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Abstract 14 

Hydrogels have shown great promise for drug delivery and tissue engineering but can 15 

be limited in practical applications by poor mechanical performance. The 16 

incorporation of polymer grafted silica nanoparticles as chemical or physical 17 

crosslinkers in in situ polymerised nanocomposite hydrogels has been widely 18 

researched to enhance their mechanical properties. Despite the enhanced mechanical 19 

stiffness, tensile strength, and self-healing properties, there remains a need for the 20 

development of simpler and modular approaches to obtain nanocomposite hydrogels. 21 

Herein, we report a facile protocol for the polyelectrolyte complex (PEC) templated 22 

synthesis of organic-inorganic hybrid poly(ethylenimine) functionalised silica 23 

nanoparticles (PEI-SiNPs) and their use as multifunctional electrostatic crosslinkers 24 

with hyaluronic acid (HA) to form nanocomposite hydrogels. Upon mixing, 25 

electrostatic interactions between cationic PEI-SiNPs and anionic HA resulted in the 26 

formation of a coacervate nanocomposite hydrogel with enhanced mechanical 27 

stiffness that can be tuned by varying the ratios of PEI-SiNPs and HA present. The 28 

reversible electrostatic interactions within the hydrogel networks also enabled self-29 

healing and thixotropic properties. The excess positive charge present within the PEI-30 

SiNPs facilitated high loading and retarded the release of the anionic anti-cancer drug 31 

methotrexate from the nanocomposite hydrogel. Furthermore, the electrostatic 32 

complexation of PEI-SiNP and HA was found to mitigate haemotoxicity concerns 33 

associated with the use of high molecular weight PEI. The method presented herein 34 
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offers a simpler and more versatile strategy for the fabrication of coacervate 35 

nanocomposite hydrogels with tuneable mechanical stiffness and self-healing 36 

properties for drug delivery applications.  37 

 38 

1. Introduction 39 

Hydrogels are three-dimensional water swollen networks formed from the chemical 40 

or physical crosslinking of hydrophilic polymers. Their high water content, porosity, 41 

tuneable physiochemical properties, and capacity to encapsulate drugs and cells make 42 

them valuable for a wide range of biological applications such as tissue engineering1, 43 

bioadhesive gels and wound healing2, and therapeutic delivery3. However, the 44 

successful translation of many hydrogel systems has been limited by poor mechanical 45 

properties such as insufficient stiffness, brittleness, and lack of self-healing properties 46 

due to the heterogeneous distribution of crosslinking points and the inability of the 47 

hydrogel networks to dissipate energy.4,5  48 

 49 

To improve the mechanical properties and confer added functionalities, 50 

nanocomposite hydrogels incorporating silica nanoparticles (SiNPs)6–8, polymeric 51 

nanoparticles9, gold nanoparticles10, iron oxide nanoparticles11, and carbon 52 

nanotubes12 have been utilised. Amongst the various nanoparticle types, SiNPs are 53 

most promising for improving the mechanical performance of nanocomposite 54 

hydrogels in biomedical applications due to their inherent biocompatibility, 55 

biodegradability, colloidal stability, and ease of synthesis. The most common methods 56 

of preparing mechanically robust nanocomposite hydrogels include chemical and/or 57 

physical crosslinking of SiNPs with polymeric gelators. In chemically crosslinked 58 

nanocomposite hydrogels, surface modified SiNPs are typically used for the covalent 59 

grafting of polymers via free radical polymerisation or for crosslinking with polymers 60 

bearing complementary functional groups through photo-crosslinking of 61 

methacrylates, thiol-thiol, and aldehyde-amine bonds.8,13–17 Yang et al. reported tough 62 

and elastic nanocomposite hydrogels formed by the in situ covalent grafting of 63 

poly(acrylic acid) (PAA) from vinyl functionalised SiNPs.8 The polymer-bridged 64 

SiNPs acted as multifunctional crosslinking points, enabling the dynamic 65 

disentanglement of the PAA chains to facilitate energy dissipation during 66 

deformation. Although tough and flexible hydrogels were obtained, predominantly 67 

chemically crosslinked hydrogels formed via permanent covalent bonds tend to lack 68 
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self-healing and thixotropic properties that are desirable for in vivo biomedical 69 

applications. 70 

 71 

In physical nanocomposite hydrogels, SiNPs are incorporated into the network via 72 

electrostatic interactions, hydrophobic interactions, hydrogel bonding, and/or Van der 73 

Waal’s forces.6,18–20 Although SiNPs may be simply embedded into physical hydrogel 74 

formulations without any engineered intermolecular interactions or crosslinking, such 75 

systems have yielded weak mechanical reinforcement.21,22 In contrast, the design of 76 

polymer grafted SiNPs as physical crosslinkers for interaction with polymer chains 77 

confers desirable mechanical attributes. Zheng et al. reported the use of poly(2-78 

dimethylaminoethyl methacrylate) modified SiNPs (SiO2@PDMAEMA) as 79 

multifunctional crosslinkers in an in situ polymerised PAA network.6 The electrostatic 80 

interactions between the SiO2@PDMAEMA and PAA resulted in a supramolecular 81 

nanocomposite hydrogel with high tensile strength and self-healing properties. 82 

Ternary crosslinked nanocomposite hydrogels formed from the in situ 83 

copolymerisation of acrylamide and stearyl methacrylate monomers on vinyl 84 

functionalised SiNPs have also been reported.20 In this system, the hydrogel network 85 

is formed by hydrogen bonding and hydrophobic interactions between the grafted co-86 

polymer chains and covalent bonds between the SiNPs. Despite the improved 87 

mechanical properties observed for the aforementioned SiNP crosslinked 88 

nanocomposite hydrogels, the requirement for toxic monomers, initiators and 89 

catalysts and/or high temperatures for the in situ polymerisation process may limit 90 

biological applications and the loading of thermally labile drugs.8,20 In addition, the 91 

sequestration of free radicals by the SiNPs during the free radical polymerisation 92 

could also affect reproducibility of the hydrogel synthesis and mechanical 93 

properties.23 The current synthesis of the polymer brush grafted SiNP crosslinkers 94 

also requires multiple steps involving the Stöber synthesis of the SiNPs, followed by 95 

surface modification which could increase the time and cost of production.6,8 There is 96 

thus a need for a simpler and modular approach to produce nanocomposite hydrogels 97 

with tuneable mechanical stiffness and self-healing properties for biomedical 98 

applications.  99 

 100 

In this study, we present a novel protocol for the formation of mechanically tuneable 101 

and self-healing nanocomposite hydrogels using organic-inorganic hybrid 102 
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poly(ethylenimine) functionalised SiNPs (PEI-SiNPs) as multifunctional crosslinkers 103 

for electrostatic interaction with hyaluronic acid (HA). We have recently reported the 104 

synthesis of monodispersed SiNPs using PAA/arginine polyelectrolyte complexes 105 

(PECs) as templates for silane mineralisation.24 Here, PECs formed from PEI and 106 

glutamic acid (Glu) were used as scaffolds for the one-pot synthesis of uniform core-107 

shell PEI-SiNPs (Scheme 1). Electrostatic interactions between cationic PEI and 108 

anionic HA led to the formation of a polymer-rich coacervate phase and its 109 

subsequent syneresis, yielding an electrostatically crosslinked physical hydrogel with 110 

reinforced and tuneable mechanical stiffness. Importantly, the reversible ionic bonds 111 

between the PEI-SiNP and HA in the nanocomposite hydrogel afforded the dynamic 112 

network properties required for shear thinning and self-healing. In addition to its role 113 

in gelation, the surplus of charged amines present in the PEI-SiNPs enhanced the 114 

loading and subsequent release of the anionic anticancer drug methotrexate (MTX) 115 

following hydrogel formation. 116 

 117 

The incorporation of PEI-SiNPs into the coacervate hydrogel network and its 118 

influence on the conditions required for gelation were systematically investigated. 119 

The equilibrium swelling and rheological properties of the nanocomposite hydrogels 120 

formed from different PEI-SiNP:HA concentration ratios were studied in comparison 121 

to PEI/HA hydrogels (not associated with SiNPs) and HA. Subsequently, the 122 

haemocompatibility as well as drug loading and release profiles of the nanocomposite 123 

hydrogels were evaluated. This work provides important insight into the design and 124 

preparation of physically crosslinked nanocomposite hydrogel drug delivery systems 125 

and the interplay between their physical and application specific properties. 126 

 127 
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 128 
Scheme 1 A graphical representation of the PEC templated synthesis of core-shell 129 

PEI-SiNPs and their subsequent use as multifunctional crosslinking junctions in the 130 

formation of coacervate nanocomposite hydrogels. (1) PEI and Glu are initially mixed 131 

in an aqueous solution before (2) the addition of isopropanol (IPA) to form 132 

monodispersed nanoscale PECs. (3) On the addition of TEOS, the silanes selectively 133 

condense inside the PECs and each one becomes a PEI-functionalised SiNP (PEI-134 

SiNP). (4) The PEI-SiNPs are mixed with HA and MTX to form a drug loaded, 135 

physical nanocomposite hydrogel with electrostatic crosslinks.  136 

 137 

2. Materials and Methods 138 

2.1 Materials 139 

Branched polyethylenimine (PEI; Mw = 25,000, Mn = 10,000), Sodium hydroxide 140 

(pellets; ≥ 98 %), cetrimonium bromide (CTAB; ≥ 98%), and polyacrylic acid (PAA; 141 

Mw = 1800) were purchased from Sigma Aldrich. Glutamic acid (Glu; 99%), L-142 

Arginine (Arg; 98%), and phosphoric acid (85%) were purchased from Acros 143 

Organics. 2-propanol (IPA; 99.7%) was purchased from VWR. Tetraethoxysilane 144 

(TEOS; 99.9%) and hyaluronic acid sodium salt (HA; streptococcus equi, 91%, Mw ≥ 145 

1.0 × 106 Da) were purchased form Alfa Aesar. Methotrexate sodium salt (MTX) was 146 

purchased from Toku-E, and Coomassie brilliant blue g-250 (CBBG) was purchased 147 
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form Cayman Chemical Company. Ultrapure water (Millipore Milli-Q) with 18.2 M148 

Ω·cm resistivity at 25 °C was used in all experiments. 149 

 150 

2.2 Synthesis of PEI-SiNPs 151 

For the synthesis of PEI-SiNPs, PEC templates were prepared with 12.5 mL of 1.28 × 152 

100 mM PEI and 5 mL of 5.45 × 101 mM Glu in a 250 mL total volume of 80% IPA 153 

(v/v). With the temperature maintained at 40 °C in a water bath, 1 mL of TEOS was 154 

added under stirring. After 24 h, the final product was purified by centrifugation at 155 

17,000 × g for 1 h and rinsed thrice with ultrapure water. 156 

 157 

2.3 Characterisation of PECs and PEI-SiNPs 158 

The hydrodynamic diameters, polydispersity indices, and zeta potentials of the PECs 159 

and PEI-SiNPs were determined with dynamic light scattering (DLS) using the 160 

Zetasizer Nano with scattered light from a He-Ne laser detected at 173° (Malvern 161 

Instrument Ltd., Worcestershire, UK). The results are presented as the mean ± 162 

standard deviation of three runs each of at least 12 measurements at 25 °C. SiNP 163 

morphology and size analysis was completed with high resolution TEM (FE Tecnai 164 

G2-Spirit) operating at 120 KeV with a tungsten filament and a Gatan Ultrascan 4000 165 

CCD camera. Typically, 5 µL of as-synthesised sample was pipetted onto a carbon 166 

coated copper grid and dried under nitrogen flow at room temperature before imaging. 167 

The particle size distribution was assessed from the TEM images using ImageJ 168 

analysis software. The smallest possible ellipse was drawn around each particle and 169 

the major axis length was quoted as the particle size. The FTIR spectra were collected 170 

using the Thermo Scientific Nicolet iS10 between 650 – 4000 cm-1 with a spectral 171 

resolution of 2 cm-1. The particles were lyophilised and combined with KBr to form a 172 

pellet used for analysis. The organic functionalities within the SiNPs were analysed 173 

with thermogravimetric analysis (TGA) using the Mettler Toledo TGA/DSC1 Star 174 

System. For measurement, lyophilised particles of known mass were added to a 175 

crucible of known mass and heated between 30 – 700 °C at a heating rate of 10 °C 176 

min-1 under nitrogen flow. Reported spectra are shown between 150 – 700 °C to omit 177 

contributions from residual water adsorbed during sample preparation. For Cryo-SEM 178 

analysis, hydrogel samples were frozen in a liquid nitrogen slush, fractured, and 179 
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sublimated at -50 °C for 2 minutes with the Quorum PP3010 before sputter coating 180 

with iridium (5 mA for 60 s). Imaging was performed with the FEI Helios G4 CX.  181 

 182 

2.4 PEI-SiNP/HA Hydrogel Formation 183 

For the preparation of PEI-SiNP/HA gels with a PEI:HA monomer ratio of 2.4:4.8, 184 

200 µL of PEI-SiNP stock containing 67.2 µM of silica surface bound PEI (3.65 mM 185 

PEI monomers) and 58.4 µL of 10 µM HA (25 mM HA monomers) were added to 186 

36.6 µL of ultrapure water. After mixing using a vortex mixer, a suspension of white 187 

precipitates was formed. To this, 5 µL of 2 M hydrochloric acid was added (total 188 

volume 300 µL) to tune the pH to ~ 6 before further mixing with a vortex mixer to 189 

induce the formation of a coacervate hydrogel. Syneresis occurred to result in a white 190 

hydrogel suspended in a colourless supernatant. For the synthesis of PEI/HA gels, the 191 

same protocol was followed but with an equimolar solution of PEI in place of PEI-192 

SiNPs. For the formation of gels with varied PEI and HA concentration the total 193 

volume was maintained at 300 µL. 194 

 195 

The cation:anion charge ratio for the as-synthesised hydrogels was calculated from 196 

the protonation state of each functional group at pH 6 determined from the 197 

Henderson-Hasselbalch equation:  198 

 199 

pH = pKa + log([base]/[acid])        (1) 200 

 201 

2.5 Quantification of SiNP surface-bound PEI concentration 202 

To prepare a stock of Coomassie stain, 8.5 mg of CBBG was dissolved in 4.1 mL of 203 

95% ethanol and added to 8.4 mL of 85% phosphoric acid and 37.5 mL of ultrapure 204 

water. To quantify the concentration of PEI conjugated to the PEI-SiNP surface, 200 205 

µL of Coomassie stock solution was added to 100 µL of diluted SiNP dispersion in a 206 

96 well plate and after 5 min incubation, the absorbance was measured at 595 nm. 207 

The concentration of PEI at the PEI-SiNP surface was determined by comparison of 208 

absorbance values to a calibration curve of known PEI concentrations. 209 

 210 

2.6 Quantification of PEI Remaining in Supernatant after Hydrogel Formation 211 

with Coomassie Assay 212 
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To quantify the residual PEI after hydrogel formation, 200 µL of Coomassie stain 213 

(prepared as described in section 2.5) was added to 100 µL of diluted supernatant 214 

collected after hydrogel formation, in a 96 well plate. After incubation for 5 min, the 215 

optical absorbance was measured at 595 nm and compared to a calibration curve of 216 

known PEI concentrations.  217 

 218 

2.7 Quantification of HA Remaining in Supernatant after Hydrogel Formation 219 

with CTAB Turbidity Assay 220 

To evaluate the concentration of HA in the gel supernatants, the CTAB turbidimetric 221 

method was used25. The assay solution was prepared by dissolving 2.5 g of CTAB in 222 

100 mL of 2% (w/v) NaOH. 100 µL of CTAB solution was added to 50 µL of the 223 

hydrogel supernatant in a 96 well plate and incubated for 10 min. The absorbance was 224 

measured at 600 nm and compared to a calibration curve of known HA 225 

concentrations.  226 

 227 

2.8 Hydrogel Swelling Ratio 228 

Freshly prepared hydrogel samples in the swollen state were weighed before drying 229 

under nitrogen flow and then in an oven at 50 °C overnight. Hydrogels were 230 

considered dry when the weighed mass stopped decreasing. The dried gels were then 231 

weighed and the swelling ratio was calculated from three replicates using the equation 232 

as follows:  233 

 234 

Swelling Ratio (%) = [(Swollen Mass)/(Dried Mass)] × 100    (2) 235 

 236 

2.9 Haemolysis Testing 237 

Whole blood obtained from mice was diluted 25 × with 1 × PBS to obtain a 4% v/v 238 

suspension. 0.5 mL of the diluted blood suspension was added to each hydrogel. The 239 

samples were incubated for 1 h at 37 °C before centrifugation at 1000 × g for 5 min. 240 

0.1 mL of the supernatant was subsequently transferred to each well of a 96-well 241 

plate. The absorbance was measured at 576 nm using a microplate spectrophotometer 242 

(Molecular Devices SpectraMax M2e). Whole blood suspension incubated with PBS 243 

was used as negative control and red blood cells lysed with 0.05 % v/v Triton X-100 244 

was used as the positive control. The percentage haemolysis was calculated using the 245 

following formula: 246 
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 247 

Haemolysis (%) = [(OD576 nm of hydrogel sample − OD576 nm of negative 248 

control)/(OD576 nm of positive control − OD576 nm of negative control)] × 100  (3) 249 

 250 

2.10 Rheology 251 

The rheological properties of PEI/HA and PEI-SiNP/HA hydrogels were 252 

characterised with the Anton Paar MCR 302. Freshly prepared hydrogels were used 253 

with an 8 mm parallel plate geometry and a 0.5 mm gap at 20 °C for all experiments. 254 

Frequency sweep measurements were performed at 1 % shear strain between 0.1 – 10 255 

Hz, and strain sweep measurements were performed at a frequency of 1 Hz between 1 256 

– 1000% shear strain. The self-healing properties of the hydrogels were assessed with 257 

cyclical low (1%) and high (1000%) shear strain periods of 30 s at a frequency of 1 258 

Hz.  259 

 260 

2.11 Macroscopic Self-Healing Test 261 

To demonstrate the macroscopic self-healing of PEI-SiNP/HA nanocomposite 262 

hydrogels, two hydrogels were prepared with and without CBBG dye. For the 263 

incorporation of blue dye into the hydrogel, 30 µL of 0.1 mg mL-1 CBBG was added 264 

to the PEI-SiNPs prior to the addition of HA and HCl described in section 2.4. The 265 

freshly prepared hydrogels were cut with a scalpel and the cut surfaces were placed 266 

together in close contact in a sealed container at room temperature. After 1 h, the 267 

hydrogel was suspended under its own weight and stretched by hand to test the 268 

network healing. 269 

 270 

2.12 Drug Loading and Release 271 

The anticancer drug MTX was incorporated during hydrogel formation. 10 µL of 33 272 

mg mL-1 MTX aqueous solution and 200 µL of PEI-SiNP stock containing 67.2 µM 273 

of silica surface bound PEI were combined and then added to 58.4 µL of 10 µM HA 274 

and 26.6 µL of ultrapure water before mixing with a vortex mixer. 5 µL of 2 M 275 

hydrochloric acid was added and the solution was mixed again with a vortex mixer. 276 

The supernatant was removed and the gel was rinsed thrice with ultrapure water. To 277 

determine the loading efficiency, the amount of non-encapsulated drug in the 278 

supernatants was quantified by UV-vis spectroscopy at 303 nm and compared to a 279 

standard calibration curve of known MTX concentrations. To determine the mass of 280 
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drug loaded into the hydrogel, the total mass of non-encapsulated drug was subtracted 281 

from the initial drug mass added. The loading efficiency was calculated using the 282 

following formula: 283 

 284 

Drug Loading Efficiency (%) = ((Mass of loaded drug)/(Mass of drug added)) x 100 285 

(4) 286 

 287 

To assess the drug release rate, freshly prepared MTX loaded PEI-SiNP/HA and 288 

PEI/HA hydrogels were dispersed in 1.0 mL of PBS (pH 7.4) under shaking at 37 °C. 289 

At set time points, 500 µL of the supernatant was removed and replaced with fresh 290 

PBS. The concentration of released drug in the supernatant was quantified with 291 

absorption spectroscopy at 303 nm, and the total released mass was calculated. The 292 

drug release kinetics and mechanisms were evaluated using the Korsmeyer-Peppas 293 

model: 294 

 295 

F = kmtn
            (5) 296 

 297 

F is the fraction of released drug, the kinetic constant, km, describes the structural and 298 

geometric gel properties, t is the release time, and n is the release exponent dependent 299 

on the release mechanics. n was determined from the gradient of log(time) vs log(F) 300 

for the first 60 % of drug release. The kinetic constant was found by fitting eq. (5) to 301 

the release data (for F ≤ 0.6) with the previously determined value for n.  302 

 303 

2.13 Statistical Analysis 304 

Results of the MTX drug loading experiments were analysed using the two-tailed 305 

Student’s t-test. The differences in loading efficiencies observed between hydrogel 306 

formulations were taken to be statistically significant when P < 0.05. 307 

 308 

3. Results and Discussion 309 

3.1 Template Directed Synthesis of PEI-SiNPs  310 

For the synthesis of the PEI-functionalised silica nanoparticles (PEI-SiNPs), a 311 

polyelectrolyte complex (PEC) templated synthesis was modified from our previously 312 

reported work24. Here, PECs composed of oppositely charged PEI and Glu were 313 
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prepared in a binary water-alcohol solvent and used as scaffolds for the spatio-314 

selective hydrolysis and condensation of silanes (Figure 1A).  315 

 316 

First, the optimal IPA concentration for the formation of PECs was determined using 317 

dynamic light scattering (DLS). As shown in Figure S1A, for IPA volume fractions 318 

below 60 % the correlation function y-intercept values were either comparable to, or 319 

less than that observed for 0 % IPA (pure water solvent) suggesting that the complex 320 

formation is purely electrostatic and no alcohol-induced assembly of PEI and Glu had 321 

occurred. A further increase in IPA to 80 – 90 % v/v led to a sharp increase to ≈ 0.85 322 

showing an increase in signal-to-noise ratio which suggests that the alcohol induced 323 

liquid-liquid phase separation of PECs occurred. This combined with the single 324 

smooth exponential decay profiles shown in Figure S1B indicate an optimum IPA 325 

concentration for the formation of stable, monodisperse complexes. For all further 326 

experiments and PEC preparations, 80 % v/v IPA was used.  327 

 328 

Although the complexation occurred in the presence of an excess of Glu (molar ratio 329 

of PEI to Glu monomer = 1 : 2.7), the four tertiary amines and approximately half of 330 

the three secondary amines in one monomer of PEI (pKa 11.6 and 6.7, respectively26) 331 

are expected to be protonated in the mixture (pH ≈ 7; Figure 2A and B). Hence, each 332 

PEI monomer will likely complex multiple Glu molecules which crosslink between 333 

PEI strands.  334 

 335 

We next investigated the effect of PEI and Glu concentrations on the size and 336 

monodispersity of the PECs. While keeping the PEI concentration constant, the Glu 337 

concentration was systematically increased (Figure S1C). When the Glu concentration 338 

was increased from 0.2 mM to 2.2 mM, the enhanced crosslinking from larger 339 

numbers of Glu molecules decreased the PEC hydrodynamic diameter from 307.5 ± 340 

45.5 nm to 139.2 ± 0.6 nm and the PDI from 0.24 to 0.045. In comparison, small 341 

clusters with hydrodynamic diameter of 11.4 ± 1.1 nm (PDI 0.37 ± .0.8) were 342 

observed for samples of pure PEI (without Glu).  343 

 344 

An increase in PEI concentration from 4 to 64 µM (Glu concentration 1.09 mM) 345 

elicited a PEC diameter increase from 18.4 ± 0.1 to 153.0 ± 3.5 nm and a decrease in 346 

PDI from 0.159 to 0.042 (Figure S1D). The increase in PEI concentration to 64 µM 347 
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raised the PEI:Glu monomer ratio to 3:1, and the resultant excess of cationic groups 348 

yielded positively charged PECs with a zeta potential of 38.7 ± 1.5 mV (Figure S2). 349 

At the same time, the alkalinity of the reaction mixture was also augmented from pH 350 

5 to 9, which is more suitable for the base-catalysed hydrolysis and condensation of 351 

silanes. Considering the size, PDI, and pH of the PECs, 1.09 mM of Glu and 64 µM 352 

of PEI were thus chosen for subsequent nanoparticle syntheses. To produce sufficient 353 

quantities for the optimisation of the nanocomposite hydrogel, the PEC formation was 354 

scaled up 25-fold while maintaining reagent concentrations and ratios. Under the 355 

scaled-up condition, the PEC size increased to 205.2 ± 4.1 nm with a PDI of 0.15. 356 

 357 

On the addition of tetraethoxysilane (TEOS) to the PECs, silica condensation 358 

occurred inside the PEI/Glu templates to yield PEI-SiNPs with diameters of 135.5 ± 359 

37.7 nm (by TEM) and with asymmetrical popcorn structures (Figure 1B). The 360 

hydrodynamic diameters of the PEI-SiNP were found by DLS to be 187.3 ± 4.2 nm 361 

and with a low PDI of 0.07 (Figure 1C). The broader size distribution seen by TEM 362 

was likely due to the presence of larger aggregates which arise through the clustering 363 

of particles during drying.  364 

 365 

As shown in Figure 1D, the presentation of the PEI and its protonated tertiary amines 366 

at the particle surface conferred a positive zeta potential of 22.1 ± 1.1 mV to the PEI-367 

SiNPs in PBS (pH 7.4). After two months of aqueous storage at room temperature, no 368 

significant change in the hydrodynamic diameter or zeta potential was observed, 369 

demonstrating the excellent colloidal stability of the PEI-SiNPs (Figure S3). The one-370 

pot functionalisation of silica particles with branched PEI is expected to facilitate the 371 

incorporation of PEI-SiNPs into a supramolecular hydrogel with oppositely charged 372 

hyaluronic acid (HA).  373 

 374 
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 375 
Figure 1. (A) A schematic showing the synthesis mechanism for PEI-SiNPs. (B) 376 

Representative TEM images and associated histogram of the size distribution PEI-377 

SiNPs with an average diameter of 135.5 ± 37.7 nm (n = 188). (C) Intensity weighted 378 

size distribution collected by dynamic light scattering for PEI-SiNPs of diameter 379 

187.3 ± 4.2 nm and PDI of 0.07 ± 0.02. (D) The zeta potential of as-synthesised 380 

particles in PBS (pH 7.4) showing a positive surface charge of 22.1 ± 1.1 mV.  381 

 382 

The retention of PEI on the PEI-SiNP surface was further confirmed by FTIR. Within 383 

the fingerprint region, peaks for Glu and PEI were too close in wavenumber to 384 

separate in the PEI-SiNP spectra. However, the PEI spectrum shows a broad 385 

vibrational mode attributed to N-H stretching with peaks at 3382 and 3351 cm-1, 386 

which occurred at 3293 and 3417 cm-1 for PEI-SiNPs, which were absent for Glu 387 

(Figure S4A). A PEI absorption band corresponding to CH2 stretching at 2820 cm-1 388 

was also present in the PEI-SiNP spectrum at a higher wavenumber of 2854 cm-1 but 389 

not in Glu 27,28.  390 

 391 

TGA analysis was used as a complementary technique to confirm the retention of Glu 392 

and PEI within the synthesised PEI-SiNPs. As shown in Figure S4B, the initial weight 393 

loss for PEI-SiNPs at ~ 200 °C can be attributed to the decomposition of Glu. Pristine 394 
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Glu shows a first derivative peak at comparable temperatures (onset of 191 °C) and 395 

no PEI degradation is observed until 310 °C. Above this, the Glu and PEI weight loss 396 

profiles overlap to give the profile observed for the PEI-SiNPs.  397 

 398 

3.2 Formation of PEI-SiNP/HA and PEI/HA Coacervate Hydrogels 399 

Hyaluronic acid (HA), a non-sulfated glycosaminoglycan and extracellular matrix 400 

component, exhibits excellent biocompatibility, non-immunogenicity, and 401 

biodegradability29.  As it is negatively charged at physiological pH, HA was used to 402 

electrostatically complex with cationic PEI-SiNPs to obtain PEI-SiNP/HA 403 

nanocomposite hydrogels. 404 

 405 

During the initial mixing of PEI-SiNPs and HA, the alkaline environment (pH ~10) 406 

induced a low degree of protonation of PEI’s primary, secondary, and tertiary amines 407 

(pKa 4.5, 6.7, and 11.6, respectively), hence resulting in the formation of a white 408 

precipitate following charge neutralisation by the -COO- groups present in HA (Figure 409 

2C). Upon pH adjustment to ~6 with hydrochloric acid, a greater degree of 410 

protonation of PEI’s tertiary and secondary amines was achieved. The enhanced 411 

electrostatic interaction between PEI and HA resulted in the formation of a complex 412 

coacervate hydrogel along with contraction of the polymeric networks during 413 

syneresis. This process resulted in the formation of an opaque white hydrogel 414 

suspended in a colourless liquid (Figure 2D). It is important to note that when PEI-415 

SiNPs were replaced with negatively charged non-PEI functionalised SiNPs of 416 

comparable size that were synthesised using our previously reported protocol (Figure 417 

S5A and S5B),24 no gelation between the SiNPs and HA was observed (Figure S5C). 418 

This result clearly demonstrates that the electrostatic interactions between the 419 

oppositely charged PEI-SiNP and HA are critical in the gelation process. 420 

 421 



 15

 422 
 423 

Figure 2. Chemical structures of (A) hyaluronic acid (HA) and (B) polyethylenimine 424 

(PEI). Photographs of taken during PEI-SiNP/HA hydrogel synthesis showing (C) the 425 

white precipitates formed after the initial mixing of PEI-SiNPs and HA, and (D) the 426 

coacervate hydrogel formed in a colourless supernatant after reduction of the pH and 427 

resultant syneresis. Schematics showing the gel forming conditions for (E) PEI-428 

SiNP/HA gels, and (F) PEI/HA gels.  429 

 430 

As the driving force for gelation is electrostatic interactions between the ionisable 431 

groups of PEI and HA, the effect of their concentrations and charge stoichiometry 432 

was investigated. For all PEI-SiNP/HA samples with a PEI:HA monomer ratio ≤ 1:1, 433 

hydrogels formed instantaneously on mixing after pH reduction (Figure 2E). At the 434 

final pH of ~6, each HA monomer possesses one anionic carboxyl group (pKa 3.030; 435 

Figure 2A) and each PEI monomer has seven cationic secondary and tertiary amines 436 

(pKa 6.7 and 11.6 respectively; Figure 2B), hence each PEI monomer is likely to 437 

complex several HA monomers. For PEI:HA monomer ratios ≥ 1:1 however, phase 438 

separation and bulk gelation did not occur clearly demonstrating that on average each 439 

PEI monomer must complex with more than one HA monomer for hydrogel 440 

formation.  441 

 442 

When gels were formed with pristine PEI in place of PEI-SiNPs, the gelation 443 

occurred independent of PEI/HA monomer stoichiometry and was more dependent on 444 
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the concentration of HA. A minimum HA monomer concentration of 2.4 mM was 445 

found to be critical for gelation for all PEI concentrations tested (Figure 2F).  446 

Notably, the total amount of PEI and HA required to induce gelation was found to be 447 

lower for the PEI-SiNP/HA compared to PEI/HA samples. Taken together, it is 448 

evident that the conjugation of PEI to the silica particle surface significantly affects 449 

the network crosslinking mechanics in electrostatic-mediated gelation, and as will be 450 

shown in the following discussion, yields gels with notably different physical 451 

properties.  452 

  453 

The amount of PEI and HA incorporated into the PEI-SiNPs/HA hydrogels was 454 

estimated by quantifying the concentrations remaining in the expelled liquid 455 

following syneresis. With the HA monomer concentration fixed at 4.8 mM, increasing 456 

the concentration of SiNP-bound PEI from 0.6 to 3.6 mM led to an increase in the 457 

amount of PEI-SiNP and HA incorporated in the hydrogel as the concentration of 458 

PEI-SiNP and HA present in the supernatant decreased by 12 % and 10 % relative to 459 

the added dose (Figure S6A and B). A similar trend was observed when HA was 460 

increased from 1.2 to 4.8 mM with PEI fixed at 0.6 mM. With increasing HA, a 461 

higher amount of PEI-SiNP was incorporated into the hydrogel whereas the amount 462 

of HA incorporated remained high with no significant change across the samples 463 

(Figure S6C & D). Although a similar trend in which an increased relative 464 

incorporation of PEI and HA into the hydrogels was observed for the PEI/HA 465 

hydrogels, the total amount of both components present in the hydrogel was lower 466 

than the PEI-SiNP/HA hydrogels. These results suggest that the use of PEI-SiNP as 467 

multifunctional crosslinkers could lead to an increased local charge density on the 468 

surface of the SiNPs to enhance electrostatic interactions with HA in the complex 469 

coacervates, hence resulting in an increased incorporation of PEI-SiNPs and HA into 470 

the hydrogel.  471 

 472 

3.3 The Effect of PEI-SiNP Incorporation on Nanocomposite Hydrogel 473 

Morphology 474 

As the pore morphology of hydrogels could greatly influence their mechanical 475 

properties and drug release kinetics, cryo-SEM, which enables preservation of the 476 

hydrated state of the hydrogel, was used to study the microstructural features of the 477 

PEI-SiNP/HA nanocomposite hydrogel. 478 
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 479 

As is shown in Figure 3A and B, HA only samples possessed a highly porous network 480 

structure with thin walls. In contrast, the electrostatic interactions of PEI with HA in 481 

the PEI/HA hydrogels resulted in the formation of denser walls between adjacent 482 

pores (Figure 3C & D). The network structure was also comparatively heterogeneous, 483 

showing a wide range of pore sizes and wall thicknesses compared to the HA only 484 

sample. With the PEI-SiNP/HA hydrogel, a significant change in network structure 485 

occurred. Unlike the smooth continuous walls with typical thickness of < 1 µm seen 486 

with the PEI/HA hydrogels, thick walls of densely packed and homogeneously 487 

dispersed PEI-SiNPs with widths up to several microns were observed for the PEI-488 

SiNP/HA hydrogels (Figure 3E & F). The micron-scale pores between the walls 489 

present in the PEI-SiNP/HA hydrogels also show a larger diameter (approximately 5 490 

µm) and reduced inter-connectivity compared to the PEI/HA hydrogel (pore diameter 491 

of approximately 0.5 – 2.5 µm). Furthermore, the PEI-SiNP packing in the case of 492 

PEI-SiNP/HA nanocomposite hydrogel gives rise to a secondary nanoscale pore 493 

network spanning the meso- and macro-porous range. 494 

 495 

 496 

  497 
 498 

Figure 3. The effect of PEI-SiNP incorporation on the structure and morphology of 499 

hydrogels. Cryo-SEM images of (A, B) HA only, (C, D) PEI/HA, and (E, F) PEI-500 

SiNP/HA hydrogels prepared with PEI/HA monomer ratio of 3.6/4.8. The scale bars 501 

represent 20 µm (A, C, E) and 5 µm (B, D, F).  502 
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 503 

 504 

3.4 Equilibrium Swelling Ratio of Nanocomposite Hydrogels 505 

To evaluate their swelling ratio, the mass of the freshly prepared hydrogel was 506 

compared to that obtained after complete drying under mild conditions. As seen in 507 

Figure S7, comparable swelling ratios were observed for both hydrogel types and the 508 

changes in gelator ratios had no significant effect on the degree of swelling. The 509 

modest decrease in swelling observed on the incorporation of PEI-SiNPs is likely 510 

caused by the high concentration of SiNPs (shown in Figure 3F) and corresponding 511 

high mass density of the hydrogel relative to the PEI/HA networks which manifests as 512 

a lower (mass normalised) swelling ratio. 513 

 514 

The swelling ratios presented herein exceeded that of comparable SiNP 515 

nanocomposite hydrogels synthesised with dynamic covalent crosslinks15,17, but were 516 

significantly lower than those typically reported for physical nanocomposites. For 517 

example, in-situ grafted poly(acrylic acid)-functionalised SiNPs with hydrogen bond 518 

crosslinks were shown to have swelling ratios in excess of 10,000 %8,31. The lower 519 

swelling ratios observed with polyelectrolyte hydrogels could be attributed to the 520 

stronger electrostatic interactions within the polymeric networks compared to weaker 521 

bonds such as hydrogen bonding.32–34 522 

 523 

 524 

3.5 Rheological Characterisation of PEI-SiNP/HA and PEI/HA Hydrogels 525 

It is known that a mismatch in mechanical stiffness can cause poor apposition 526 

between hydrogels and the surrounding tissues leading to poor drug diffusion, and a 527 

decrease in efficacy. While very weak hydrogels may experience poor interfacing 528 

with the tissue walls and premature degradation in dynamic biological environments, 529 

excessive stiffness can cause mechano-chemical injuries and foreign body 530 

reactions.35,36 As such, the ability to achieve controllable and tuneable stiffness is 531 

highly desirable for the biological application of hydrogels. The viscoelastic 532 

behaviour of the hydrogels was confirmed with a frequency sweep at 1 % strain 533 

which displayed significantly higher values of G’ than G” between 0.1 and 10 Hz for 534 

both PEI-SiNP/HA and PEI/HA (Figure S8A). As seen in Figure 4A, the PEI-535 

SiNP/HA hydrogels prepared at various PEI:HA ratios displayed much higher 536 
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mechanical stiffness than the PEI/HA hydrogels, which could be attributed to the 537 

multifunctional crosslinking and high density packing of the organic-inorganic hybrid 538 

PEI-SiNPs (Figure 3F). In addition, the conjugation of branched PEI to the SiNP 539 

surface may lead to reduced molecular motion and enhanced local charge densities for 540 

stronger electrostatic crosslinking with the polyanionic HA.  541 

 542 

The incorporation of PEI-SiNP with HA also decreases the energy dissipation 543 

potential as shown by the lower loss factor (tan δ) obtained for most of the PEI-544 

SiNP/HA nanocomposite hydrogels (Figure S8B). In the PEI/HA hydrogels, the 545 

presence of relatively weak, purely physical crosslinks in the polymer network allows 546 

for energy dissipation through the reversible breaking of electrostatic bonds and 547 

resultant structural rearrangement. In the PEI-SiNP/HA hydrogels, however, the 548 

covalent bonds between PEI and the SiNPs do not reversibly break, which decreases 549 

the networks’ ability to dissipate energy through structural reconfiguration and 550 

induces network elasticity. Yang et al. also observed a similar relationship with 551 

hydrogels formed from hydrogen bonding between poly(acrylamide)-functionalised 552 

SiNPs where higher concentrations of silica decreased the loss factor compared to 553 

polymer-only hydrogels.37 554 

 555 

As the charge ratio between oppositely charged polymers in electrostatically 556 

crosslinked hydrogels is expected to modulate the mechanical properties,38 the molar 557 

ratio of PEI to HA monomers was systematically varied to study tuneability in the 558 

hydrogel stiffness. A reduction in PEI monomer and hence PEI-SiNP concentrations 559 

from 3.6 to 1.2 mM led to a stepwise increase in the storage moduli of the PEI-560 

SiNP/HA hydrogels from 3,276 Pa to 10,617 Pa. The reduction of excess cationic 561 

charges (Table 1) could have resulted in decreased electrostatic repulsions between 562 

the incorporated PEI-SiNPs which led to stronger interactions with the polyanionic 563 

HA in the hydrogel network. A further decrease in the PEI monomer concentration to 564 

0.6 mM, however, led to a marked decrease in hydrogel stiffness. This could be 565 

attributed to a weakened hydrogel network due to reduced availability of PEI-SiNPs 566 

to electrostatically crosslink with HA, along with increased repulsion between the HA 567 

chains. The same trend was observed for PEI/HA where the stiffest network was 568 

observed at PEI:HA monomer ratio of 1.2:4.8. The tuneable variation of the storage 569 
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modulus shows that the hydrogel composition may be specifically chosen to match 570 

that of the target tissues. 571 

  572 

Table 1. Cation:Anion charge ratios present in PEI-SiNP/HA and PEI/HA hydrogels 573 

prepared at differing PEI/HA monomer ratios. 574 

 575 

PEI/HA Monomer 
Ratio 

3.6/4.8 2.4/4.8 1.2/4.8 0.6/4.8 

Cation:Anion Charge 

Ratio 
4.8:1 3.2:1 1.6:1 0.8:1 

 576 

Following implantation in the body, the dynamic biological environment and tissue 577 

remodelling could subject the hydrogel to strain, causing network breakage and 578 

treatment failure for a hydrogel with insufficient critical strain value39,40. As seen 579 

from Figure 4B, strain sweeps revealed that the electrostatic crosslinking of PEI-580 

SiNPs maintained the viscoelastic properties of PEI-SiNP/HA up to a much higher 581 

shear strain compared to that for PEI/HA hydrogels (304 % vs. 46.9 %). These results 582 

suggest that the PEI-SiNP/HA nanocomposite hydrogels are more likely to retain their 583 

physical properties following in vivo application.  584 

 585 

 586 
Figure 4. (A) The storage moduli measured at 1 % shear strain and a frequency of 1 587 

Hz for PEI-SiNP/HA and PEI/HA hydrogels prepared at different PEI/HA monomer 588 

ratios (n = 3). (B) A strain sweep for PEI-SiNP/HA and PEI/HA hydrogels (PEI/HA 589 

monomer ratio 1.2/4.8) at a frequency of 1 Hz. 590 

  591 
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3.6 Thixotropy and Self-Healing 592 

The ability of physical hydrogels to undergo shear thinning aids in their injection or 593 

application to the body whilst the recovery of networks upon removal of the shear 594 

stress enables their mechanical properties to be restored for the intended purpose. 595 

When subject to large shear strains (1000 % strain) the reversible breakage of the 596 

physical crosslinks between PEI-SiNPs and HA resulted in a 100-fold decrease in 597 

mechanical stiffness and increased flow (G’ < G”; Figure 5A). Reformation of the 598 

electrostatic bonds and recovery of the viscoelastic properties occurred almost 599 

instantaneously on return to a low shear strain regime (1 % strain). This result is 600 

consistent with other reported studies. For example, Arno et al. observed a reversible 601 

~100x decrease in G’ for electrostatic calcium-alginate hydrogels reinforced with 602 

poly(L-lactide)-based nanoparticles under high mechanical strain41. Similarly, Zhang 603 

and co-workers also observed a decrease in stiffness by an order of magnitude for the 604 

chitosan-strengthened polyacrylamide-based guest-host hydrogel under high strain, 605 

which subsequently recovered within seconds of return to the low strain regime42. 606 

Interestingly, after the high-strain cycle used in our study, the storage modulus of the 607 

nanocomposite hydrogel only partially recovered to 7.5 kPa (initial G’ = 9.6 kPa) in 608 

the low strain period. This behaviour suggests that while initial recovery and 609 

reformation of the physical crosslinks may occur within seconds, the structural 610 

reorganisation required for complete stiffness recovery may take longer than the 30 s 611 

afforded in the 1 % shear strain cycle in this experiment.  612 

 613 

To assess the self-healing properties of the PEI-SiNP/HA hydrogels, two pieces of 614 

hydrogel (one strained blue with CBBG dye) were cut in half and placed in intimate 615 

contact (Figure 5B). After incubation at room temperature for 1 h the hydrogels had 616 

joined at their interface, could support their own weight, and remained attached under 617 

mechanical stretching (Figure 5C & D).  618 

 619 



 22

 620 
Figure 5. (A) The storage modulus for PEI-SiNP/HA hydrogels (PEI/HA monomer 621 

ratio 1.2:4.8; measurement frequency 1 Hz) under repeated cycles of 1 % and then 622 

1000 % strain (interval time 30 s). (B) Two pieces of hydrogel, prepared with and 623 

without CBBG dye, cut in half, and placed in intimate contact to demonstrate their 624 

macroscopic self-healing properties. After 1 h the hydrogels support their own weight 625 

(C) and remain connected under mild mechanical stretching (D).  626 

 627 

3.7 Haemolytic Activity and Cytotoxicity of PEI-SiNP/HA Hydrogels 628 

The haemocompatibility of the PEI-SiNP/HA nanocomposite hydrogels was 629 

evaluated using mouse mammalian blood. As seen in Figure 6A, minimal hemolysis 630 

( 3.8%) was observed for the PEI-SiNP/HA and PEI/HA hydrogels, hence 631 

demonstrating good haemocompatibility. In contrast, free PEI and PEI-SiNPs induced 632 

significant haemolysis over a similar concentration range (PEI monomer 633 

concentrations of 0.37 – 2.2 mM; Figure 6B and 6C). As expected, HA, a naturally 634 

occurring component of the extracellular matrix, showed negligible haemolysis over 635 

the concentration range used in hydrogel preparation (< 2.6%; HA monomer 636 

concentrations of 0.73 – 2.9 mM; Figure 6D). These results clearly demonstrate that 637 

the charge screening and electrostatic complexation of high molecular weight PEI by 638 

the oppositely charged HA polymer could mitigate the haemotoxicity of the resultant 639 

hydrogel. In addition, the PEI-SiNP/HA hydrogels were also found to induce minimal 640 

cytotoxicity in RAW264.7 and HCT116 cells (Figure S9). Such charge balanced 641 

hydrogels thus offer an advantage over conventional PEI-containing hydrogels which 642 

tend to be cytotoxic due to the disruption of mammalian cell membranes by PEI’s 643 

high cationic charged densities43,44.  644 

 645 
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 646 

 647 
 648 

Figure 6. Haemolysis testing for (A) PEI-SiNP/HA and PEI/HA hydrogels, and (B-649 

D) PEI, PEI-SiNPs, and HA respectively. Data are expressed as mean ± standard 650 

deviations of 4 replicates. 651 

 652 

3.8 Methotrexate Drug Loading and Release 653 

Abraham et al. recently demonstrated that electrostatic interactions between 654 

oppositely charged cargoes and supramolecular hydrogel networks can retard cargo 655 

release45. As discussed in Section 3.1, the presence of protonated amines in the silica 656 

surface-bound PEI conferred a positive surface charge. Because of the large number 657 

of ionisable groups per PEI monomer (7 protonated amines per PEI monomer vs 1 658 

deprotonated carboxyl group per HA monomer at pH 7.4), an excess of cationic 659 

groups is still expected to be available for electrostatic interaction with a guest 660 

molecule after hydrogel formation. As such, we investigated the loading and release 661 

of an oppositely charged cargo. MTX, an anti-metabolite of folic acid, is used as an 662 

anticancer agent in the treatment of a variety of neoplasms.46 However, the drug 663 

efficacy is limited by its poor pharmacokinetic properties including rapid renal 664 
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clearance, short plasma half-life, and low tumour accumulation following 665 

conventional administration by injection or oral routes.47 Furthermore, the use of 666 

MTX is associated with dose-limiting systemic toxicities such as hepatotoxicity and 667 

bone marrow suppression. Owing to its two ionisable carboxyl groups that carry a 668 

negative charge at physiological pH, MTX was incorporated into the PEI-SiNP/HA 669 

hydrogel via electrostatic interaction with the cationic PEI-SiNPs prior to the addition 670 

of HA. The implantation of the MTX loaded PEI-SiNP/HA hydrogel could allow for 671 

direct delivery of the anticancer drug to the tumour site, hence reducing systemic 672 

toxicities and increasing drug bioavailability to the tumour. 673 

 674 

 675 
 676 

Figure 7. (A) MTX loading efficiencies for PEI-SiNP/HA and Free-PEI/HA gels 677 

(n=3). (B) Cumulative drug release from PEI-SiNP/HA hydrogels collected in pH 7.4 678 

PBS at 37 °C (n = 3). 679 

 680 

As shown in Figure 7A, a significantly higher MTX loading efficiency was observed 681 

for the PEI-SiNP/HA compared to PEI/HA hydrogels (P < 0.05 for all). Interestingly, 682 

the loading of MTX into the PEI-SiNP/HA nanocomposite hydrogels was found to be 683 

dependent on the ratio of PEI to HA. When the PEI monomer concentration (and 684 

hence PEI-SiNPs) was increased from 1.2 to 3.6 mM, the MTX loading efficiency 685 

increased from 79 to a maximum at 93%. This result is consistent with the expected 686 

increase in availability of protonated amines for electrostatic complexation with MTX 687 

as the PEI concentration increases.  688 

 689 
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The drug release profiles and kinetics for the PEI-SiNP/HA nanocomposite hydrogels 690 

were next evaluated with the Korsemeyer-Peppas model48. As seen from Figure 7B, a 691 

slower, more sustained, and tuneable drug release was observed for the PEI-SiNP/HA 692 

compared to the HA only hydrogel. The HA only hydrogel showed a rapid burst 693 

release with > 80% of MTX released within 8 h, and almost 100 % released by 24 h. 694 

In contrast, electrostatic interactions between MTX and the PEI-SiNPs resulted in a 695 

much slower drug release from the PEI-SiNP/HA hydrogels. For example, the 696 

hydrogel prepared with a 3.6/4.8 PEI/HA monomer ratio gave a 47 % MTX release 697 

after 8 h, 68 % drug release at 24 h, followed by a more gradual increase in drug 698 

release up to 72 h. The kinetic constant, km, observed with the HA only hydrogel was 699 

considerably higher that of the nanocomposite hydrogels (Table 2). Interestingly, the 700 

MTX release up to 8 h was approximately comparable for the nanocomposite 701 

hydrogels. Beyond this time, the rate of drug release decreased with the amount of 702 

PEI-SiNP present within the nanocomposite hydrogel. With nanocomposite hydrogels 703 

containing PEI/HA monomer ratios of 1.2/4.8, 91% of the loaded MTX mass was 704 

released over 72 h; this decreased to 83% and 78% for the 2.4/4.8 and 3.6/4.8 ratios, 705 

respectively. The initial drug release profile up to 8 h could possibly be due to the 706 

desorption and diffusion of electrostatically bound MTX from the wall surfaces of the 707 

hydrogel pores, which were found to be considerably larger than the size of MTX (as 708 

discussed in Section 3.3).49 Beyond this time, the MTX contained on the pore surfaces 709 

was depleted, and the remaining anionic drug was complexed with the cationic PEI-710 

SiNPs inside the hydrogel walls. Electrostatic interactions were greater in the 711 

hydrogels prepared with higher PEI-SiNP concentrations, which retarded the transit of 712 

MTX from inside the walls into the pore spaces and out of the hydrogel.  713 

 714 

Taken together, these results clearly demonstrate the ability to modulate the release of 715 

the anionic anticancer drug MTX by varying PEI-PSiNP concentration within the 716 

nanocomposite hydrogels. Importantly, the electrostatic complexation of PEI-PSiNP 717 

with HA to form the nanocomposite hydrogel avoids the near complete burst release 718 

observed with the HA only hydrogel. For all samples, the exponent n was < 0.5 719 

suggesting that diffusion was controlled by fickian diffusion of the guest molecule 720 

from within the hydrogel matrix rather than hydrogel swelling or dissolution.  721 

 722 
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Table 2. The release exponent, n, and kinetic constant, km, derived from the 723 

Korsmeyer-Peppas model, and R2 values from the fitting for the drug release profiles 724 

presented in Figure 7B. 725 

 726 

Gel Condition n km R2 

PEI-SiNP/HA – 0/4.8 0.26 47.8 0.990 

PEI-SiNP/HA – 1.2/4.8 0.38 23.8 0.999 

PEI-SiNP/HA – 2.4/4.8 0.31 23.9 0.995 

PEI-SiNP/HA – 3.6/4.8 0.22 29.2 0.986 

 727 

4. Conclusion 728 

In this study, we have developed a facile protocol for the one-pot synthesis of 729 

organic-inorganic hybrid PEI-SiNPs using PEI/Glu PECs as templates for spatio-730 

selective silane mineralisation. The core-shell PEI-SiNP can be used to 731 

electrostatically complex with polyanionic HA to form complex coacervate-based 732 

nanocomposite hydrogel. Due to the reversible electrostatic bonding between PEI-733 

SiNP and HA, the nanocomposite hydrogels possessed desirable shear-thinning and 734 

self-healing properties. Furthermore, the incorporation of the hybrid organic-735 

inorganic PEI-SiNPs enhanced the mechanical stiffness of the nanocomposite 736 

hydrogels compared to the PEI/HA hydrogels. The mechanical stiffness of the 737 

nanocomposite hydrogels could also be readily tailored through tuning the ratio of 738 

PEI-SiNP to HA.  739 

 740 

It was also found that the electrostatic complexation of PEI-SiNPs with HA could 741 

mitigate the cytotoxicity concerns traditionally associated with high molecular weight 742 

PEI thus improving their suitability for biological applications. The modular approach 743 

used also offers benefit over in-situ polymerised SiNP-nanocomposite hydrogels that 744 

use potentially cytotoxic reagents7,18,50,51. Finally, we exploited the excess cationic 745 

charges present to enhance the loading and retard the release anionic anti-cancer 746 

therapeutic MTX. In conclusion, the novel synthetic pathway presented herein affords 747 

improved mechanical stiffness, self-healing, as well as enhanced drug loading and 748 

release capability while offering greater simplicity and biocompatibility over 749 
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currently established protocols for the construction of nanocomposite hydrogels for 750 

biomedical applications.  751 
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SiNP  Silica Nanoparticle 783 

PEI  Polyethylenimine 784 

HA  Hyaluronic Acid 785 

PEI-SiNP Polyethylenimine Functionalised Silica Nanoparticle 786 

PEC  Polyelectolyte Complex 787 

Glu  Glutamic Acid 788 

MTX  Methotrexate 789 

CTAB  Cetrimonium Bromide 790 

PAA  Poly(acrylic acid) 791 

Arg  L-Arginine 792 

TEOS  Tetraethoxysilane 793 

CBBG  Coomassie Brilliant Blue  794 

IPA  2-Isopropanol 795 

DLS  Dynamic Light Scattering 796 

TEM  Transmission Electron Microscopy 797 

SEM  Scanning Electron Microscopy 798 

TGA  Thermogravimetric Analysis 799 

FTIR  Fourier Transform Infrared Spectroscopy 800 
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 1027 

 1028 

Preparation of PEI/Glu Polyelectrolyte Templates 1029 

To study the alcohol-induced formation of PEI/Glu PECs, 62.5 µL of 1.28 × 101 mM 1030 

PEI and 200 µL of 5.44 × 101 mM Glu were added to 737.5 µL of ultrapure water (1 1031 

mL total volume). Under stirring, 1.0 – 9.0 mL of IPA was added and then topped up 1032 

to 10.0 mL total volume with ultrapure water. The final mixture was left to stir at 1033 

room temperature for 1 h. To form PECs with varied PEI and Glu concentrations, the 1034 

aqueous reagent volume was maintained at 2.0 mL and 8.0 mL of IPA was added 1035 

under stirring.  1036 

 1037 

Synthesis of SiNPs without PEI Surface Functionalisation 1038 

To synthesise SiNPs without PEI surface functionalisation, an overgrown- arginine 1039 

(Arg)/polyacrylic acid (PAA) templated synthesis was used based on our previous 1040 

work24. Under magnetic stirring at room temperature, 8.025 mL of ultrapure water, 1041 

500 µL of 1.1 × 101 mM PAA, and 1475 µL of 8.6 × 102 mM Arg were added to a 1042 

round bottom flask. After dispersion in an ultrasonic bath for 5 minutes, 40 mL of 1043 

IPA was added and the solution was allowed to stir for 1 h. Next, 1 mL of TEOS was 1044 

added and the mixture was stirred at room temperature for 24 h. The SiNPs were 1045 

collected and purified by centrifugation and rinsing thrice with ultra-pure water 1046 

(17,000 × g for 1 h).  1047 
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 1048 

In vitro Cytotoxicity Testing  1049 

RAW264.7 mouse macrophage and HCT116 human colorectal carcinoma cells were 1050 

maintained in DMEM growth media that were supplemented with 10% FBS and 1051 

cultured at 37 °C under an atmosphere of 5% CO2 and 95% humidified air. 1052 

 1053 

RAW264.7 and HCT116 cells were seeded onto 24-well plates at a density of 1.5 × 1054 

105 cells per well. After an overnight incubation, the cells were treated with the 1055 

nanocomposite hydrogels prepared at 1.2/4.8, 2.4/4.8, and 3.6/4.8 PEI/HA monomer 1056 

ratios which corresponds to 0.028, 0.056, and 0.084 µM PEI and 0.015 mM HA in 0.5 1057 

mL of fresh media for 24 h at 37 °C. Subsequently, the treatment media in each well 1058 

were replaced with 0.3 mL of growth media and 30 μL of WST-1. The cells were 1059 

incubated for 2 h at 37 °C before measurement of absorbance at 440 nm using a 1060 

microplate spectrophotometer (Molecular Devices). Relative cell viability was 1061 

expressed as [(Asample – Ablank)/(Auntreated – Ablank)] × 100%.  1062 

 1063 

 1064 

 1065 
 1066 
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Figure S1. The formation of stable glutamic acid/PEI polyelectrolyte complexes in 1067 

water/isopropanol (IPA) binary solvents. (A) The effect of IPA volume fraction on the 1068 

correlation function y-intercept from dynamic light scattering measurements, and (B) 1069 

the corresponding correlation function curves. Hydrodynamic diameters and PDI 1070 

values for PECs formed at 80 % IPA with (C) PEI fixed at 64 µM and varying 1071 

glutamic acid concentrations and (D) glutamic acid fixed at 2.2 mM and varying PEI 1072 

concentrations. 1073 

 1074 

 1075 
 1076 

Figure S2. Zeta potential measurements of PEI/Glu PECs prepared in 80 % IPA (v/v) 1077 

with 1.09 mM of Glu and 64 µM of PEI with a positive surface potential of 38.7 ± 1.5 1078 

mV. 1079 

 1080 

 1081 

 1082 
 1083 

Figure S3. A comparison between freshly prepared PEI-SiNPs and those after 2 1084 

months of aqueous storage at room temperature showing (A) DLS hydrodynamic 1085 



 38

diameters of 248 ± 3.7 and 247 ± 3.4 nm with PDI values of 0.12 ± 0.01 and 0.09 ± 1086 

0.02, and (B) zeta potentials of 22.1 ± 1.1 and 24.2 ± 1.7 mV. 1087 

 1088 

 1089 

 1090 
 1091 

Figure S4. (A) Stacked FTIR spectra of glutamic acid, PEI, and PEI-SiNPs with a 1092 

dashed box to indicate the region with coexisting peaks between PEI and PEI-SiNPs. 1093 

(B) Weight loss curves from TGA analysis for glutamic acid, PEI, and PEI-SiNPs, 1094 

and (C-E) their corresponding 1st derivative curves.  1095 

 1096 

 1097 

 1098 

 1099 
 1100 

Figure S5. (A) The intensity weighted size distribution for non-PEI functionalised 1101 

SiNPs measured by DLS with a diameter of 229.8 ± 3.9 nm and PDI of 0.17 ± 0.01. 1102 

(B) The zeta potential distribution of the SiNPs measured in pH 7.4 PBS with a 1103 

negative surface charge of -29.5 ± 0.7 mV. (C) A photograph of a mixture of non-PEI 1104 
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functionalised SiNPs and HA showing no coacervation or gelation even after pH 1105 

adjustment to ~6.  1106 

 1107 

 1108 
 1109 

Figure S6. Quantification of the PEI and HA concentration in the supernatant after 1110 

gel formation normalised to the initial reagent concentration. (A,C) The PEI 1111 

supernatant concentration as a function of decreasing PEI concentration and 1112 

decreasing HA concentration, respectively. (B,D) The HA supernatant concentration 1113 

as a function of decreasing PEI concentration and decreasing HA concentration, 1114 

respectively. 1115 

 1116 

 1117 

 1118 
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 1119 
 1120 

Figure S7. Equilibrium swelling ratios determined in ultrapure water for PEI-1121 

SiNP/HA and PEI/HA hydrogels. Values represent mean ± standard deviation from 1122 

two independent experiments performed in triplicate.  1123 

 1124 

 1125 

 1126 

 1127 
 1128 

Figure S8. (A) A frequency sweep at 1 % shear strain showing the storage and loss 1129 

moduli for PEI-SiNP/HA and PEI/HA hydrogels synthesised with PEI/HA monomer 1130 

ratios of 1.2/4.8. (B) The loss factor at 1 % shear strain and 1 Hz for PEI-SiNP/HA 1131 

and PEI/HA hydrogels prepared with varied composition.  1132 

 1133 

 1134 
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 1135 

 1136 
 1137 

Figure S9. In vitro cell viability data determined by WST-1 Assay for PEI-SiNP/HA 1138 

hydrogels prepared with varied PEI/HA monomer ratios after 24 h incubation with 1139 

RAW264.7 and HTC116 cells. 1140 


