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Abstract

Nanoparticle (NP) supra-assembly offers unique opportunities to tune macroscopic hydrogels’ 

mechanical strength, material degradation, and drug delivery properties. Here, synthetic, 

reactive oxygen species (ROS)-responsive NPs are physically crosslinked with hyaluronic 

acid (HA) through guest-host chemistry to create shear-thinning NP/HA hydrogels. A library 

of triblock copolymers composed of poly(propylene sulfide)-bl-poly(N,N-dimethylacrylamide)-

bl-poly(N,N-dimethylacrylamide-co-N-(1-adamantyl)acrylamide) are synthesized with varied 

triblock architectures and adamantane grafting densities and then self-assembled into NPs 

displaying adamantane on their corona. Self-assembled NPs are mixed with β-cyclodextrin 

grafted HA to yield eighteen NP/HA hydrogel formulations. The NP/HA hydrogel platform 

demonstrates superior mechanical strength to HA-only hydrogels, susceptibility to oxidative/

enzymatic degradation, and inherent cell-protective, antioxidant function. The performance of 

NP/HA hydrogels is shown to be affected by triblock architecture, guest/host grafting densities, 

and HA composition. In particular, the length of the hydrophilic second block and adamantane 

grafting density of self-assembled NPs significantly impacts hydrogel mechanical properties 

and shear-thinning behavior, while ROS-reactivity of poly(propylene sulfide) protects cells from 

cytotoxic ROS and reduces oxidative degradation of HA compared to HA-only hydrogels. This 

work provides insight into polymer structure-function considerations for designing hybrid NP/HA 

hydrogels and identifies antioxidant, shear-thinning hydrogels as promising injectable delivery 

platforms for small molecule drugs and therapeutic cells.
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Shear-thinning hydrogels are assembled through physical crosslinking mediated by guest-host 

complexation between adamantane and β-cyclodextrin macromers in order to integrate synthetic 

nanoparticles and hyaluronic acid into a single hybrid NP/HA hydrogel system which allows for 

injectable delivery and local retention of small molecule drugs and therapeutic cells in tissue 

engineering applications.
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1. Introduction

Hydrogels have been successfully applied as biomaterial platforms for drug and cell 

delivery[1] across various tissue reparative applications, as they offer the capability to be 

chemically optimized for injectability and for tight control over properties of the hydrogel 

matrix such as pore structure[2], degradation mechanisms[3], and mechanical properties[3, 4]. 

While covalently crosslinked hydrogels are ideal for applications that demand high 

mechanical integrity[5], injectable hydrogels are more readily achieved using physical 

crosslinking through intermolecular hydrogen bonding[6], hydrophobic interactions[7], chain 

entanglement[8], or electrostatic interactions[9].

We previously developed a physically crosslinked injectable hydrogel based on the thermal 

gelation of the synthetic polymer PNIPAAM[10]. This system was based on nanoparticles 

(NPs) self-assembled from ABC triblock copolymers of the form poly(propylene sulfide)-

block-poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PPS-b-PDMA-b-

PNIPAAM) (PDN). PPS serves as the core-forming component which allows for loading of 

small-molecule drugs. The oxidation of PPS by reactive oxygen species (ROS) converts 

the core of the self-assembled NPs from hydrophobic to hydrophilic, providing this 

hydrogel with antioxidant function as well as ROS-responsive degradation and drug release 

mechanisms as a function of PPS[11, 12]. The PDN hydrogels were shown to protect 

various cell types, including fibroblasts, mesenchymal stromal cells (MSCs), and pancreatic 

islet organoids, from cytotoxic levels of ROS[10, 13, 14]. Furthermore, supplementing PDN 

hydrogels with type I collagen improved the adhesion and spreading of 3D encapsulated 

cells[13].

In recent years, other NP-based hydrogels have been developed to enable injectability 

through physical crosslinking mediated by reversible, hydrophobic interactions between 
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polyester NPs and biopolymer derivatives[15, 16]. These shear-thinning hydrogels 

demonstrate a decrease in their storage modulus in response to shear stress, allowing 

them to be injected through a needle or catheter. Since shear-thinning hydrogels are 

based on physical interactions which reform rapidly after the removal of shear stress, 

these materials also display self-healing behavior. A combination of shear-thinning and 

self-healing behavior allows for non-invasive injection and local retention of these materials 

post-injection, which are desirable behaviors for local delivery of therapeutic small molecule 

drugs or stem cells[17, 18].

The objective of this work was to develop ROS-responsive, shear-thinning hydrogels as 

an injectable delivery platform that harnesses the desirable features of the previous PDN 

system while utilizing a shear-thinning gelation mechanism based on physical crosslinking 

between NPs self-assembled from PPS triblock copolymers and the biologically-active 

polymer hyaluronic acid (HA). These features allow for easier handling under ambient 

conditions and eliminate the potential for forming non-resorbable, hydrophobic aggregates 

of PNIPAAM when delivered in vivo. The gelation mechanism of the proposed system 

relies on guest-host interactions between β-cyclodextrin (CD) and adamantane (AD), which 

facilitate physical crosslinking between two hydrogel components. The host molecule, CD, 

is a cone-shaped cyclic oligosaccharide that possesses a hydrophobic interior cavity that 

forms inclusion complexes with small hydrophobic guest molecules such as AD[19]—mixing 

individual polymer components functionalized with either CD or AD yields shear-thinning 

hydrogels due to the reversible interactions between the guest-host complexes. Previous 

work has explored HA-only shear-thinning hydrogels based on guest-host interactions for 

many applications, including the delivery of therapeutic stem cells for tissue repair and 

regeneration[17, 20–22].

The shear-thinning hydrogel reported in the studies below relies on guest-host interactions 

between CD grafted onto HA and AD grafted onto third block, forming the corona of NPs 

self-assembled from PPS triblock copolymers. This hybrid NP/HA composition integrates 

ROS-responsive chemistry, allows for susceptibility to both oxidative and enzymatic 

degradation, and incorporates the natural bioactivity of HA, a native extracellular matrix 

(ECM) molecule that is used in wound dressings such as Hyalofill[23]. To elucidate the 

structure-function relationships of this hybrid design, a library of ABC triblock PPS-b-

PDMA-b-P(DMA-co-ADA) copolymers with varying degrees of polymerization (DPs) of 

the DMA block and different densities of AD on the third P(DMA-co-ADA) block was 

synthesized. Rheology was used to identify NP/HA hydrogels with increased mechanical 

strength and desirable shear-thinning behavior, and four lead candidate NP/HA hydrogels 

were further characterized in vitro for injectability, small molecule drug loading and release, 

susceptibility to oxidative and enzymatic degradation, cytocompatibility, cell encapsulation 

and protection from cytotoxic ROS, as well as in vivo for cellular infiltration and resorption 

relative to HA-only hydrogels.
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2. Results and Discussion

2.1. Synthesis of ABC Triblock Copolymers Grafted with Guest Molecule (AD)

A library of ABC triblock polymers of poly(propylene sulfide)-b-poly(N,N-

dimethylacrylamide)-b-poly(N,N-dimethylacrylamide-co-N-(1-adamantyl)acrylamide) was 

successfully synthesized with varied DP of the second PDMA block and varied grafting 

percent of AD in the third block (Figure 1A–B). The variations in PDMA length (B 

block) and AD grafting density in the third block (C block) of triblock copolymers were 

explored to understand the synergistic impact of the hydrophilic “linker block” length and 

the density of the hydrophobic AD guest molecule on ability of triblock copolymers to 

form NPs that can effectively engage with HA-CD to form shear-thinning hydrogels. For 

the triblock copolymers, poly(propylene sulfide) with a hydroxyl terminus (PPS135-OH) 

was synthesized by anionic polymerization and confirmed by characteristic peaks in 1H 

NMR spectra. PPS135-OH was conjugated to the chain transfer agent (CTA) 4-cyano-4-

(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid (ECT) so that the addition of the second 

and third blocks could be accomplished by reversible addition-fragmentation chain transfer 

(RAFT) polymerization (Figure 1A). Three diblock copolymers, each with a different DP 

(150, 200, and 300), were prepared by RAFT polymerization of the hydrophilic monomer 

DMA and characterized by 1H NMR spectra. Gel permeation chromatography (GPC) 

confirmed the formation of unimodal diblock copolymers with varied DMA block lengths 

(Figure 1C–E).

Each diblock copolymer was then used to prepare two different triblock copolymers with 

either 10% or 20% grafting density of AD through RAFT copolymerization of DMA and 

N-(1-adamantyl)acrylamide (ADA) (Figure S1–2, SI File) while maintaining a constant 

DP of 200 for the third block. Synthesis of ABC triblock copolymers with 30% grafting 

density of AD resulted in the final composition precipitating during self-assembly of NPs 

due to destabilization effect of the hydrophobic of AD molecules (not shown); therefore, 

the grafting density of AD for triblock copolymers was limited to 20% to ensure that 

the final triblock copolymers maintained sufficient stability in aqueous solutions. GPC 

chromatograms indicated successful addition of the third block to each diblock copolymer, 

confirming the successful creation of the final triblock copolymers which are denoted as 

Dx-ADy where x represents the DP for the PDMA block, and y represents the grafting 

density of AD on the third block (Figure 1C–E). The chemical structure and block length 

of each triblock copolymer was confirmed by 1H NMR spectra (representative spectra 

for PPS D150-AD10% and PPS D150-AD20% shown in Figure S3, SI File). Therefore, a 

combination of 1H NMR spectroscopy and GPC validated the combined anionic and RAFT 

polymerization approach for preparing multi-functional triblock polymers while carefully 

controlling the variation in block size and AD grafting density.

2.2. Characterization of Self-Assembled Nanoparticles Grafted with Host Macromer (AD)

Dynamic light scattering (DLS) analysis and cryogenic transmission electron microscopy 

(cryo-TEM) were utilized to characterize the size and morphology of ABC triblock 

copolymers self-assembled into NPs in aqueous solution. DLS measurements (Figure 1F) 

(1 mg/mL PBS) indicated that self-assembled NPs composed of triblock copolymers grafted 
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with 10% AD were stable and showed no aggregation. Self-assembled NPs grafted with 

a higher grafting density of 20% AD demonstrated aggregation for those composed of 

triblock copolymers containing shorter PDMA blocks with DPs of 150 and 200; however, 

self-assembled NPs composed of triblock copolymers with longer PDMA blocks with a 

DP of 300 were able to be grafted with 20% AD and still form small, uniform NPs. 

The polydispersity indices (PDI) from DLS further confirmed these trends, with triblock 

copolymers containing shorter PDMA blocks resulting in self-assembled NPs with greater 

PDI (Figure S4, SI File). These results suggest that the hydrophilic PDMA block plays 

an important role in solubilizing the third block grafted with the hydrophobic AD guest 

molecule. The NP morphology obtained from cryo-TEM imaging further supports these 

quantitative measurements obtained from DLS and illustrates the formation of uniform 

spherical NPs (Figure 1G and Figure S5, SI File).

2.3. Modularity of Formulation Allows NP/HA Hydrogel System to Achieve a Range of 
Mechanical Properties with Shear-thinning Behavior

Rheological characterization was performed on a library of eighteen different NP/HA 

hydrogel formulations to identify those which exhibit sufficient mechanical strength, 

possessing a storage modulus (G′) of at least 1000 Pa and demonstrate desirable shear-

thinning and self-healing behavior, with a yield strain of at least 100%[22, 24]. A library of 

hyaluronic acid grafted with CD (HA-CD) polymers was created by varying the grafting 

density of CD on the native HA biopolymer (Figure S6, SI File) in order to determine an 

optimum grafting density of CD on HA polymer which would allow for the formation 

of stable NP/HA shear-thinning hydrogels when mixed with NPs self-assembled from 

candidate triblock copolymers. The PPS D150-AD10% triblock copolymer was selected for 

initial screening with HA-CD polymers of varying CD grafting densities as this copolymer 

formed stable, uniform NPs, and the block lengths of this triblock copolymer approximately 

matched those used in previously described thermoresponsive hydrogels[11]. The NP/HA 

hydrogels were formulated by mixing D150-AD10% NPs with HA-CDx polymers containing 

10%, 20%, or 34% grafting of CD, where grafting of CD on HA was confirmed by 

characteristic peaks in 1H NMR spectra (Figure S7, SI File). All NP/HA hydrogels formed 

visible hydrogels through guest-host inclusion complexes, as confirmed by vial inversion 

(Figure S8A, SI File). Rheometry were performed on each NP/HA hydrogel and revealed 

that G′ of each NP/HA hydrogel increased when the grafting density of CD increased from 

10% to 20%; however, G′ was observed to decrease when the grafting density of CD was 

further increased to 34% (Figure S8B, SI File). The decrease in G′ observed for HA-CD34% 

is likely due to its reduced solubility, increased viscosity, and the steric hindrance between 

closely-packed CD molecules, all of which contribute to impaired mixing of components 

and reduced guest-host complex formation between CD and AD[21]. Therefore, HA-CD20% 

was selected as Component B to investigate further mechanical properties of various NP/HA 

hydrogels formed with different ABC triblock copolymers. Analogous HA polymers grafted 

with the guest molecule (HA-AD20%) were also synthesized with a grafting density of 20% 

AD and confirmed by 1H NMR spectra (Figure S9 and S10, SI File) to create conventional 

HA-only shear-thinning hydrogels as a control hydrogel for comparison to hybrid NP/HA 

hydrogel systems.
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To further characterize guest-host interactions between AD-functional self-assembled NPs 

and HA-CD20%, DLS measurements were performed when either HA-CD20% or unmodified 

HA was mixed with PPS D150-AD10% NPs in dilute solutions. Increased size and PDI was 

observed when HA-CD20% was mixed with PPS D150-AD10% NPs, suggesting interactions 

between HA-CD20% and the self-assembled NPs; however, no significant increases in size 

or PDI were observed when unmodified HA was mixed with PPS D150-AD10% NPs (Figure 

S11, SI File). Cryo-TEM images of PPS D150-AD10% NPs mixed with HA-CD20% further 

support aggregation between NPs and HA, presumably driven by guest-host pairing (Figure 

2A and Figure S12, SI File). Cryogenic scanning electron microscopy (cryo-SEM) was also 

performed to visualize hydrated NP/HA hydrogels and observe the porous microstructure 

(Figure 2B). The average pore size of the NP/HA hydrogel network (0.75 microns) 

determined from cryo-SEM was smaller compared to the average pore size of control 

HA-only shear-thinning hydrogels (1.5 microns) (Figure S13, SI File), which is most likely a 

consequence of the more organized double network structure of NP/HA hydrogels[25].

Prior to mechanical analysis of a full library of NP/HA hydrogels composed from candidate 

PPS triblock copolymers, the initial PPS D150-AD10% NP/HA hydrogel formulation was 

assessed by rheometry to confirm shear-thinning and self-healing behavior based on guest-

host mediated physical crosslinking. Frequency sweep measurements demonstrated that this 

NP/HA hydrogel maintained a higher G′ than loss modulus (G″) when subjected to a 

wide range of frequencies from 0.1 to 100 Hz (Figure S14A, SI File). Percent strain sweep 

measurements revealed that the NP/HA hydrogel exhibited gel behavior (G′ > G′′) over a 

broad range but illustrated a transition (G′ < G′′) to a viscous liquid at strains over 80% 

(Figure S14B, SI File). Stepwise percent strain-based time sweep measurements indicated 

that G′ of the NP/HA hydrogel recovered rapidly and completely throughout repeated 

cycles of high (300%) and low strain (0.5%), confirming the reversibility of guest-host 

pair-based physical crosslinking and self-healing behavior of NP/HA hydrogels (Figure 2C). 

Shear-thinning and self-healing behavior of the NP/HA hydrogel were further confirmed 

through continuous flow measurements where hydrogel viscosity was observed to decrease 

with increasing shear rate but rapidly recovered when shear rate was reduced (Figure 2D).

A more comprehensive range of candidate NP/HA hydrogels composed of NPs self-

assembled by PPS triblock copolymers of varying block structure and grafting density 

were characterized by rheometry to identify lead candidate NP/HA hydrogels with 

optimum mechanical integrity and desirable shear-thinning behavior (Figure 2E–K). The 

nomenclature of each candidate NP/HA hydrogel was defined based on ABC triblock 

copolymer composition and the stoichiometric ratio of CD/AD at which the NP/HA 

hydrogel was formed. For example, NP/HA hydrogels formulated with PPS D150-AD10% 

self-assembled NPs and HA-CD20% mixed at a ratio of 1CD/1AD was denoted as 

D150-AD10% 1CD/1AD. Stepwise cyclic percent strain time sweep measurements were 

performed on each NP/HA hydrogel to assess the effects of the PDMA block length, the 

stoichiometric ratio of CD/AD, and the AD grafting density of the third block on resulting 

hydrogel’s mechanical strength and shear-thinning behavior, where mechanical strength 

was assessed by G′ and shear-thinning behavior was assessed by tanδ. Every NP/HA 

hydrogel formulation across the entire library of formulations tested consistently yielded 

solid hydrogels with shear-thinning behavior. The tanδ (ratio of G′′/G′) values calculated 
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for each NP/HA hydrogel at both high (300%) and low strain (0.5%) are represented in the 

heat map in Figure 2E. All NP/HA hydrogel formulations possessed tanδ values less than 1 

at 0.5% strain, indicating elastic solid-like mechanical behavior, but possessed tanδ values 

greater than 1 at 300% strain, indicating viscous liquid-like behavior.

While all formulations consistently formed NP/HA hydrogels possessing shear-thinning 

behavior, there were trends that emerged regarding the effect of PDMA block length and 

grafting density of AD on the mechanical strength of the resulting NP/HA hydrogels (Figure 

2F–K). Triblock copolymers with PDMA blocks with a DP of 150, and 10% grafting of AD 

in the third block yielded hydrogels with higher G′ (D150-AD10% 1CD/1AD) compared to 

those hydrogels composed of triblock copolymers with the same PDMA block length but 

increased grafting density of 20% AD in the third block (D150-AD20% 1CD/1AD) (Figure 

2F). However, when the PDMA block DP was increased to 200 or 300, the hydrogels 

containing NPs made from these triblock copolymers grafted with 20% AD in the third 

block yielded higher G′ compared to hydrogels composed with triblock copolymers with 

the same PDMA block length and 10% grafting of AD (Figure 2G–H). These results 

suggest that increased guest-host interactions as a result of higher AD density in the third 

block is only realized when the triblock copolymer contains a PDMA block long enough 

to solubilize the hydrophobic third block grafted with a higher density of AD which may 

otherwise tend to self-aggregate or form a flower-like micelle structure.

Next, a range of NP/HA hydrogels were prepared at different stoichiometric ratios of CD 

to AD to evaluate the effect of guest-host interactions when one component is more than 

the other (Figure 2I–K). The NP/HA hydrogels formed at the ratios of 1CD/1AD and 

2CD/1AD resulted in higher G′ compared to analogous NP/HA hydrogels formed at a ratio 

of 1CD/2AD. Among the NP/HA hydrogels formed at 1CD/1AD and 2CD/1AD ratios, 

those containing longer PDMA blocks tended to correlate with increased G′ for the NP/HA 

hydrogel. Effective recovery (> 95%) of G′ was also confirmed for all NP/HA hydrogel 

formulations over five repeated step-strain measurements, which confirms that the hybrid 

NP/HA hydrogel system provides self-healing behavior over a broad range of formulation 

conditions (Figure S15, SI File).

Based on this robust rheological characterization, hydrogels based on the triblock 

copolymers PPS D150-AD10% and PPS D300-AD20% were chosen for further in vivo and 

in vitro characterization. These two PPS triblock copolymers demonstrated consistent 

and stable NP formation and yielded NP/HA hydrogel formulations with excellent shear-

thinning properties. However, these two NP/HA hydrogel formulations showed significantly 

different storage moduli due to their distinct DMA block lengths and AD grafting 

densities. Therefore, these hydrogels were chosen to assess triblock architecture’s effect 

on mechanical properties for two NP/HA hydrogel formulations that display idealized shear-

thinning behavior.

To demonstrate the universality of the NP/HA hydrogel system and to generate a non-ROS-

responsive control NP, a PCL-based D300-AD20% triblock copolymer (Figure S16, SI File) 

was synthesized as an analog of PPS D300-AD20%. The PCL-based triblock copolymer 

structure and grafting density of AD was confirmed by 1H NMR spectra (Figure S17, SI 

Bezold et al. Page 7

Adv Funct Mater. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



File), and the self-assembly of PCL-based triblock copolymers into small, uniform NPs 

was confirmed by DLS and cryo-TEM (Figure S18A–B, SI File). The PCL NPs formed 

NP/HA hydrogels when mixed with HA-CD20% and possessed similar structure to the 

analoguos PPS NP/HA hydrogels as observed by cryo-TEM of both PPS-based and PCL-

based D300-AD20% 1CD/1AD hydrogels (Figure S19A–B, SI File). Conventional HA-only 

shear-thinning hydrogels, where HA-AD20% was substituted in place of the NP component, 

were also formed to create control HA/HA hydrogels.

Additional frequency, time, and strain sweep rheological measurements were performed 

on four lead candidate PPS NP/HA hydrogels as well as both the control PCL NP/HA 

and HA/HA hydrogels. The two candidate PPS triblock copolymers, D150-AD10% and 

D300-AD20%, were mixed with HA-CD20% at two different stoichiometric ratios of CD 

to AD (1CD/1AD and 2CD/1AD) to yield four lead candidate PPS NP/HA hydrogels 

for these measurements to evaluate how increased HA content relative to the synthetic 

NP in NP/HA hydrogels impacts the in vitro and in vivo degradation profile of NP/HA 

hydrogels. These measurements revealed that all four candidate PPS NP/HA hydrogels 

and both control hydrogels demonstrated shear-thinning and self-healing behavior and 

confirmed that PPS NP/HA hydrogel formulation at 1CD/1AD or 2CD/AD ratio did not 

alter mechanical behavior (Figure S20, SI File). The effect of overall weight percent in 

NP/HA hydrogels was also evaluated by performed rheometry on one lead candidate PPS 

NP/HA hydrogel (D300-AD20% 1CD/1AD) formed at 5 wt%, 7.5 wt%, and 10 wt% (Figure 

S21, SI File). As expected, the G′ of PPS NP/HA hydrogels correlated with increasing 

polymer concentration, but all hydrogels still retained shear-thinning behavior as observed 

by stepwise percent strain-based time sweep measurements. Furthermore, frequency sweeps 

demostrated hydrogels undergo transition from viscous (liquid) to elastic (solid) phase with 

increasing frequencies due to a progressive decrease in relaxation time that favors the 

elastic properties (G’) over viscous properties (G’’) towards the higher frequencies[20] . 

Similar mechanical analysis was performed on the same PPS NP/HA hydrogel when 

its temperature increased from 25°C to 45°C, demonstrating that hydrogels maintained 

consistent mechanical properties at the physiological temperature of 37°C (Figure S22A, SI 

File). A final rheological analysis was performed to study the effect of increasing strain on 

candidate PPS NP/HA and control PCL NP/HA hydrogels. Both PPS-based and PCL-based 

D300-AD20% 1CD/1AD hydrogels were subjected to time sweep measurements performed 

at constant low 0.5% strain with successively increasing high strains of 300%, 400%, and 

500%. Both hydrogels demonstrated increasing shear-thinning behavior when subjected to 

increasing high strains but immediately recovered their initial G′ once high strain was 

removed (Figure S22B–C, SI File). Rapid and complete recovery of mechanical properties 

following high strain suggests that NP/HA hydrogels can form stable hydrogels following 

injection and dilution in vivo. This behavior was further visualized during injection of 

Nile red loaded PPS D150-AD10% NP/HA 1CD/1AD hydrogels through a 30G needle and 

directly into PBS (Figure 3A) where the hydrogel retained its mechanical integrity following 

injection and dilution in PBS (Figure 3B and Supporting Video File, SV File).
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2.4. PPS-based NP/HA Hydrogels Provide an Injectable Delivery Platform for Therapeutic 
Cells

To establish the clinical potential of NP/HA hydrogels as an injectable platform, the force 

required for injection of two candidate PPS NP/HA hydrogels as well as the control 

HA/HA hydrogel was measured with respect to needle gauge, needle length, and polymer 

concentration. Representative traces of force over the time were recorded during hydrogel 

injection through needles of three different gauges and two different lengths (Figure 3C–

E), and the injection force was reported as the value recorded when the trace reached a 

plateau (Figure 3F–H). The force required to inject PPS D300-AD20% 1CD/1AD hydrogels 

through a 25G needle exceeded the maximum force of the load cell, and therefore, injection 

force was recorded as the maximum force reached during injection force measurement 

for this hydrogel. Injection force for all hydrogels correlated increasing needle gauge 

and increasing needle length. However, the force required for injection for PPS NP/HA 

hydrogels was higher than control HA/HA hydrogels, which is due to the higher moduli 

reported for candidate NP/HA hydrogels from previous rheological measurements above. 

Injection forces were also measured when candidate PPS D300-AD20% NP/HA 1CD/1AD 

hydrogel was formed at increasing weight percent, and as expected, hydrogels required 

increasing injection force when formed at increasing weight percent (Figure S23, SI File). 

Collectively, these data confirm that the forces needed for the injection of PPS NP/HA 

hydrogels in any formulation were significantly lower than forces (20-80 N) reported as 

acceptable for clinical administration[26].

The candidate NP/HA hydrogels were also evaluated to demonstrate their ability to protect 

cells from shear stress during their administration through a needle. A 22G needle (0.25 inch 

length) was used for these studies since injection of both candidates PPS NP/HA hydrogels 

using this needle required a force between 5 to 7 N, which falls within the range reported 

for successful injection of viable cells within HA-only hydrogels[20]. After mMSCs were 

suspended within the two candidate PPS NP/HA hydrogels (D150-AD10% 1CD/1AD and 

D300-AD20% 1CD/1AD), each hydrogel was loaded into a sterile syringe, and 25 μL of 

each hydrogel was injected at a constant flowrate of 2 mL/h into the wells of a 96-well 

plate (Figure 3I). The viability of mMSCs post-injection was significantly higher when 

either candidate PPS NP/HA hydrogel was used for injection of mMSCs compared to when 

mMSCs were injected in PBS alone (Figure 3J).

2.5. PPS-based Nanoparticles Allow for Small Molecule Drug Loading and Oxidative 
Release from NP/HA Hydrogels

To characterize small molecule drug loading, Nile red was loaded into PPS and PCL NPs 

at a range of Nile red to polymer weight ratios. The two lead candidate PPS triblock 

copolymers, D150-AD10% and D300-AD20%, loaded up to ~150 μg of Nile red per 1 mg 

of polymer, and all triblock copolymers demonstrated increasing encapsulation efficiency 

at lower weight ratios of Nile red per polymer. The triblock copolymer, PPS D200-AD20%, 

yielded the lowest encapsulation efficiency (Figure S24, SI File), which is consistent with 

the decreased stability observed for NPs composed of triblock copolymers with shorter 

PDMA block lengths and higher grafting density of AD. The PCL D300-AD20% triblock 
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copolymer demonstrated an encapsulation profile comparable to its analog PPS triblock 

copolymer when Nile red was loaded at a weight ratio of 10 wt% or less.

Small molecule drug release from PPS NPs is triggered by ROS, which converts PPS 

to its more water-soluble forms of poly(sulfoxide) or poly(sulfone)[11]. To evaluate ROS-

responsive release from PPS NP/HA hydrogels, Nile red was loaded into the lead four 

candidate PPS NP/HA hydrogels, which were then incubated with increasing doses of 

H2O2 (Figure S25, SI File). All PPS NP/HA hydrogels demonstrated release dependent 

on increasing H2O2. Interestingly, PPS NP/HA hydrogels formed at a ratio of 2CD/1AD 

showed higher cumulative release of Nile red over the same time scale compared to those 

hydrogels formed at a ratio of 1CD/1AD (Figure S25B and S25D, SI File). The total 

weight percent of NP/HA hydrogels remained constant (7.5 wt%) in all formulations, there 

is a higher excess of ROS relative to PPS in hydrogels formed at 2CD/1AD compared to 

hydrogels formed at 1CD/1AD, which may explain why these hydrogels demonstrate greater 

cumulative release of small molecule cargo from the core of PPS triblock copolymer NPs.

2.6. PPS-based NP/HA Hydrogels Display Susceptibility to Oxidative and Enzymatic 
Degradation

Oxidative degradation of PPS D300-AD20% 2CD/1AD hydrogel compared to both control 

PCL D300-AD20% 2CD/1AD and HA/HA 1CD/1AD hydrogels was evaluated by incubating 

all hydrogels with increasing doses of H2O2 and tracking the effect on hydrogel mechanical 

strength and shear-thinning behavior over time. The G′ of all hydrogels demonstrated an 

H2O2-dependent decrease over time (Figure 4A–C). The PPS NP/HA hydrogel surprisingly 

showed slower degradation in the presence of ROS compared to PCL NP/HA hydrogels 

and HA/HA hydrogels, with the HA/HA hydrogel demonstrating the most sensitivity to 

ROS-dependent degradation. Heat maps were also generated to reflect changes in tanδ of 

hydrogels in response to oxidative degradation (Figure 4D–F). PPS D300-AD20% hydrogels 

incubated with 1 mM and 10 mM of H2O2 remained in their hydrogel state for up to 

48 hours (tanδ < 1) while incubation with 100 mM H2O2 transitioned them to a viscous 

solution. Control PCL D300-AD20% hydrogels behaved analogously to PPS counterparts 

when subjected to 1 mM and 10 mM H2O2 but demonstrated a more rapid transition to 

a viscous solution at 24 hours. Control HA/HA hydrogels exhibited the quickest transition 

from their hydrogel state to a viscous solution (within 24 hours) compared to the other 

NP/HA hydrogels across all concentrations of H2O2. These results indicate that HA is 

susceptible to oxidative degradation, which is consistent with the previous literature[27], and 

furthermore suggests that PPS serves as a “ROS sink” which slows down the oxidative 

degradation of HA through its consumption of ROS by its own oxidation. These data 

demonstrate the use of PPS NP/HA hydrogels as promising antioxidant biomaterial that 

can detoxify ROS in the local tissue microenvironment and protect the HA biopolymer 

from oxidative degradation. Protecting and increasing local persistence of HA is anticipated 

to be desirable, as HA is known to be beneficial for tissue repair by maintaining 

moisture, increasing angiogenesis, stimulating anti-inflammatory pathways, and promoting 

granulation tissue formation[28–31].
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Hyaluronidases are physiologic endoglycosidases that cleave internal beta-N-acetyl-D-

glucosaminidic linkages of HA, yielding N-acetylglucosamine and glucuronic acid[28]. 

Enzymatic degradation of NP/HA hydrogels compared to control HA/HA hydrogels was 

evaluated by incubating these three hydrogels in the presence of 7 U/mL hyaluronidase, 

which is within a physiologically relevant range for this enzyme[29], and tracking the effect 

on hydrogel mechanical strength and shear-thinning behavior over time, in an identical 

manner described above (Figure 4G–L). While PPS and PCL NP/HA hydrogels gradually 

degraded over 7 days in the presence of hyaluronidase, HA/HA hydrogels fully degraded 

within 2 days. These results suggest that the physical crosslinking of HA with the NP 

component sterically protects HA, and that this effect is more efficient when integrated with 

ROS-responsive PPS NPs compared to when integrated with PCL NPs.

Hydrogel degradation was also measured in the presence of 7 U/mL hyaluronidase and 

1 mM H2O2 (Figure 4G–L) to evaluate mechanical degradation of hydrogels under 

conditions more relevant to the physiological environment. The presence of both ROS and 

hyaluronidase accelerated the degradation of all hydrogels relative to degradation in the 

presence of hyaluronidase alone; however, PPS NP/HA hydrogels once again maintained 

the slowest rate of degradation even under both oxidative and enzymatic conditions. 

These results were further confirmed by assessing the concentration of uronic acid, a 

degradation product specific to HA, following incubation of PPS and PCL NP/HA as 

well as HA/HA hydrogels under oxidative, enzymatic, and both oxidative and enzymatic 

environments. Increased concentrations of uronic acid were detected in HA/HA hydrogels 

and PCL NP/HA hydrogels under all degradation conditions when compared to PPS NP/HA 

hydrogels (Figure S26, SI File). These results further support the hypothesis that PPS 

NP/HA hydrogels protect the HA polymer when it participates in physical crosslinking 

with ROS-responsive PPS NPs and may increase its residence in highly inflamed tissue 

environments in vivo.

2.7. PPS-based NP/HA Hydrogels are Cytocompatible and Provide Protection from 
Cytotoxic ROS

The cytocompatibility of the four lead candidate PPS NP/HA hydrogels was assessed 

relative to control HA/HA hydrogels, which are cytocompatible biomaterials established by 

previous literature[20, 30]. The viability of NIH 3T3 fibroblasts in 2D culture was evaluated 

following 24 hours incubation with an overlay of NP/HA hydrogels. All candidate PPS 

NP/HA hydrogels maintained a high level of cell viability consistent with the viability of 

cells incubated with HA/HA hydrogels (Figure 5A). The viability of mouse mesenchymal 

stem cells (mMSCs) encapsulated within the lead candidate PPS D300-AD20% 2CD/1AD 

hydrogel and the control PCL D300-AD20% 2CD/1AD hydrogel was also evaluated to 

demonstrate the potential of candidate NP/HA hydrogels as a delivery platform for 

therapeutic cell types. Both PPS and PCL NP/HA hydrogels shown similar levels of viability 

of mMSCs following 24 hours of incubation in NP/HA hydrogels compared to mMSCs 

encapsulated in HA/HA hydrogels (Figure 5B).

To evaluate the antioxidant potential of PPS for protecting encapsulated cells from cytotoxic 

ROS, mMSCs were encapsulated within the lead candidate PPS D300-AD20% 2CD/1AD 
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hydrogel as well as control PCL NP/HA and HA/HA hydrogels and incubated with 

increasing concentrations of H2O2 for up to 24 hours. Increased viability was observed when 

mMSCs were encapsulated in PPS NP/HA hydrogels compared to mMSCs encapsulated in 

PCL NP/HA hydrogels and HA/HA hydrogels (Figure 5C). Interestingly, HA/HA hydrogels 

provided increased viability compared to PCL NP/HA hydrogels but lower viability 

compared to PPS NP/HA hydrogels. These results were also visualized through live/dead 

staining (Figure 5D) of hydrogel suspensions with encapsulated cells after 24 hours. The 

following observations suggest that ROS oxidation of the HA backbone (a previously 

reported phenomenon[27]) provides antioxidant function to protect encapsulated cells from 

cytotoxic ROS and that a reduction of HA content in the hydrogel formulation reduces this 

effect, as observed in for the PCL NP/HA system. The PPS NP/HA group provided the 

highest overall viability of encapsulated cells, even compared to cell encapsulated in HA/HA 

hydrogels. These data indicate that PPS NP/HA hydrogels incorporate the antioxidant 

contributions of both HA and PPS and therefore provide superior protection for therapeutic 

cells when delivered for tissue repair in the text of highly inflamed pathophysiological 

scenarios impacted by oxidative stress[32].

2.8. PPS-based NP/HA Hydrogels Demonstrate Degradation, Infiltration, and Resorption 
in Subcutaneous Mice Model

Following confirmation of in vitro cytocompatibility of candidate NP/HA hydrogels, the 

infiltration and degradation profiles of the four lead candidate PPS NP/HA hydrogels were 

evaluated in vivo through subcutaneous implantation in mice. Histological analysis was 

performed on explanted NP/HA hydrogels at 7 and 14 days post-implantation (Figure 

6A and Figure S27, SI File), though control HA/HA hydrogels were difficult to section 

likely due to their poor integration with surrounding tissue and/or loss during tissue 

processing. Three of the four candidate PPS NP/HA hydrogels, as well as the control 

PCL NP/HA hydrogel, demonstrated significant cellular infiltration which matched the 

rate of hydrogel degradation and resorption (Figure 6A–B). However, one candidate PPS 

D300-AD20% 1CD/1AD hydrogel resulted in the poorest cellular infiltration and the least 

amount of matrix deposition; this hydrogel also elicited a fibrotic encapsulation response, 

based on the presence of a thicker layer of collagen surrounding the material (Figure 6A). 

This may be attributable to the high G′ reported for this candidate PPS NP/HA hydrogel 

which limits the rate at which cells can tunnel into and remodel this material. However, 

one of the four candidate hydrogels (PPS D300-AD20% 2CD/1AD) demonstrated similar 

mechanical strength to PPS D300-AD20% 1CD/1AD, as both hydrogels possessed G′ greater 

than 2000 Pa, but the hydrogel containing more HA (D300-AD20% 2CD/1AD) resulted in 

significantly higher rates of cellular infiltration and hydrogel degradation, which were more 

comparable to the rates observed for the other two PPS NP/HA hydrogels (D150-AD10% 

1CD/1AD and D150-AD10% 2CD/1AD) (Figure 6B). These results suggest that tuning 

the balance of HA to the NP component in the overall formulation (while maintaining 

a constant total weight percent of polymer) can be used to achieve a combination of a 

stronger hydrogel that is still amenable to cellular infiltration and hydrogel degradation in 
vivo. Overall, these results confirm the biocompatibility of candidate PPS and control PCL 

NP/HA hydrogels and provide further insights into how mechanical properties and balance 
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of synthetic and biological components used in hybrid hydrogel formulations to control in 
vivo response[16, 33].

The antioxidant activity of PPS NP/HA hydrogels was also assessed by measuring the 

level of DNA oxidation of infiltrating cells based on nuclear staining intensity for 8-OHdG 

(Figure 6C). Infiltrating cells of PPS NP/HA hydrogels showed decreased staining intensity 

compared to those cells within control PCL NP/HA hydrogels (Figure 6D). Since the mild 

environment of the subcutaneous implantation model is not characterized by enriched levels 

of oxidative stress, the increased antioxidant activity of PPS NP/HA compared to PCL 

NP/HA hydrogels may be anticipated to be even more apparent when NP/HA hydrogels 

are applied into highly inflamed environments characterized by oxidative stress, such as a 

chronic skin wounds[34].

3. Conclusions

The following work investigated the formation of a hybrid NP/HA shear-thinning hydrogel, 

which integrates a biologically-derived polymer, HA, with ROS-responsive, self-assembled 

NPs through physical crosslinking mediated by guest-host supramolecular chemistry. The 

robust rheological analysis of eighteen different NP/HA hydrogels revealed that the length of 

the hydrophilic PDMA block and the grafting density of AD demonstrate synergistic effects 

which determine the stability of self-assembled NPs as well as the mechanical strength 

and shear-thinning behavior of the resulting NP/HA hydrogels. While NPs containing a 

shorter hydrophilic block were limited to lower grafting densities of AD, NPs with a 

longer hydrophilic block maintained stability at higher grafting densities of AD and yielded 

NP/HA hydrogels with higher moduli. From this mechanical characterization, four lead 

candidate PPS NP/HA hydrogels were further characterized in vitro to demonstrate small 

molecule drug loading and release, susceptibility to oxidative and enzymatic degradation, 

cytocompatibility, cell encapsulation, and protection from cytotoxic ROS. Interestingly, it 

was observed that both PPS and HA contribute to ROS reactivity and antioxidant function 

of NP/HA hydrogels. The PPS NP/HA hydrogels demonstrated antioxidant behavior relative 

to PCL NP/HA hydrogels in vitro as well as in vivo. Most importantly, the presence 

of PPS NPs slowed the rate of ROS degradation of HA and therefore is anticipated to 

prolong local retention of HA in vivo relative to NP/HA hydrogels made from more 

conventional polymers (such as PCL). The in vivo characterization of PPS NP/HA hydrogels 

illustrated that hydrogel degradation, infiltration, and resorption were additionally dictated 

by interactions between mechanical strength and the amount of HA relative to NP in 

the hydrogel formulation. The studies summarized above establish NP/HA shear-thinning 

hydrogels as a new hybrid injectable hydrogel system that integrates synthetic and 

biologically-active polymers, both of which possess unique antioxidant properties, through 

guest-host mediated physical crosslinking, and demonstrate that NP/HA hydrogels hold 

tremendous promise for further development as an injectable delivery platform for small 

molecule drugs and therapeutic cells in tissue repair applications.

4. Experimental Section

Detailed experimental procedures are provided in the Supporting Information.
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Figure 1. Synthesis of PPS ABC triblock copolymers and self-assembly of NPs.
(A) ABC triblock copolymer synthesis involves (1) Synthesis of hydroxy end terminated 

PPS135-OH by anionic polymerization; (2) Conjugation to create PPS135-ECT RAFT 

macro–CTA; (3) Synthesis of a diblock copolymer of PPS135-b-PDMAx-ECT by RAFT 

polymerization of DMA (x = 150, 200, and 300); (4) Synthesis of ABC triblock 

copolymer of PPS135-b-PDMAx-b-P(DMA-co-ADA)y from diblock copolymer by RAFT 

polymerization with y=200 (DMA180/ADA20, and DMA160/ADA40). (B) Composition 

and molecular weight of all polymers synthesized. GPC refractive index detector traces of 
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(C) PPS135-ECT, PPS135-b-PDMA147-ECT, PPS135-b-PDMA147-b-P(DMA188-co-ADA24), 

and PPS135-b-PDMA147-b-P(DMA165-co-ADA46); (D) PPS135-ECT, PPS135-b-PDMA204-

ECT, PPS135-b-PDMA204-b-P(DMA176-co-ADA18), and PPS135-b-PDMA204-b-P(DMA167-

co-ADA43); (E) PPS135-ECT, PPS135-b-PDMA293-ECT, PPS135-b-PDMA293-b-P(DMA184-

co-ADA24), and PPS135-b-PDMA293-b-P(DMA164-co-ADA41). (F) DLS hydrodynamic size 

distribution and (G) representative cryo-TEM images of PPS triblock copolymer NPs. All 

scale bars represent 100 nm.
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Figure 2. Rheological characterization of PPS NP/HA shear-thinning hydrogel formulations.
PPS NP/HA hydrogels formed by mixing D150-AD10% with HA-CD20% (7.5 wt% in 

PBS) results in stable hydrogels with porous interconnected microstructure captured by 

(A) cryo-TEM imaging (scale bar represents 100 nm) and (B) cryo-SEM imaging (scale 

bar represents 2 μm). Higher magnification of cryo-TEM images (black inset) reveals 

NPs (yellow circle) embedded within hydrogel matrix. PPS NP/HA hydrogel formulation 

demonstrates shear-thinning behavior (C) in a stepwise percent strain-based time sweep and 

(D) continuous flow measurements. (E) Heat map illustrating loss factor (tan δ) of candidate 
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PPS NP/HA hydrogels (n=3) when subjected to 0.5% and 300% strain. (F-H) Effect of AD 

grafting density in the third block of triblock copolymer on G’ of resultant hydrogels (n=3) 

for triblock copolymers with PDMA block DPs of (F) 150, (G) 200, and (H) 300 units. 

(I-K) G′ for hydrogel formulations as a function of PDMA block DP and grafting density of 

AD when formulated at CD/AD ratios of (I) 1, (J) 2, and (K) 0.5. All data are presented as 

means (± s.e.m.). Significance determined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001, and n.s. (not significant) by one-way ANOVA statistical analysis.
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Figure 3. In vitro evaluation of PPS NP/HA shear-thinning hydrogels as an injectable delivery 
platform of therapeutic cells.
Injection of candidate PPS D300-AD20% NP/HA 1CD/1AD hydrogel (7.5 wt%) observed 

when (A) hydrogel is injected through 30G needle (0.25 inch length) into PBS without 

hydrogel dispersion or dilution, and retention and stability is observed when the (B) injected 

hydrogel retains shape in solution without dispersion of dye in PBS for up to 24 hours 

post-injection. Representative traces of injection force over time for (C) PPS D150-AD10% 

1CD/1AD hydrogel, (D) PPS D300-AD20% 1CD/1AD hydrogel, and (E) HA/HA 1CD/1AD 
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hydrogel when injected through needles (0.25 inch length) of varying gauges. Quantification 

of injection force required to pass the (F) PPS D150-AD10% 1CD/1AD hydrogel, (G) 

PPS D300-AD20% 1CD/1AD hydrogel, and (H) HA/HA 1CD/1AD hydrogel (n=3) through 

needles (0.25 inch length) of varying gauges (18G, 22G, 25G) and a 25G needle of varying 

lengths (0.25 inch, 1 inch). Viability of mMSCs following hydrogel encapsulation and 

injection was evaluated as shown in the diagram (I) where injection was performed at a 

constant flow rate (2 mL/hr) maintained by a syringe pump, and cell viability post-injection 

was quantified by (J) Cell Titer-Glo measurements to compare viability of cells delivered in 

PPS NP/HA hydrogel, HA/HA hydrogel, or PBS as vehicle (n=8). All data are presented as 

means (± s.e.m.). Significance determined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001, and n.s. (not significant) by one-way ANOVA statistical analysis.
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Figure 4. In vitro mechanical degradation profiles of PPS NP/HA and control PCL NP/HA and 
HA/HA shear-thinning hydrogels.
Effect of oxidative degradation on G′ for (A) PPS D300-AD20% 1CD/1AD, (B) PCL 

D300-AD20% 1CD/1AD, and (C) HA/HA 1CD/1AD hydrogels (7.5 wt% PBS) (n=3) when 

incubated with 1 mM, 10 mM, and 100 mM of H2O2 for 48 hours. The corresponding 

tanδ-based heat map profiles for (D) PPS D300-AD20%1CD/1AD, (E) PCL D300-AD20% 

1CD/1AD, and (F) HA/HA 1CD/1AD (7.5 wt% PBS) (n=3) subjected to 1 mM H2O2, 

10 mM H2O2, and 100 mM H2O2 for up to 48 hours. A comparison of oxidative (1 mM 

Bezold et al. Page 22

Adv Funct Mater. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



H2O2), enzymatic (7 U/mL hyaluronidase), and combined (oxidative (1 mM H2O2) plus 

enzymatic (7 U/mL hyaluronidase)) degradation mediated decrease in G′ of (G) PPS based 

D300-AD20% 1CD/1AD, (H) PCL D300-AD20% 1CD/1AD, (I) HA/HA 1CD/1AD hydrogels 

(7.5 wt% PBS) (n=3) for up to 7 days. The corresponding tanδ-based heat map profiles for 

(J) PPS based D300-AD20% 1CD/1AD, (K) PCL D300-AD20% 1CD/1AD, and (L) HA/HA 

1CD/1AD hydrogels (7.5 wt% PBS) (n=3) subjected to enzymatic, oxidative, and combined 

oxidative and enzymatic degradation for up to 7 days. All data are presented as means (± 

s.e.m.).

Bezold et al. Page 23

Adv Funct Mater. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. In vitro cytocompatibility and cytoprotective capabilities of PPS NP/HA shear-thinning 
hydrogels.
Quantification of Cell Titer-Glo measurement of cytocompatibility of PPS D150-AD10% 

1CD/1AD, PPS D150-AD10% 2CD/1AD, PPS D300-AD20% 1CD/1AD, and PPS D300-

AD20% 2CD/1AD (7.5 wt% PBS) following (A) hydrogel overlay (n=5) on NIH 3T3 

fibroblasts in 2D culture and following (B) encapsulation of mMSCs in hydrogels (n=8) 

in 3D culture. Quantification of Cell Titer-Glo measurement of the viability of (C) 

encapsulated mMSCs in PPS D300-AD20% 2CD/1AD, PCL D300-AD20% 2CD/1AD, and 

HA/HA 1CD/1AD hydrogels (7.5 wt% PBS) (n=4-5) in 3D culture and subjected to H2O2. 

(D) Representative microscopy images of mMSCs encapsulated within PPS D300-AD20% 

2CD/1AD, PCL D300-AD20% 2CD/1AD, and HA/HA 1CD/1AD hydrogels (7.5 wt% PBS) 

and stained by calcein AM (live stain) and ethidium homodimer (dead stain) following 24 

hours of incubation with 0 μM or 250 μM of H2O2. All data are presented as means (± 
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s.e.m.). Significance determined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 

and n.s. (not significant) by one-way ANOVA statistical analysis.
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Figure 6. In vivo cellular infiltration and material resorption of PPS NP/HA shear-thinning 
hydrogels in a subcutaneous mouse model.
(A) Representative Masson’s trichrome stained explanted hydrogel sections at day 7 post-

implantation. All scale bars represent 100 μm. Voids in histology for D300-AD20% 1CD/1AD 

and HA/HA 1CD/1AD reflect loss of gels during processing/sectioning due to the poor 

cell and matrix integration with these hydrogels. Histological quantification of excised gel/

tissue sections demonstrates (B) timecourse of cellular infiltration (bottom shaded curve) 

and hydrogel degradation (top patterned curve) quantified for each hydrogel implanted 

subcutaneously (n = 5). Data are presented as means (± s.e.m.). Immunohistochemical 
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characterization of DNA oxidation of cells by (C) representative 8-OHdG IHC stained 

sections for PPS NP/HA and control PCL NP/HA hydrogels at day 7 post-implantation. All 

scale bars represent 100 μm. Quantification of 8-OHdG positive nuclei in excised gel/tissue 

sections demonstrates (D) reduced staining intensity for 8-OHdG in infiltrating cells of 

candidate PPS NP/HA hydrogels (n=5) compared to those cells infiltrating PCL NP/HA 

hydrogels (n=3). Data are presented as means (± s.e.m.). Significance determined as *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. (not significant) by two-tailed 

Student’s t-test.
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