Mitsuru
Akashf’
@ Biomaterials and Tissue Engineering Research Group, Schbantistry, University of Leeds,
Clarendon Way, Leeds, LS2 9LU, United Kingdom

® Nonwovens Research Group, Centre for Technical Textiles, BohDesign, University of Leeds,
Leeds, LS2 9JT, United Kingdom

“Department of Applied Chemistry, Graduate School of Engineefisgka University, 2-1,
Yamadaoka, Suita, Osaka 565-0871, Japan

Abstract

Advanced bioactive systems with defined macroscopic properties spatio-temporal
sequestration of extracellular biomacromolecules are highly tesfiar next generation therapeutics.
Here, chitosan hydrogels were prepared with neutral or negatilatged crosslinkers in order to
promote selective electrostatic complexation with chargadsdrChitosan (CT) was functionalised
with varied dicarboxylic acids, such as tartaric acid (T@9ly(ethylene glycol) bis(carboxymethyl)
ether (PEG), 1.4-Phenylenediacetic acid (4Ph) and 5-Sulfdatsdjghacid monosodium salt (PhS)
whereby PhS was hypothesised to act as a simple mimietieparin. ATR FT-IR showed the
presence of C=0 amide I, N-H amide Il and C=0 ester banolgdprg evidence of covalent network
formation. The crosslinker content was reversely quantified'HWNMR on partially-degraded
network oligomers, so that 18 mol.-% PhS was exemplarilgrohihed. Swellability (SR: 299165
1054+121 wt.-%), compressability (E: 2.1+0992+2.3 kPa), material morphology, and drug-loading
capability were successfully adjusted based on the selectedrkeanahitecture. Here, hydrogel
incubation with model drugs of varied electrostatic chargeallura red (AR;-), methyl orange (MO,

-) or methylene blue (MB, +), resulted in direct hydrogel-digetrostatic complexation. Importantly,
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the cationic compoundMB, showed different incorporation behaviours, depending on the
electrostatic character of the selected crosslinkefight of this tuneable drug-loading capability
theseCT hydrogels would be highly attractive as drug reservoirs tavaugl the fabrication of tissue
models in vitro.

Keywords: chitosan, bioactive hydrogels, drug loading, sulfonic acid, crosslin&svork
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1. Introduction

In in vivo tissue engineering, multifunctional material systesnould temporally mimic natural
tissues, exhibiting controlled macroscopic properties and indggiagific biological signals to local
stem cells [1 In vivo, these functions are provided by the extracellulatrimdECM), a highly
organised supramolecular hydrogel structure binding and stabilismgtigrfactors in a spatio-
temporal, controlled manner [2]. ECM sulfated glycosaminoglycsunsh as heparin, protect bound
growth factors from proteolytic degradation, potentiatingr thimactivity by facilitating cell receptor
interactions [ Consequently, the design of advanced bioactive systemickimg ECM growth
factor features in a defined, application-dependent, temfeshion, is currently considered one of
the greatest challenges in regenerative medicing [4

Functional biomaterials, including hydrogﬁ [5, 6,7, 8,9, 10, 11hggm[12], scaffolds [13],
electrospun meshes [14] and capsules [15], have been extensivesfigated for the localised
loading and controlled release of growth factors. Amongdtfierent carrier systems, hydrogels are
attractive material candidates since they are generally bpatidrste, biodegradable and can mimic
ECM architecture over different length scales, [ILf. At the same time, their high swelling and hard

to control elasticity and degradability must be carefullyresisked in order to ensure a timely and



sustained material performance without compromising loading rafehse profilesl]Q]. Using
functionalised dextran hydrogels, Schillemans et al. appbedrsible electrostatic interactions for
post-loading and release of proteins [18]. Here, proteiorparation was not homogeneous and
nearly-complete release was observed following 50 hours. Aiatisgstained and localised delivery,
Jeon et al. synthesised growth factor-encapsulating hydrogelsH&f, covalently-linked heparin
segments were expected to mimic ECM growth factor-binding silitmugh release was found to be
mainly driven by diffusion rather than network degradatioran effort to control loading and release
capability independently of network characteristics, Freudgniteal. described a modular system of
biohybrid hydrogels based on covalently cross-linked heparin andretped poly(ethylene glycols)
. Although mechanical properties and biofunctionalitylldobe ruled independently, up to only
about 5 wt.-% loading was obserVeahile nearly 20 wt% of loaded growth factor was released
within 7 days. Besides biopolymer-based hydrogels, surface-modifigbesic hydrogel networks
have also been established, whereby pH-triggered, hour-saémse of model drugs was
demonstrateﬂl]. From all the aforementioned examples, it @ppeather clear that successful
clinical translation of current hydrogel systems as conttalleig delivery systems has been deterred
by setbacks such as (i) poor loading efficiency, (i) larggainburst release and (iii) limited control
in material properties. An interesting approach to addtbese challenges is based on the design of
functional hydrogel reservoirs allowing for the controlled loadifiga wide range of biomolecules,
whereby stimulus-triggered drug release can be obtainededoh this goal, the molecular network
architecture must be thoroughly investigated, so that definectiste-property-function relationships
can be established [RO

Chitosan (CT) is the second most abundant natural polymerrtmeasal serves as a structural
polysaccharide for many phyla of lower plants and anim@ls. is derived from the partial
deacetylation of chitin, thereby resulting in the only lineationic polysaccharide. It contains
glucosamine and N-acetylglucosamine units along its polymer backBonthat it mimics the

chemical composition of ECM glycosaminoglycans. In light of itstable biodegradability,

" Hydrogel incubation was carried out with 5 ug-hftGF2 solution (9 ng FGF-2 loaded per hydrogel pL; 200
uL FGF-2 solution applied per hydrogel Grhydrogel thickness: 50 pm).



biocompatibility, immunological, antibacterial and woundiimgn properties as well as good
mechanical and film-forming properties [222], CT has therefore been widely applied in the
biomedical field as a wound dressing [23], haemostat [24] arfidistctor tissue engineering [226],

and as controlled drug [27] and gene [28] delivery vehicleshdtsame timeCT’s polycationic
nature should be carefully considered for the successfulufation of bespoke drug delivery
systems, due to the potential electrostatic repulsion of tlyenpolbackbone with positively-charged
growth factors, such as BMP-2 or FGF-2 [29]. Furthermore,oa-controllable electrostatic
complexation of the material surface with cells may be relsefollowing protonation oCT amino
groups in vitro or in vivo, ultimately leading to cytotoxffects. To circumvent these issues, chemical
functionalisation ofCT can be carried out, whereby reaction of amino and hydrexginations
leads to the establishment of covalent, neutralised, net-poirttsatsihe polycationic character G

is controlled [30, 3132]. CT has been carboxymethylated [33, 34], grafted with phenylalaBBje [
and crosslinked with low-molecular weight segments [36],itgatb a broad range of polymers.
However, despite such enormous polymer variability, the facQhaolubility is restricted to acidic
conditions imposes several constraints in terms of accompliskiglgctive and tuenable
functionalisation, so that systematic chanigesiolecular organisation are highly challenging. Indeed,
reacted products might be unstable at acidic pH, potentialytirey in occurrence of side reactions
and reduced reaction yield, so that material propegtiel drug loading/release functionalities cannot
be systematically varied.

This work aimed at establishing a novel synthetic approachhirformation of bioactive
CT-based systems displaying tunable network architecture and sugheriploading functionality. It
was hypothesised that selecti®@@& functionalisation could be accomplished in aqueous systétns w
bifunctional segments of varied molecular weight, backbagidity, wettability and electrostatic
charge, so that bespoke hydrogels with defined macroscopiatespmuld be formedased on the
selected network architecture, it was hypothesised hjzdtogel drug-loading functionality could
result from the electrostatic complexation of the network shaiith systematically-varied model
drugs. To reach this goqal(+)-tartaric acid (TA), poly(ethylene glycol) bis(carboxymethgther

(PEG), 4-Phenylenediacetic acid (4Ph), and 5-Sulfoisopbtaid monosodium salt (PhS) were



selected as dicarboxylic acids 8 functionalisation. TA and PEG have been previously applied to
CT for the design of pH-responsive nanoparti [32] and drugedyelhydrogel]. Here, both
compounds were employed as flexible, aliphatic, neutcastinkersof varied molecular weight. 4Ph
and PhS were selected as rigid, aromatic segmetiareby the only difference between the two
molecules was the presence of a sulfonic acid group in Ph&reeming,aimed at mimicking the
growth factor-binding sites of heparin in vivo. Consequentigiibbation in solutions containing either
allura red AR) as doubly negatively-charged, methyl oran®#O) as negatively-charged and
methylene blueNB) as positively-charged, model drugs was carried out in ¢odexplore hydrogel
loading functionality [37]. ThusCT systems with systematically adjusted material propertids an
loading efficiencies via selective changes in network ardhiteovere expected to be established
Ongoing research is focusing on the evaluation of the comtrdieg release functionality in the

presented chitosan systems.

2. Materials and methods

2.1. Materials

Low molecular weight (50000-190000 Da) CT, (&bimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHSEG (average M~ 600 Da)
and hydrochloric acid solution (37%) were purchased from SigmdrichAl (Japan). 1-
Hydroxybenzotriazole (HOBt) was purchased from Kishidar@bal Co., Ltd. (Japan). PhS, 4Ph and
TA were purchased from Tokyo Chemical Industry Co., Ltd. (Japdlira red, methylene blue and
methylene orange were purchased from Tokyo Chemical Industry CdJaghn), Kishida Chemical
Co., Ltd. (Japan) and Nacalai Tesque, Inc. (Japan),atbésglg. Deuterium oxide was purchased from

Wako Pure Chemical Industries, Ltd. (Japan).

2.2. Formation of CT -based hydrogels

CT -based hydrogels were prepared by dissol@ig0.15g) in a HOBt (0.12 g)-water (4.29
solution [38]. Once th€T solution was obtained, an equimolar content of dicarboxglid @ither

TA, PEG, 4Ph or PhS) with respect to @€ amino functions was activated in water (0 °C, pH 4, 30



min.) with EDC (1 or 2.3 M) in the presenceNiflS. A three-fold excess of EDC/NHS with respect
to the dicarboxylic acid molar content was introduced SNtdtivated dicarboxylic acid mixture was
mixed with previously-obtaine@T solution and incubated at room temperature under gentle shaking
in order to allow for the nucleophilic addition reactioh CT amino groups to the crosslinker
carboxylic functions to occur. Complete gel formation was efeskfollowing 1-hour reaction T

with selected\NHS-activated dicarboxylic acids. Resulting hydrogels were thorgughkhed with

distilled water, followed by vacuum-drying at room tempara

2.3. Chemical characterisation of hydrogel networks

Attenuated Total Reflectance Fourier-Transform Infrgi&@R FT-IR) was carried out on dry
samples using a Perkin-Elmer Spectrum 100 FT-IR spectrophotomdtier diamond ATR
attachment. Scans were conducted from 4000 to 400 with 16 repetitions averaged for each
spectrum at 4 cm resolution. In order to investigate the molar content @béhiced crosslinkers, 5
mg hydrogel CT-PhS was exemplarily incubated in 5 M HCI swiudit 60 °C until complete network
degradation. Partially-degraded oligomers were dried atGOvith reduced pressuréH-NMR
spectra were recorded at room temperature on a JEOL GSX 4fi€oppetometer (400 MHz) by
dissolving 10 mg of dry oligomers in 1 mL deuterium oxide. Sighals=a.4 ppm and=8.5 were
selected to identify PhS species, while the signakdt4 ppm was chosen to describ& backbone.
Consequently, the sulfonic acid content incorporated irhtlieogel was quantified according to the

following equation:

JHa /
S(mol—%):j—3><lOC

1

(Equation 1)

H
whereby S(mol%) identifies hydrogel sulfonic acid molar content, Whi[le a% and I H,

indicates'H-NMR integrations related to PhS- a@d@ -based signals, respectively.



2.4. Swelling tests
Swelling tests were carried out by incubating dry samples in_Saqueous medium, either
distilled water or PBS (pH 7.4), at room temperature2fbthours. Water-equilibrated samples were

retrieved, paper-blotted and weighed. The weight-based swaidling 8R) was calculated as:

SRzmsmi%mdxloo (Equation 2)

where mgand ng are swollen and dry sample weights, respectively. Threieasphere used for each
sample composition, so that SR results were expressed as avetageatrd deviation. Single factor
ANOVA was carried out to determine the statistical signifieabetween experimental groups. A

value of p< 0.05 was considered to be statistically significant.

2.5. Compression tests

Water-equilibrated hydrogel discs (g 0.8 cm) were compressedom temperature with a
compression rate of 3 mm-MifEZ test, Shimadzu Corporation, Japan). A 500 N load cedl wa
operated up to sample break. The maximal compressive strggsafid compression at breadg)(
were recorded, so that the compressive modulus (E) was cettblafitting the linear region of the
stress-strain curve. At least three replicas were emplayeeath composition and results expressed

as average * standard deviatio

2.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA, TG/DTA 6200, Seiko Ilastents Inc., Japan) was
conducted on dry samples in order to investigate the theratalityt of formed networks. TGA tests
were carried out under nitrogen atmosphere (50 mL*mitmogen flow rate range) with 10 °C-rifin

heating rate from 10 to 500 °C.

2.7. Scanning electron microscopy
The internal architecture of formed hydrogels was investigatemving freeze-drying. Freeze-
dried samples were mounted on metal stubs using double-sideshcadhesive tape and coated with

osmium tetroxide by HPC-30 plasma coater (Vacuum Devicg.lCoated samples were inspected



with JEOL JSM-6700FE field emission scanning electron microsompereby the pore size was

determined by direct measurements (n= 2-8).

2.8. Drug loading into CT hydrogel

Allura red AC @R, Amax = 504 nm), methyl orangeMQO, Amax = 505 nm) and methylene blue
(MB, Amax = 661 nm) were used as doubly negatively-, negatively- andivabgicharged model
drugs, respectively, in order to estimate hydrogel loading furadiignA stock solution of each dye
was prepared in distilled water at a final concentratiob. bfmg- mL". The stock solution was further
diluted before incubation of a water-equilibrated hydroget5a0ng) in 4 mL dye solution (0.025
mg-mL™). At selected incubation time points, the incubating smutias collected in a cuvette and
analyzed via a UV spectrophotometer U-3010 (Hitachi High-Techreddgorporation, Japan). Thus,

hydrogel loading with model drugs was quantified according to fibllowing equation:

XXloading = (1— %J -100 Equation 3)

ax,d

whereby XX identifies the loading model drug, i.AR, MO or MB; Anaxgindicates the maximum
absorbance of the model drug solution before incubation of theodsidisample, while Ay
describes the maximum absorbance of the solution supernatantirfigllémydrogel incubation at

selected loading time points.

3. Results and discussion

CT hydrogels with varied crosslinkers, controlled macroscqpaperties and tunable drug-
loading functionality were successfully synthesised (SchBm€&hese hydrogels were colourless and
transparent in their gelled unloaded state; following drug tgathie gels took on the colour of the
relevant drug (Figure S1, Supporting Information shows an irmggdrogel CT-PhS following AR
loading). CT was dissolved in HOBt aqueous soluti@s an effective, reliable and cell-friendly
system to directly functionalisCT avoiding any pre-derivatisation step or acidic conditi. [38
Reaction with selecteldHS-activated dicarboxylic acids led to complete gel formatiithin 30 min

reaction. Here, nucleophilic addition &T amino and hydroxyl functions to activated crosslinkers



takes plac2], leading to a covalent network consistimyarolytically-cleavable amide net-points
(Scheme 1, A). Thus, either intra- or inter-moleculassslinks can be introducad CT chains
depending on the molecular rigidity, molecular weight andl festio of selected crosslinking
segments (Scheme 1, B). Consequently, materials wiibdvanacroscopic properties and internal
geometry could be accomplished. Furthermore, hydrogel edeatio charge was expected to be
tuned based on resulting network architectures, so that loadlimg wide range of drugs could be
successfully obtained via electrostatic drug-hydrogel complexé&ioneme 1, C). In the following,
CT-based hydrogels will be characterised as for their netwockitecture, swellability, thermo-
mechanical properties, material morphology and drug-loadingifuadity, aiming at establishing
systems with defined structure-property-function relationshipspfs are coded as CT(XX%)-
YYY, whereby CT indicates €T-based hydrogel, XX identifies the W#-CT concentration in the
reacting mixture, while YYY states the type of crosslinkeroduced in resulting networks, either

TA, PEG, 4Ph or PhS.

(A) i )OL EDC!NHS
HO R OH H20 pH4,0°C J\ )L

HO

>= Ly
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O

(B)
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1 2.
(C)



Scheme 1. Formation ofCT-based hydrogels with varied network architecture and tumtbteloading functionality. (A):
A dicarboxylic acid segment is activated with EDC/NH®@ aeacted with an aqueous solutiorCdFHOBt. (B): Molecular
formula of selected bifunctional segments: Tartaric atidTA), poly(ethylene glycol) bis(carboxymethyl) etli@r, PEG),
1,4-Phenylenediacetic acid (3., 4Ph), Monosodium 5-Sulfoisoptehéda, PhS). (C): Drug-loading functionality of
CT-based hydrogels: nativ€T () behaves as a polycation in aqueous solution due to thenption of amino and
hydroxyl functions (I). By covalently functionalisin@T with either negatively- or positively-charged bifunctiosagments
(-), hydrogel electrostatic charge can be promptly varigd Atjustment in backbone electrostatic charge is expldied
achieve hydrogel loading witlirug model compound®) via electrostatic complexation (ll1).

3.1. Chemical composition and network architecture

Vacuum-driedCT -based networks were investigated via ATR FT-IR in ordeexjglore the
chemical composition in formed materials and elucidat mechanism of network formation.
Spectral analysis was then combined WithNMR spectroscopy on oligomers resulting from

network degradation in acidic conditions, in order to quankié crosslinker content in the covalent

networks] Figure 1 displays FT-IR spectra of native andstirliked CT following reaction with

selected bifunctional segments. Distinctive FT-IR bandSTfre at 3450 cth(O-H stretch), 2872
cm® (C-H stretch), 1646 cih (Amide 1), 1590 crit (Amide 11), 1152 crt (bridge-O stretch), and
1090 cn (C-O stretch). Each of these bands was found in all acquired specinéiyming
theCT-based composition in resulting samples. At the same timeaised intensities of Amide | and

Il bands, while an additional band at 1740’cnvere observed in crosslinked, in comparison to native
CT, spectra. The former finding is likely to confirm the preseaf a covalent network consisting of
amide net-points formed following the reaction betwd&eh amino terminations and activated
carboxylic groups of the crosslinkers. Furthermore, the new ates740 crit is likely to identify the

C=0 band of ester groups formed following the reaction of hydifarxgtions with activated diacids.
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Figure 1. Exemplary ATR-FTIR spectra of CT (a), CT(2.2%)-TA (b), CT(2.2REG (c), CT(2.2%)-4Ph (d), and
CT(2.2%)-PhS (e) The presence of Amide | (1650 dn Amide Il (1550 crit) and Ester (1730 cfy bands in
functionalisd compared to nativeCT confirms the formation of a covalent network via reactf carboxylic terminations
of selected bifunctional segments with amino and hydroxyl fometof CT, respectively.

The lower intensity of this band compared to amide bands sugdestshydroxyl group
functionalisation is less favoured, which is expected duleetdower reactivity of hydroxyl compared
to amino functions. Other than that, no additional bamdaateristic of selected diacids was observed
in resulting sample spectra, likely due to the much lonesstinker, compared GT, content.

Besides ATR FTIR, it was of interest to quantify the crosslinker contefgatifvely incorporated
in formed hydrogels. This information was crucial in oraeelucidate the molecular architecture of
resulting networks and understand how this affected hydrogel macroguagierties and drug-
loading functionality. Covalent, non-soluble, hydrogel netwaie indeed challenging to characeeris
precisely, since main molecular parameters, such as metevosslinking density, can only be
determined indirectly following equilibrium-swelling and rubpelasticity theories. However, noisy
experimental conditions are usually associated with the detationinof these molecular parameters
so that only semi-quantitative conclusions can be drawn [[38}der to overcome these limitatios,
reverse approach was pursued for the characterisation ofrketvebitecture, whereby selecte€a
hydrogel vas fully-degraded in acidic conditions and resulting oligomers aedlyvia 'H-NMR

spectroscopy.

45 4




Figure 2. '"H-NMR spectra (O, 25 °C) of nativeCT (top), PhS (middle) and partially-degraded oligomers (botformed
following hydrolysis (5 M HCI, 60 °C) of hydrogel CT(2.29%8hS. Signals related to Ph@4,, H,) andCT- (H;) based
species were clearly identified in oligomers spect@,that the PhS content in resulting hydrogels was suatigssf
quantified (~ 18 mol.-%).

Accordingly, samples of CT(2.2%)-PhS, as an exemplary hydsygeem, were selected since it was
of particular interest to investigate how introduced sulfonia aubieties influenced hydrogel
swellability and drug-loading functionality (sulfonic acidibg responsible for basic growth factor

sequestration in tissue ECM).

Figure 2 displays théH-NMR spectra of nativeCT, PhS and partially-degraded oligomers,

respectively. Here, PhH,, H,) andCT- (H,) related signals could be clearly distinguished in the
spectrum of partially-degraded network oligomers, whereby ndapvevith any other species was
observed. This finding provides supporting evidence that networladiiwn only takes place via
hydrolytic cleavage of either amide or ester bond net-poiassiltng from the PhS-mediate&zil
functionalisation. Consequenti;T-related signal H could still be identified following network
degradation, so that quantitative information was succegsibthined via integration ratio of PhS-
related signals (Kl H,) andCT reference signal (HEquation 1). Accordingly, a sulfonic acid content
of 18 mol.-% was determined. As for comparison, Muzzarelli funatised CT with 5-formyl-2-
furansulfonic acid to obtain an anticoagulant polymer ana&ogtnereby a sulfation degree of less
than 4% was obtained, although an additional chlorometbglatep was required [40]. Following a
similar approach, Hoven et al. synthesised N-sulfofurfurytibgaCT films [41], so that the sulfation
degree was increased up to nearly 8%; however, the rea@®narried out in the bulk state so that a
non-homogeneous functionalisation was expected. In contrast to yseafmproaches, requiring
additional reaction steps and resulting in low, non-tunabletibnadisation, this synthetic route is
highly advantageous, since it enables the direct functionalisefi@il' with enhanced degree of
functionalisation, so that functional, tunable hydrogels cansiccessfully obtained. Due to the
versatility of this synthesis, it is expected that the degrdéenationalisation can be increased further

by tuning the crosslinkeCT feed molar ratio.



3.2. Swellability of CT-based hydrogels

The swelling ratio (SR) was quantified in either distlliwater (pH 6.5) or PBS (0.1 M, pH 7.4)

in order to investigate material behaviour in physiologyeedlevant conditions. Figurel 3 describes

SR values for the different hydrogel compositions; SR of tieguthitosan networks was varied in
the range of 300-1100 wt.-%; networks crosslinked with PEG showetighest SR variation (SR
500-1100 wt.-%), followed by samples CT-TA (300-600 wt.-%) and CFf00-600 wt.-%), whilst
samples CT-4Ph took up the lowest amount of aqueous medium (30@-4%). Hydrogels CT-PhS
displayed slightly higher SR in PBS compared to distilled myatithough the opposite trend was
observed in all other networks, with significant differenobserved in systems CT(1.5%)-TA and
CT(2.2%)-PEG. Moreover, changes in reacti@l concentration significantly affected the
swellability of PEG- (following incubation in both distilledaver and PBS) and TA-based (following
incubation in PBS only) systems, despite there being only a sreall change in reacting CT
concentration (1.5-2.2 wts). Overall, the following parameters were observed to hdestvelling
behaviour of resulting CT networks: (i) network architegtwhereby variations were mainly based
on the wettability, backbone rigidity and molecular weight @ipli@d crosslinkers; (i) CT
concentration in the crosslinking mixture; (iii) electrostaontributions resulting from the swelling
medium, occurrence of free (i.e. ami@) terminations and/or ionically-charged groups (i.e. sulfonic

acid moieties) introduced following crosslinking.
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Figure 3. Left: Swelling ratio (SRR of CT-based hydrogels following equilibration in either distiliedter (grey) or PBS
(light grey) at room temperature?’ and ‘a’ indicate that related mean differences are significant at 0.05 level (Bonferroni
test). ‘b’ and ‘¢’ indicate that corresponding mean values are significantly different to all mean vallesscribed in the plot
(at 0.05 level, Bonferroni test). Right: SR of CT-basedrbgels following equilibration in PBS at room temperatti’
and ***” indicate that corresponding mean values are significantly higher compared to all other meanegatiescribed below
the black line (at 0.05 level, Bonferroni test); ‘a’ indicates that compared mean values are significantly different between



each other at 0.05 level (Bonferroni test); ‘b’ indicates that corresponding mean value is significantly diffiefiem all other
mean values described in the plot (at 0.05 level, Bonfetest)i

Hydrogel swelling is driven by the spontaneous mixing of networkishaith water, whilst the
presence of covalent net-points among polymer chains preventdisgwution of the network,
although contribution from ionic moieties also plays a major. talerder to understand the swelling

behaviour of obtaine€T systems, it is therefore crucial to focus on their molecatganisation.

Given that the same reaction mechanism was employed tiwonkeformation [(Scheme|1, A) and a

constant molar feed ratio was applied, differences in n&tamsslinking density are unlikely to be
expected among the differe@T systems. Consequently, the network architecture will halgn
affected by the molecular structure of each crosslinking sigrescribed by its molecular weight,
molecular rigidity, wettability and electrostatic chargé&hough the ionic contribution deriving from
non-reacted amino terminations of chitosan also needs wpmsEdered. Considering the former
aspect, the enhanced swellability observed in PEG- (ieredistilled water or PBS), and in some
cases inTA- (mainly in PBS), based systems can be mainly ascribdtetincreased hydrophilicity
and flexibility of both PEG and TA compared to employeshaatic, rigid crosslinkers, such as 4Ph
and PhS. Likewise, the lower swellability observed in Témpared to PEG-based systems is likely
related to the varied crosslinker molecular weight, sitti® molecular parameter rules network
elasticity and extensibility during swelling [42]. Thus, higiserelling is likely to be expected in
networks crosslinked with longer segments compared to netwoodsslioked with segments of
decreased molecular weight. Other than crosslinker molegwgight and backbone rigidity, the
swelling mediumis also shown to play a major role in hydrogel swellabilitheTeason for this
interesting behaviour in obtain&il systems is to be found in the polycationic nature of n&ive

CT pK, is 6.2-7 [21|, 3R], so that its amino terminations are protohat distilled water (pH 6.5)

while they are likely neutralised in PBS (0.1 M, pH 7.4)isTéffect is reduced in crosslink&I and
inversely-related to the network crosslinking density, sinee &mino groups will be functionalised

to form amide bonds, as observed via ATR FT{IR (Figure Dns€quently, inCT networks

crosslinked with non-ionically charged segments, i.e. TA, P&@, 4Ph, non-functionalised amino

groups will be protonated in distilled water, so that trextebstatic repulsion between them will



promote increased swelling. In contrast, no repulsion will beeptein PBS since all free amino
terminations will be neutraksl resulting in decreased SR. This behaviour is slightly revenstgk
case of PhS-functionalise@T, given that additional, negatively-charged moieties est@ablished

along crosslinked chains. In distilled water, sulfonic acwolgs will be able to mediate additional

electrostatic crosslinks with free, protonated amino grosipshat decreased SR is obseryed (Figure

. At the same time, such electrostatic interactions vglgpear in PBS, since fr€¥ amino groups
will be neutralised in these conditions. Consequently,sSsidhtly increased due to the electrostatic

repulsion between negatively-charged sulfonic acid moieties.

3.3. Thermo-mechanical properties of CT systems
Thermal analysis was carried out via TGA on dry networkerider to get an insight on the

thermal material stability and network morphology, whilech@nical properties were investigated via

compression tests on water-equilibrated hydrogels. Figure 4 des@it& thermograms of native

and crosslinkedCT samples. Thermal phenomena such as water loss, material @s@mmpand
combustion were exhibited by all samples. At the same time, diticadl thermal event was
observed in crosslinked compared to natW&, indicating that no presence of by-products or
non-reacted moieties could be observed. The synthesis of plyecrislinked covalent networks
was therefore proved following hydrogel formation and washing. N&iveisplayed a weight loss
between 50 and 150 °C which is obviously related to the waggroeation from the sample. Such
weight loss is also observed in the crosslinked materialsuglthio a smaller extent, especially in the
case of TA-based networks, probably due to the presence afnbwet-points limiting the amount
of fluid imbibed and retained by the network. Comparedative CT, crosslinked samples displayed
lower thermal stability (< 250 °C). These observations likely sugtwst inter- rather than
intramolecular functionalisation of polymer chains is alddi following network formation, so that
CT crystallisation is inhibiteﬁ. Furthermore, the material thermal stability is a#fdconly

slightly by the molecular rigidity of introduced aromaticadiphatic crosslinkers.
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Figure 4. TGA thermograms ofcT networks: CT {-), CT(2.2%)-TA (), CT(2.2%)-PEG (), CT(2.2%)-4Ph-{),
CT(2.2%)-PhS (-)-

Water-equilibrated hydrogels were investigated by compressianaesbom temperature. Here,

stress-strain curves were varied based on the network atghétec hydrogel samplgs (Figure 5), so

that resulting compressive moduli (E) were obtained in thekldavrange (2-9 kPa). PEG- and 4Ph-
based systems showed the lowest and highest E value, respecthitdymechanical properties of
TA- and PhS-based systems were within the two extremes. Tiexs®anical observations are in
agreement with aforementioned network architecture andirsgveonsiderations, whereby samples
showing increased SR exhibited decreased E and vice-versa. BpGlysneric hydrophilic, aliphatic
segment, resulting in systems with enhanced elasticity andabiligfl and reduced compressive
modulus, in comparison to the oth@l hydrogels. In contrast, 4Ph is an aromatic, bulky crosslinker
thereby leading to the formation of hydrogels with increasedharécal properties and decreased
swellability. TA and PhS display intermediate moleculatuiezs between these two compounds. TA
is a low-molecular weight aliphatic segment, so that the entde weight between two covalent net-
points will be reduced in TA- compared to PEG-based systemseQoa#tly, decreased elasticity
and swellability as well as increased compressive modullideviexpected in resulting networks.
PhS is an aromatic crosslinker (unlike PEG molecule) contpian additional ionically-charged

sulfonic acid moiety with respect to 4Ph compound.
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Figure 5. Compressive stress)¢strain ¢) curves of chitosan-based hydrogels. From top to bottar(2.2%)-4Ph (black),
CT(2.2%)-TA (dark gray), CT(2%)-PEG (gray), , CT(2%)-PhS (light gray. Compressive moduli were calculated>8)
in the linear region and were observed to be affectetiebgpecific network architecture.

The decreased compression modulus observed in CT-PhS comp&e€eéiRh samples is therefore
likely related to the electrostatic repulsion occurringirty the compression of the hydrogel network.
Here, crosslinked chains of CT-PhS network become clagece the material is stressed in
compression. This molecular mechanism is likely to explairddueeased compression modulus in
CT-PhS with respect to CT-4Ph samples, although the swellifgimadistilled water between these

sanple formulations is similar.

3.4. SEM morphological investigation

Since obtainedT systems were intended for biomedical applications, e.g. asrelsegvoirs or
scaffold for tissue engineering, it was of interest to exphoagerial surface morphology and inner
geometry. In both applications, the presence of pores plampartant role in hydrogel properties,
such as swellinﬁl], compressability [43] and cell adhesion [#d]can enhance nutrient diffusion,

waste exchange as well as induce local angiogenesis followaeyiad implantation in vivﬁS].

Figure § displays SEM pictures of freeze-dried network surfacebs cross-sections. Samples

exhibited a porous morphology, whereby pore size (& 60-400 unghaaged based on the selected
CT system. TA-crosslinke@T exhibited a highly porous architecture (& 271+100 um) with nearly
rounded pores observed either in the outer or inner sectioosnimast to hydrogels CT-PEG (@

82+24 um) and CT-4Ph (& 6245 pum).
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Figure 6. Scanning electron microscopy (SEM) on freeze-d@&ebased networks.

At the same time, PhS-based samples revealed the presenggesf fores (@ 411+47 pum) in the
inner structure, while the material surface was nearly butikgréstingly, the pore size of freeze-dried
systems was that of previously-reported, gas-foa@iedased scaﬁoldﬁS]. Given that no specific
scaffold formation method was applied, it is likely that obs#rperes derived from the reaction
conditions employed during hydrogel formation. Air-bubbles can indeédtinduced in the polymer
solution during stirring, remaining entrapped in the hydrogel fatigwnetwork formation.
Consequently, pores are expected to be formed in shéting material following freeze-drying [45
Selected crosslinkers are likely to influence air-bubble ssakitin and thereby resulting material
morphology. Slightly-hydrophobic moieties are supposed to enhalase geparation in foamed-like
solutions [46] so that homogeneous pores of decreased size can be formed rasdoipsthe case of
4Ph-based systems. In contrast, crosslinkers of increased hiiditgpare expected to destabilise the
air-liquid phase separation, so that coalescence and dispooption of air-bubble is likely
ultimately resulting in pores of increased size and dserk occurrence. Such morphological features
are clearly observed in sample3-TA and, to some extent, in samples CT-PhS, but not in theotase
samples CT-BG. The varied molecular weight between TA and PEGikely to count for the
different material morphology between the two systems, giatgmers of increased molecular

weight will have an effect on the solution viscosity, whielmother physical parameter crucial for air



bubble stabilisationEG] With the presented synthetic strategy, it was thereforeilpesso
accomplishCT networks with crosslinking segmerat varied wettability, so that pores with varied
pore size could be formed adjusted towards specific cligipplications, such as osteoid ingrowth

(@ 40-100 pmr bone regeneration (@ 100-350 u[25].

3.5. Drug-loading functionality in CT systems

In view of the versatility of thes€T systems, it was of particular interest to investigate whether
the formation of selected network architectures could résw@tivanced and tailorable drug-loading
functionalities. By functionalisation o€T with selected crosslinkers, it was hypothesised that
network electrostatic charge could be systematically tuinedrder to promote hydrogel-drug
electrostatic complexation with a wide range of drugs. Hydsd@&-PEG, CT-4Ph and CT-PhS were
incubated in aqueous solutions of eithR, MO or MB and the maximum absorbance of the

supernatant monitored over time, in order to quantify ang thading onto the material (Equation 3).

Figure 1 (a) displays absorbance curveMBf solution at different time points following incubation

with hydrogel CT-PhS. Here, the maximum absorbance peak isadect at increased incubation time
points, indicating a reduction ®B content in the supernatant, likely relatedviB loading into the
hydrogel. Significant decrease in absorbance was observed follo#dnghours incubation,

corresponding to the time window nedeed to enable equilibratiGT aetworks with distilled water.
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Figure 7. Typical loading behaviounf CT-based systems studied via UV-vis incubation experimenisdyis
of varied electrostatic charge. Absorbance curve ofddBtaining solution during incubation with hydrogels
CT(2%)-PhS (a). Peak of MB absorbance at 661 nm is decreasettedsed incubation time points (0, 12, 24,
36, 48, 60, 84 h), providing evidence of MB loading in @kehydrogel. MB (b), MO (c) and AR (d) loading



curves in hydrogels Q2%)-PhS {m-), CT(2%)-4Ph ¢-¢--), CT(2%)PEG (-- A --).Triplicates were applied for
the loading of hydrogels CT(2%)-PhS with MO; minimal standaxdatien was observed between replicas at
each loading time point (Loading: 1.04 + 0.743.89 + 1.07), giving supporting evidence of the system
reproducibility. Hydrogels are selectively loaded witheslyof opposite electrostatic charge, due to the
electrostatic hydrogel-dye complexation occurring followiygrogel incubation.
At the same time, the maximum absorbance peak was mostly s@gpi@éswing 84 hours hydrogel
incubation, indicating thaMB loading onto the hydrogel was almost complete. From a molecular
point of view, MB is a positively-charged compound, similarly to growthdestsuch as FGF-2 or
BMP-2. Due to its cationic character, electrostatic repulgith CT, resulting in minimal loading
efficiency, should be expect. MB was dissolved in distilled water, at which pH protonation
of CT amino groups takes place, as demonstrated via swelling tegtgg(Fd). The only reason
explaining the higvB loading onto hydrogels CT-PhsStherefore related to the presence of sulfonic
acid moieties covalently bonded t©T backbone: such negatively-charged groups are likely to
mediate electrostatic complexation wkMB positively-charged groups, so that localised electrostati
complexation can successfully occur, ultimately resultingrimost complete loading-urther to that,
no visible colour change was observed when loaded hydrogels webaiad (for at least three days)
in distilled water, suggesting that only minimal burst releasg be expected following hydrogel
loading.

In order to further understand the molecular mechanism rulydyogel loading capability,

hydrogel loading with selected model drugs was quantified by ororgtthe variation in maximum

absorbancg. Figurg 7 (b) descritiB loading plots for samples CT-PhS, CT-4Ph and CT-P&G.

observed from the suppressed absrobance peak (Figure 7, b),SCdeRld load up to 88%IB

following 84 hours incubation, while the other two samples showssl tkan 20 % loading.

Compared to that, the situation is completely reversed \drogels are incubated with solutions

containing negatively-chargedO (Figure 1 b), whereby samples CT-PhS displayed only mininal

adsorption (< 5%), while increased loadings observed in hydrogels CT-4Ph (~ 40%) and CT-PEG
(~ 65%). Different loading capabilities were again observiednahydrogels were incubated wAR
(Figure 7, c), so that samples CT-PEG highlighted more98&t loading, followed by samples CT-

PhS (~ 70%), while samples CT-4Ph displayed nearly 50% loaHirgwide difference between the



loading capabilities of tested hydrogels confirmed a diredioakhip with the molecular architecture
of selected hydrogel networks. Hydrogels CT-PhS were unablmtbnegatively-chargeMO, an
observation which is directly ascribed to the electrostapalsion of this compound wit@T-bound
sulfonic acid moiety. In contrast to thaignificant loading was observed in the same system with
doubly-negatively chargedR, whereby the hydrogel turned red following dye incorporatiorhin t
material (Figure S1, Supporting Information). This findingkisly related to the fact that electrostatic
complexation between non-functionalised, protonaf@damino terminations is more likely in the
case of AR compared toMO, due to the increased density of negatively-charged eoeti
Consequently, the previously-observed drug repulsion with fédmSionalised CT could be
overcome. Other than that, the hiR andMO as well as lowMB loadings of PhS-fre€ET systems
further support aferomentioned explanations, thereby demonstriiiiigtunable and localised
hydrogel-drug electrostatic complexation could be successfstgblshed based on the systematic
variation in network architecture. Therefore, the dmading capability of forme€T systems was
successfully ruled by the polymer functionalisation with sekbdiifuctional crosslinkers, so that a
wide range of varied model drugs could be appliedlight of this direct relationship between
network architecture and drug-loading functionalibe loading efficiency was significantly enhanced

compared to previously-reported alginaﬁ [9], poly(glutaadit)- , , and PEGEHEQ] based
hydrogels.

Conclusions

Functionalied CT systems were successfully prepared. Bifunctional segmentsngamnyi
molecular weight, backbone rigidity and electrostatic chamge wpplied to selectively functionadis
CT in order to investigate the changing trends in network &athite, macroscopic properties and
drug-loading capability. Systematically-adjusted swellabilitiyd compressability were observed by
applying selected crosslinkers, while a varied range of madgbkdvere successfully loaded into the
systems via hydrogel-drug electrostatic complexation. In orddorto tunableCT systems via a
reliable, effective and cell-friendly synthetic rou@T was functionalised in a HOBt-water mixture,

allowing for the direct formation of TA-, PEG-, 4Ph- arttSPbased hydrogels. Precise quantification



of the crosslinker content was reversely obtained via adeticadation of obtained hydrogels, so that
an enhanced degree @T functionalisation (S~ 18 mol.-%) was determined W#&NMR on
exemplarily-formed oligomers CT-PhS. Network thermabiityg was decreased compared to native
CT, likely due to the formation of inter- rather than amtolecular netpoints, so that polymer
crystallinity was decreased. At the same time, intemmaterial morphology was affected depending
on the molecular structure of incorporated crosslinkers. Basethe selected network architecture,
swellability (SR: 299+651054+121 wt.-%) and compressability (E: 2.1+#@2+2.3 kPa) could be
promptly adjusted. Furthermore, the electrostatic charde/difogel networks was varied leading to
the promotion of selective complexation with a wide rangmofdiel drugs, i.eAR, MO andMB, so
that hydrogel loading was successfully adjusted (1-100%). Introtuati heparin-mimicking
sulfonic acid moieties was crucial to ensure MB loading in CT-PhS networks. This finding was
not accomplished in any of the other network architectureduding 4Ph-bearing networks. This
confirms the hypothesis that the sulfonic acid group is key in pioghathitosan binding to
positively-charged model drugs, which is not possible in nathisan. Consequently, a direct
method to promptly alter the polycationic feature of chitosas successfully established, potentially
paving the way to selective and controlled loading and relefapesitively-charged growth factors.
Because thes€T systems can mimic biological tissues on a mechanical, molesdafunctional
level, next steps are focusing on the application of these mlatex$ drug reservoirs, whereby
sustained drug release can be obtained. Since selectiingosas demonstrated with model drugs,
CT systems will be investigated with growth factors, e.g. £G&nd BMP-2, in order to further

explore the biofunctionality of these hydrogels as drug carrier
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