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a b s t r a c t 

Innovative scaffold designs that modulate the local inflammatory microenvironment through favorable 

macrophage polarization and suppressing oxidative stress are needed for successful clinical transla- 

tion of regenerative cell therapies and graft integration. We herein report derivation of a hydrazone- 

crosslinked gallol functionalized hyaluronic acid (HA-GA)-based hydrogel that displayed outstanding vis- 

coelastic properties and immunomodulatory characteristics. Grafting of 6% gallol (GA) to a HA-backbone 

formed an interpenetrative network by promoting an additional crosslink between the gallol groups in 

addition to hydrazone crosslinking. This significantly enhanced the mechanical stability and displayed 

shear-thinning/self-healing characteristics, facilitated tissue adhesive properties to porcine tissue and 

also displayed radical scavenging properties, protecting encapsulated fibroblasts from peroxide challenge. 

The THP-1 human macrophage cell line or primary bone-marrow-derived murine macrophages cultured 

within HA-GA gels displayed selective polarization to a predominantly anti-inflammatory phenotype by 

upregulating IL4ra, IL-10, TGF- β , and TGF- βR1 expression when compared with HA-HA gels. Conversely, 

culturing of pro-inflammatory activated primary murine macrophages in HA-GA gels resulted in a signif- 

icant reduction of pro-inflammatory TNF- α, IL-1 β , SOCS3 and IL-6 marker expression, and upregulated 

expression of anti-inflammatory cytokines including TGF- β . Finally, when the gels were implanted sub- 

cutaneously into healthy mice, we observed infiltration of pro-inflammatory myeloid cells in HA-HA gels, 

while immunosuppressive phenotypes were observed within the HA-GA gels. Taken together these data 

suggest that HA-GA gels are an ideal injectable scaffold for viable immunotherapeutic interventions. 

Statement of significance 

Host immune response against the implanted scaffolds that are designed to deliver stem cells or thera- 

peutic proteins in vivo significantly limits the functional outcome. For this reason, we have designed im- 

munomodulatory injectable scaffolds that can favorably polarize the recruited macrophages and impart 

antioxidant properties to suppress oxidative stress. Specifically, we have tailored a hyaluronic acid-based 

extracellular matrix mimetic injectable scaffold that is grafted with immunomodulatory gallol moiety. 

Gallol functionalization of hydrogel not only enhanced the mechanical properties of the scaffold by form- 
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. Introduction 

During recent years there has been an exponential increase in 

he biomaterial research field of developing extracellular matrix- 

erived biopolymers for engineering bioactive scaffolds [1,2] , 

anocarriers [3] and other biomedical implants [4] . Several bio- 

aterials trigger a cascade of cellular events that are initi- 

ted post-implantation by fibrinogen deposition, followed by neu- 

rophil infiltration and monocyte recruitment that differentiate 

nto macrophages in the tissue and cause inflammation and scar 

issue formation [5] . The inflammation caused by these cellular 

nd molecular events at the implant site is identified as a key bot- 

leneck for using biomaterials for tissue engineering or as medical 

mplants [6] . Excessive inflammation triggered by the host immune 

ystem can cause tissue destruction or poor implant integration, 

eading to failure or rejection. Similarly, the survival of encapsu- 

ated cells in these biomaterials poses a great challenge as the 

ncapsulated cells undergo oxidative stress during inflammatory 

eactions, leading to poor cell survival and function [ 7 , 8 ]. There

s thus a pressing need to engineer scaffolds with inherent anti- 

xidant properties that will not only suppress oxidative stress but 

lso suppress senescence and improve self-renewal [8] . 

Cells of the innate immune system such as macrophages are 

elieved to be early responders in an immune response that 

ictates the success of implant integration [9] . Macrophages ex- 

st as specialized guardians in our tissues (tissue-resident cells) 

r are differentiated from circulating blood monocytes follow- 

ng immune activati [10] . They act as phagocytes as well as 

ntigen-presenting cells, activating the adaptive immune system. 

acrophages have been traditionally considered to be polarized 

nto differential functional states that either broadly lead to tis- 

ue damage (pro-inflammatory or M1 macrophages) or immune 

uppression and tissue-healing macrophages (immunosuppressive 

r M2 macrophages) [11] , although these properties are disease 

ontext-specific and the modern view reflects a spectrum of ac- 

ivation states. 

Controlling or regulating the immune response by tuning 

acrophage activation at the implant site is one of the key chal- 

enges in biomaterials research [12] . Macrophages have enormous 

lasticity and their activation states can be modulated in response 

o the biophysical and biochemical cues encompassed in the in- 

ured or inflamed tissue [ 13 , 14 ]. The most common strategy to con-

rol this activation is by encapsulating specific signaling molecules 

r stimulants that dictate the phenotype of infiltrating mono- 

ytes following implantation [12] . For example, a pro-inflammatory 

acrophage activation state can be induced by IFN- γ , TNF- α, or 

ndotoxin lipopolysaccharide (LPS), while an immunosuppressive 

acrophage activation state can be induced by IL-4, IL-10, IL-13 

r by using a cocktail of cytokines such as M-CSF, IL-4, IL-10, and 

GF- β [ 15 , 16 ]. 

Although these immunoregulatory strategies could be very use- 

ul for regulating the fate of the infiltrating cells, the cytokines 

sed for developing the immune responsive scaffolds have limited 

alf-life and are also expensive. Most of the 3D scaffolds derived 

rom biopolymers such as chitosan [17] or alginate [18] them- 

elves induce pro-inflammatory activation of macrophages. Con- 
37 
k but also induced antioxidant properties, tissue adhesive properties, and

rophages to immunosuppressive phenotype. We believe such immunore-

 way for developing the next-generation of biomaterials for regenerative

 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

ersely, scaffolds that selectively increase the population of im- 

unosuppressive macrophages significantly improve the compat- 

bility of the material for in vivo applications [19] . However, there 

s currently a paucity of scaffolds with the latter function. 

In this report we address this challenge by engineering tis- 

ue instructive scaffolds utilizing extracellular matrix (ECM) poly- 

ers possessing appropriate physicochemical properties that mod- 

late the host inflammatory response and ameliorate adverse im- 

une reactions [20] . Hyaluronic acid (HA) is one such biopolymer 

nd an important component of the ECM that is known to pos- 

ess immune-responsive properties and could be used to fabricate 

ioactive nanomaterials and hydrogels. 

From an engineering perspective, HA offers great advantages as 

t possesses several reactive functional groups that allow the con- 

ugation of biorthogonal moieties and bioactive molecules. HA of 

ifferent molecular weights have been reported to differentially ac- 

ivate macrophages [21] and HA-derived nanoparticles loaded with 

oxorubicin have been designed to regulate macrophage polariza- 

ion [22] . HA-based nanoparticles have also been developed to tar- 

et pro-inflammatory macrophages by targeting CD44 receptors 

23] and are proposed for atherosclerosis treatment [24] . 

We have previously designed several drug delivery systems 

 25 , 26 ] and hydrogels [ 27 , 28 ] using HA as the base material. We

ave recently demonstrated that HA could effectively complex with 

ucleic acids through hydrophobic interactions [29] , and that scaf- 

olds tailored using HA possess growth factor-sequestering proper- 

ies [30] . These scaffolds inherently do not change the immune- 

ctivating behavior of the materials and therefore have their limi- 

ations. 

Herein, we aimed to overcome this problem by design- 

ng an HA-based scaffold with optimal biochemical cues that 

ould differentiate infiltrating monocytes into immunosuppressive 

acrophages, achieved without the necessity of loading any im- 

unoregulatory molecules. We believe such immunosuppressive 

caffolds will be better tolerated for tissue regeneration applica- 

ions. 

. Materials and methods 

Hyaluronic acid (MW 130 kDa) was purchased from LifeCore 

iomedical (Chaska, USA). Gallic acid (3,4,5-trihydroxy benzoic 

cid), 1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide hydrochlo- 

ide (EDC), 1–hydroxy benzotriazole hydrate (HOBt), carbohy- 

razide (CDH), 3- amino 1,2- propanediol, and sodium periodate 

ere purchased from Sigma-Aldrich. Dialysis membranes used for 

urification were purchased from Spectra Por-6 (MWCO 3500). All 

olvents were of analytical quality. All spectrophotometric analy- 

is was carried out on Shimadzu UV-3600 plus UV–VIS-NIR spec- 

rophotometer. 

.1. Hydrogel preparation 

HA-HA and HA-GA hydrogels were prepared using hydrazone 

rosslinking between aldehyde and carbodihydrazide moieties of 

he hyaluronic acid derivative. The details of the synthesis and 

haracterizations of the hyaluronic acid components, HA-CDH, HA- 

ld, and HA-GA-CDH are described in the supporting information. 

http://creativecommons.org/licenses/by/4.0/
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he components were dissolved at a concentration of 16 mg/mL 

or all experiments, and equal volumes of aldehyde and carbodihy- 

razide derivatives were used to form the hydrogels. HA-CDH and 

A-GA-CDH were dissolved in 10% sucrose solution, while HA-Ald 

as dissolved in phosphate-buffered saline (1x PBS). Prior to ex- 

eriments involving cell encapsulation, the materials were UV ster- 

lized for 20 min and subsequently dissolved in sterile solutions. 

2.2 Rheological properties 

Hydrogels of 250 μL volume were prepared in the form of cylin- 

ers with 12 mm diameter, cured overnight and their rheological 

roperty was measured using a TA instruments’ TRIOS Discovery 

R 2 rheometer. The values for storage and loss modulus were ob- 

ained using the frequency sweep and were plotted against the fre- 

uency (Hz). This demonstrates the viscoelastic shear behavior of 

aterials as a function of frequency, which is the inverse value 

f time. Short-term properties stimulated at rapid motion using 

igh frequency and long-term properties stimulated at slow mo- 

ion using low frequency provides time-dependent storage elastic- 

odulus (G’), viscous loss-modulus (G") and complex viscosity ( η∗) 

o name a few under controlled testing conditions. The hydrogels 

ere cured for 24 h prior to the measurements. To evaluate strain 

ecovery of the fully crosslinked hydrogels, G’ and G’’ was mea- 

ured under alternating low (1%) and high oscillation strain (100%) 

onditions at 25 °C and 1 Hz oscillation frequency for seven cycles 

ith 60 s of holding period in each step using 12 mm diameter 

tainless steel parallel plate geometry. 

.3. Swelling and degradation study 

To study the degradation and swelling characteristics of the ma- 

erial, three parallel samples of hydrogels were subjected to acidic, 

asic, and neutral pH conditions. Briefly, 250 μL gels were prepared 

n glass vials and the initial weight of the hydrogels was recorded. 

he gels were then submerged in 1 mL acetate buffer with pH 5, 

 mL 1x PBS with pH 7.4, and 1 mL bicarbonate buffer with pH

djusted to 9.0 using 1 M NaOH, for the acidic, neutral, and basic 

H conditions respectively. To observe the swelling and subsequent 

egradation characteristics of the gels, the gels were weighed, and 

he buffer was replaced daily for the first four days and subse- 

uently every alternate day until the sample degraded or for a to- 

al of 30 days. The remaining weight percentage was calculated by 

sing the formula: 

emaining weight % = 

Measured weight 

Initial Weight 
× 100 

urther enzymatic degradation and swelling study of the material 

as conducted using hyaluronidase at a concentration of 50 U/mL 

n PBS at pH 7.4. Three parallel samples of 250 μL HA-HA and 

A-GA gels were prepared in glass vials of known recorded blank 

eight, allowed to crosslink for 24 h, weighed with the formed 

els, and subsequently submerged in 1 mL hyaluronidase PBS so- 

ution. In a similar fashion to the aforementioned swelling and 

egradation experiment, the hyaluronidase buffer solution was 

arefully removed prior to measurement every 24 h, the gels were 

eighed and the enzyme buffer was replaced after each measure- 

ent. The degradation weight percentage was calculated using the 

ormula: 

emaining weight % = 

Measured weight 

Initial Weight 
× 100 

.4. Tissue-adhesive tack test 

To observe any difference in the adhesive properties of the two 

ydrogels (HA-HA and HA-GA), a tack adhesion test was performed 

sing a rheometer. We first glued the porcine muscle having the 

ame diameter to that of the geometry (12 mm) to the movable 
38 
op head of the rheometer and then placed the fully cured 250 μL 

f HA-HA and HA-GA gels of 2 mm thickness on the bottom plate. 

ubsequently, the top plate attached with the muscle tissue was 

laced in contact with the gel with a holding period of 120 s (resi- 

ence time) during which a constant compressive force of 100 mN 

as applied to establish a uniform molecular contact between the 

issue and the gels. Thereafter, the top plate was pulled up at a 

onstant velocity of 10 μm/ sec to record the change in axial force 

N) with respect to time. The experiments were performed in trip- 

icate at 25 °C. A graph of axial force (N) vs step time was plotted

o observe differences between the two hydrogels. 

.5. Anti-oxidant property 

To evaluate the free radical scavenging activity of the HA-GA, 

he DPPH (2,2,1-diphenyl-1-picrylhydrazyl) method was used [31] . 

queous HA-GA-CDH solution was obtained by dissolution of 1 mg 

f polymers in 1 mL of deionized water, followed by the addition 

f an equal volume of a methanol stock solution containing 1 mg 

f DPPH radical in 12.5 mL methanol. After incubation at 25 °C for 

0 min, the absorbance of the resulting solution was measured at 

17 nm using a UV −Vis spectrophotometer. 

he DPPH scavenging activity (%) = [ ( A 0 − A 1 ) / A 0 ] × 100 

here, A 0 is the absorbance of blank DPPH solution that was used 

nder the same reaction conditions in the absence of synthesized 

olymers, and A 1 is the absorbance of DPPH solution in the pres- 

nce of polymer samples. 

.6. Cell culture 

CRL-2429 cells are human fibroblast cells obtained from skin 

issue. These cells were cultured in T-75 cell culture flasks in 

ulbecco’s Modified Eagle Medium (DMEM, Gibco) with 10% fetal 

ovine serum (Gibco) and 1% Penicillin-Streptomycin as an antibi- 

tic (DMEM complete medium) in a cell culture incubator at 37 °C 

nd 5% CO 2 . The medium was changed every alternate day. TrypLE 

elect (Gibco) was used to detach the cells from the flasks during 

assaging. Cells were passaged upon reaching around 80% conflu- 

ncy. Cells from passage 18–20 were used for experiments. 

THP-1 cells (human monocytic cell line) were cultured in sus- 

ension culture in T-25 cell culture flasks in Roswell Park Memo- 

ial Institute (RPMI) 1640 medium (Gibco) with 10% fetal bovine 

erum (FBS) and 1% Penicillin-Streptomycin as an antibiotic (RPMI 

omplete medium) in a cell culture incubator at 37 °C and 5% CO 2 .

ells from passage 14–15 were used for experiments. 

For isolating murine bone marrow-derived macrophages 

BMDM) femurs were collected from mice. After aspirating the 

ells from the bone marrow, they were cultured in the flasks for 

wo weeks in MEM high glucose medium (Gibco) supplemented 

ith 10% FBS and 10 ng/mL of mCSF. The medium was replenished 

very 3 days. For the experiments with unactivated phenotypes, 

hese cells were detached using trypsin/EDTA (Gibco) and counted 

nd resuspended in the hydrogels at a concentration of 2 × 10 6 

ells/mL. To induce a proinflammatory activation state, BMDM was 

reated with 20 ng/mL lipopolysaccharide (LPS) (Invitrogen) and 

0 ng/mL INF- γ (R&D systems) for 16 hrs. 

Prior to encapsulation, cells were detached from the flasks, cen- 

rifuged, and resuspended in complete medium, counted, and the 

equired number of cells was further centrifuged, and the pel- 

ets resuspended in HA-GA-CDH or HA-CDH, respectively. Hydro- 

els were formed by mixing HA-GA-CDH or HA-CDH cell suspen- 

ion with HA-Ald in equal volumes in cell culture plates. The hy- 

rogels were incubated for 20 min at room temperature to ensure 

elation and then 500 μL complete medium was added to each 

ell. The medium was changed every alternate day or as other- 

ise indicated. 
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.7. Live/Dead staining 

For live/dead staining, CRL2429 fibroblasts were encapsulated in 

00 μL hydrogels at a concentration of 2 × 10 6 cells/mL in a 48- 

ell plate. The encapsulated cells were cultured for 14 days, with 

 medium change every alternate day, and cell viability, as well as 

hanges in morphology of the cells, was visualized by LIVE/DEAD 

taining (Viability/Cytotoxicity Kit for mammalian cells, Molecular 

robes, USA) using a fluorescence microscope. To carry out the 

ive/Dead staining, the medium was aspirated from the wells and 

he gels were washed with 1x PBS twice. 300 μL Live/Dead stain- 

ng solution containing 2 μM Calcein AM and 1 μM Ethidium ho- 

odimer in 1X PBS was added to the wells and the plates were 

ncubated at 37 °C for 1.5 h. Post-incubation the hydrogels were 

ashed with 1x PBS once and imaged using a 10x objective and 

 Nikon Eclipse Ts 2 fluorescence microscope. Live/Dead staining 

as performed on days 1,7 and 14 after the hydrogel formation. 

mages obtained from the microscope were post-processed using 

ikon NIS Viewer and ImageJ software. 

.8. Cell viability under oxidative stress 

To observe the effect of the antioxidant property on cellular be- 

avior, CRL-2429 human fibroblast cells were exposed to hydro- 

en peroxide (H 2 O 2 ) to stimulate free radical formation, along with 

xposure to the hydrogel material, and subsequently cell viabil- 

ty was quantified using PrestoBlue (Thermofisher) cell viability as- 

ays. 

For monolayer cultures, cells were plated in 24-well plates 

t a density of 50,0 0 0 cells/well and incubated for 24 h. Post- 

ncubation, 1 mg/mL of HA-CDH and HA-GA-CDH were exposed to 

he cells. Oxidative stress was induced by adding 200 μM of H 2 O 2 

long with the materials. The plates were further incubated for 2 

ays and cell viability was quantified using PrestoBlue cell viability 

ssay. 

For 3D cultures, 2 × 10 6 cells/mL were encapsulated in 200 μL 

f HA-HA or HA-GA gels in 24 well plates and incubated for 2 

ays. Post-incubation, 250 μM H 2 O 2 was added to the wells to in- 

uce oxidative stress. The gels were incubated for 2 days and the 

edium was replaced. After 2 days, the PrestoBlue cell viability as- 

ay was carried out. 

.9. Immunomodulatory property 

To observe the immunomodulatory effects of the gels, 4 × 10 6 

HP-1 cells/mL were encapsulated in 200 μL HA-HA or HA-GA gels. 

he medium was changed every 2 days to account for medium 

oss due to swelling of gels. Gene expression analysis was per- 

ormed by RNA extraction, followed by cDNA synthesis from the 

xtracted RNA. The synthesized cDNA was then subjected to a 

uantitative polymerase chain reaction (qPCR) to quantify the 

old change in gene expression levels. RNeasy Plus Mini Kit (Qi- 

gen) was used for RNA extraction. Briefly, the gels were first 

echanically disrupted followed by suspension in PBS and cen- 

rifuged. Lysis buffer was added to the pellet and the kit proto- 

ol was followed. Post-extraction, the RNA samples were stored at 

20 °C. cDNA was prepared by following the cDNA synthesis kit 

Thermo Fisher Scientific). For qPCR reactions, the cDNA sample 

as added along with TaqMan Fast Advanced Master Mix (Thermo 

isher Scientific), nuclease-free water (Invitrogen), and TaqMan as- 

ay primers and subjected to the reaction process in a Bio-Rad 

FX96 Real-time PCR machine as per the manufacturer’s protocol. 

he expression levels of the following genes were analyzed using 

ommercially available TaqMan Gene Expression Assays (Thermo 

isher Scientific): TNF- α (Hs00174128), IL1- β (Hs01555410), IL10 
39 
Hs0 0961622), IL1RN (Hs0 0893626), with β-Actin (Hs010 60 6 65) as 

 housekeeping gene. 

Murine BMDM was differentiated into a resting phenotype in 

ccordance with the culture conditions outlined above. Cells were 

hen encapsulated in hydrogels at a concentration of 2 × 10 6 

ell/mL and cultured for two weeks, after which gene expression 

nalysis was performed. For the LPS stimulation experiments, the 

timulated cells were then encapsulated in the hydrogels and cul- 

ured for 3 days, after which gene expression analysis was per- 

ormed. In each setting RNA was extracted using a commercially 

vailable kit (RNeasy Mini kit, Qiagen). cDNA first strand was syn- 

hesized following the protocol from the iScript cDNA synthesis kit 

BioRad). iQ SYBR Green Supermix was used to prepare the sam- 

les for qPCR on a CFX96 instrument from BioRad. The murine 

rimers (sequences in SI) for the qPCR were obtained from Sigma 

ldrich, Sweden. 

The qPCR data were normalized and analyzed using a compara- 

ive quantitation method and data are presented as ��Ct method. 

o unequivocally quantify the immunological response of GA func- 

ionalization, we used the HA-HA gel (HA hydrogel without GA) 

s the normalizing variable. Reference housekeeping gene β-Actin 

for the PCR with THP1 cells) and HPRT (for the murine BMDMs) 

ere selected as an internal control for the normalization of qPCR 

ata. 

.10. Multiplex bead-based immunoassays 

Bead-based cytokine detection immunoassays from LEGEND- 

lex (BioLegend) were used to identify secreted cytokines follow- 

ng in vitro cell culture. Cell culture supernatants were collected 

t the respective timepoints and stored at −80 °C before use. The 

ouse Macrophage/Microglia Cytokine Panel (BioLegend) was used 

o detect secreted cytokines as per the manufacturer’s instructions. 

nalyses were performed using LEGENDplex Data Analysis Soft- 

are (BioLegend) and the cytokines were quantified by comparing 

amples to a set of standard curves prepared in parallel with su- 

ernatant samples. 

.11. In vivo recruitment of immune cells in C57BL/6 mice 

Female mice (8–9 weeks old) were injected subcutaneously 

ith 200 μL HA-GA and HA-HA gel on each side of the lower back 

rea. Five days post injection the gels were recovered and digested 

n 500 μL PBS containing 0.4 mg/mL hyaluronidase (Sigma-Aldrich) 

nd trypsin 1 g/mL (Gibco) for 50 min at 37 °C. The cell suspen- 

ion was filtered using a 40 μm strainer and centrifuged at 350 g 

or 5 min at 4 °C. The pellet was resuspended in a cocktail of an-

ibody solution (see below) for 30 min at 4 °C. After a wash with 

BS, the cells were centrifuged as above and transferred to FACS 

ubes. The cells were analyzed using a BD LSR FORTESSA. The data 

as analyzed using the software Flowjo V 10.8.0. The antibody 

anel included CD45-PeCy7 1:100, CD11b-PercpCy5.5 1:100, CD36- 

e 1:100, CD86-APC 1:100, MHCII-A700 1:100, CD40-FITC 1:100, 

ive dead marker – Near infrared 1:500). Ethical permission was 

btained from the regional ethical committee, Stockholms djur- 

örsöksetiska nämnd (Dnr 9328–2019). 

.12. Statistical analysis 

The statistical measurements were achieved by comparing each 

xperimental value with their respective controls (in our case HA- 

A was compared with HA-HA). The assessments between the two 

roups were performed using the student’s unpaired T-test and 

ann Whitney test as indicated. These tests were performed using 

raphPad Prism Software P < 0.05 was the statistical significance for 

ll tests. 
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. Results and discussion 

To design the bioactive 3D scaffold we utilized HA, an anionic 

on-sulfated glycosaminoglycan (GAG), as a base biopolymer. As 

n immunomodulatory agent we utilized gallic acid (GA), a low 

olecular weight polyphenol compound occurring naturally in var- 

ous terrestrial plants including green tea. GA possesses diverse 

ioactivities such as anti-carcinogenic, anti-mutagenic, and anti- 

nflammatory properties [32] . We hypothesized that grafting of GA 

n a HA scaffold would provide antioxidant properties necessary to 

olarize macrophages into a tissue regenerative phenotype. 

Conventionally, GA is conjugated to polysaccharides via ester 

inkages utilizing the aliphatic hydroxyls on the polymer or by car- 

odiimide coupling of amine-functionalized GA with the carboxy- 

ate residues of the polymer [ 33 , 34 ]. Both these approaches are in-

fficient, rendering a poor coupling yield. To circumvent this we 

odified the carboxylate residues of GA to a hydrazide deriva- 

ive as they are known to undergo proficient EDC coupling ow- 

ng to a lower pK a of hydrazides over amines [35] . To achieve this

e first transformed the carboxylate groups of GA to methyl es- 

er followed by nucleophilic displacement with aqueous hydrazine 

80% solution) to obtain GA-hydrazide in quantitative yields. The 

ydrazide derivative of GA was characterized by 1 H and 

13 C NMR 

pectroscopy (Figure S2 and S3 in SI). We have recently shown that 

ompared to hydrogels obtained by NaIO 4 oxidation of dopamine 

onjugated HA, the hydrogel obtained by GA functionalized HA 

isplayed faster oxidation at physiological pH and possess higher 

issue adhesive properties [35] . In this study, the GA function- 

lized HA was grafted with carbodihydrazide (CDH) groups as a 

iorthogonal moiety that facilitates covalent crosslinking reaction 

ith aldehyde functionalized HA derivative. We have earlier re- 

orted that unlike other hydrazone bonds, which are labile, the 

DH-derived hydrazones are exceptionally stable under physiologi- 

al conditions due to their unique delocalized electronic structures 

27] . 

Using this optimized protocol we developed hydrazone 

rosslinked HA-hydrogels grafted with the GA moiety, in which 

he degree of GA functionalization was 6% with respect to the 

isaccharide repeat units (Figure S5 and S6 in SI) and the degree 

f hydrazone crosslinking was fixed at 10%. For comparison, we 

sed HA gels without GA by using the same hydrazone chemistry 

ith similar levels of crosslinking density using 10 mol% modified 

A-Aldehyde (Figure S7 and S8 in SI). A DPPH radical scavenging 

ssay was used as a preliminary assessment of the changes in 

ydrogel antioxidant property upon the incorporation of gallol 

oieties. The DPPH reagent underwent a visual change in color 

rom deep purple to deep orange in HA-GA, which is due to the 

ntioxidant property imparted by GA. The UV–Vis spectroscopy 

easurement of 0.5 mg/mL HA-GA-CDH (75 μM GA grafted on 

A-GA-CDH) in presence of DPPH displayed 50% reduction in 

bsorption indicating potent antioxidant properties (Figure S12A 

n SI). 

We performed the rheological evaluation of HA gels (HA-HA) 

nd HA gels with 6% GA (HA-GA gels) by subjecting the gels to 

mplitude and frequency sweeps. The rheological analyses demon- 

trated that both HA-HA and HA-GA gels remained stable dur- 

ng the rheological testing and consistently yielded higher storage 

odulus (G 

′ ) values as compared to loss modulus (G 

′ ′ ) ( Fig. 2 A).

or HA-HA gels, a storage modulus, G 

′ , of 995 ± 4 Pa and a loss

odulus G 

′ ′ of 7 ± 3 Pa was observed, while for HA-GA gels the 

 

′ and G" values were 747 ± 57 and 4 ± 1 Pa, respectively. The tan

value, which is the ratio between G 

′ and G 

′ ′ , yielded significantly 

ess values than 1 (0.00 6 6 and 0.0057 for HA-HA and HA-GA gels,

espectively), indicating that the gels were highly elastic in nature. 

he average mesh size ( ξ ), which represents the pore size of the 

el by considering the distances between the two entanglement 
40 
oints, was calculated to be 16.05 nm and 17.70 nm, respectively, 

or HA-HA and HA-GA gels. The addition of GA moieties led to a 

ecrease in the storage modulus values, indicating softer gels at 

he beginning. By using the modulus data, we also calculated the 

verage critical molecular weight between the crosslinks (M c ) us- 

ng rubber elastic theory that applies to highly elastic gels, which 

as evident from the tan δ values. M c values were 39.11 kg mol −1 

nd 44.18 kg mol −1 for HA-HA and HA-GA gels, respectively, sug- 

esting that HA-GA gels were softer than HA-HA gels with higher 

(Table S1). 

We next performed swelling studies to investigate the stability 

f these gels under physiological conditions (pH 7.4) and at acidic 

onditions (pH 5.0) where the hydrazone crosslinks are susceptible 

o degradation and at basic pH of 9.0 (Figure S9 in SI). Both HA- 

A and HA-GA hydrogels showed rapid initial swelling followed 

y degradation in acidic buffer (pH 5.0), although the HA-GA gels 

isplayed relatively lower swelling. However, under physiological 

onditions (pH 7.4) and at pH 9.0, both the gels remained stable. 

We were intrigued by the fact that the GA functionalized HA 

els did not show any significant swelling or degradation over the 

eriod of 25 days under basic or neutral conditions after the initial 

welling within 5 days. This observation prompted us to investi- 

ate the viscoelastic properties of HA-HA and HA-GA gels at differ- 

nt time points at pH 7.4 to decipher the role of GA in inducing 

his characteristic. Fascinatingly, we observed matrix stiffening in 

A-GA hydrogels at day 2 compared to day 0 when immersed in 

BS at pH 7.4 ( Fig. 2 B). Thereafter, the HA-GA gels exhibited ex- 

eptionally stable storage modulus compared to HA-HA hydrogels 

ntil day 21, whose storage modulus slowly deteriorated until day 

5 and then underwent rapid loss by day 21 ( Fig. 2 B). This clearly

uggests that the grafting of GA in HA gels promote the formation 

f secondary network that stabilizes the gel and prevent excessive 

welling (Table S2). We believe this is attributed to the unique ca- 

ability of the gallol moiety to undergo oxidation that generates 

adicals and undergo intermolecular dimerization [35] . Such sec- 

ndary stabilization decreases the segmental mobility of the poly- 

er chains and reduces the pore size, favoring a stiffer and stable 

atrix formation. 

To determine the injectability of these chemically cross-linked 

ydrogels we determined the flow behavior (viscosity) at room 

emperature (Figure S10) by continuously increasing the shear rate 

p to 10 s − 1 . Both the HA-HA and HA-GA hydrogels displayed a 

apid decline in the viscosity upon application of increasing shear 

ate (0.01 to 10 s − 1 ), suggesting their injectability. We further 

scertained the shear-thinning characteristics of these gels by esti- 

ating the viscosity recovery by performing a dynamic experiment 

pplying a periodic low (0.01 s − 1 ) and high shear rate (10 s − 1 )

o the hydrogel samples (seven cycles; Figure S11 in SI). Both the 

ydrogels recovered their initial viscosity when the shear rate was 

eriodically lowered. We also tested the dynamic strain recovery 

roperties of these hydrogels ( Fig. 2 C and 2 D). At low strain (1%),

oth the hydrogels displayed higher storage modulus, and with in- 

reasing strain (100%) the storage modulus was reduced while loss 

odulus increased in HA-GA hydrogels, while they were similar in 

ase of HA-HA gels. Upon withdrawal of the high strain both hy- 

rogels recovered their initial storage modulus, suggesting the dy- 

amic nature of the hydrogel chemistry. 

We next performed tissue adhesion tack tests using a rheome- 

er in order to investigate the tissue adhesive properties using 

orcine muscle tissue as a model. Notably, both HA-HA and HA-GA 

els showed tissue-adhesive properties ( Fig. 2 E). However, HA-GA 

ad significantly greater adhesion to the wet muscle tissue, as a 

reater negative force was required to induce cohesive failure be- 

ween the top plate and the gel. 

To further prove the gallol-mediated secondary network forma- 

ion in the HA-GA hydrogels we performed an enzymatic degrada- 



S. Samanta, V.K. Rangasami, H. Sarlus et al. Acta Biomaterialia 142 (2022) 36–48 

Fig. 1. Schematic representation of the formation of hydrazone crosslinked HA-HA and hydrazone and gallol crosslinked interpenetrating HA-GA hydrogel. 

Fig. 2. (A) Rheological measurements obtained from frequency sweep for 250 μL HA-HA and HA-GA hydrogels ( n = 3). (B) Rheological measurements of HA-HA and HA-GA 

hydrogels (250 μL, n = 3) immersed in PBS buffer (pH 7.40). Dynamic strain recovery of a (C) HA-HA, and (D) HA-GA hydrogel undergoing cyclic deformation of 1% (low) 

and 100% (high) strain at 1 Hz with G’ (blue line) and G’’ (red line). (E) Measurement of tissue adhesion force of the two hydrogels by rheological tack adhesion test (250 

μL gels). (F) Degradation profiles of HA-HA and HA-GA hydrogels (250 μL, n = 3) in neutral PBS (pH 7.4) buffer containing 50 U/mL hyaluronidase. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

41 
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Fig. 3. (A) LIVE/DEAD staining of CRL2429 fibroblasts encapsulated inside hydrogels on 1, 7, and 14 days of culture. Cells stained in green (Calcein AM) represent live cells 

while cells stained in red (EtBr) represent dead cells. (Scale bar = 500 μm, Cell density = 2 × 10 6 /mL). (B) 2D monolayer and (C) 3D encapsulated cells Presto Blue viability 

assays showing the antioxidant effect of GA moieties on CRL2429 cells during induced oxidative stress. HA-GA improves cell viability during oxidative stress in (B) monolayer 

and (C) 3D cultures. (Cell density = 5 × 10 4 cells/well for 2D ( n = 6) and 2 × 10 6 /mL for 3D cultures, ( n = 3)). Statistical analysis used the Mann-Whitney Test ∗P < 0.05. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

t

z

p

t  

t

h

n

h

m

s

i

H

s

t

g  

i

m

a

s

c

a

t

t

t

p

H

d

d

c

[

H

C

a

i

e  

p

w

(

t

t

H

a  

g

r

ion study in the presence of hyaluronidase in PBS at pH 7.4. En- 

ymatically, the HA-GA gels illustrated slower degradation in the 

resence of hyaluronidase than did the HA-HA gels, especially af- 

er day 2 ( Fig. 2 F). Conversely, the HA-HA gels initially swelled and

hen degraded at a faster rate than did HA-GA in the presence of 

yaluronidase. The additional GA-mediated secondary crosslinking 

etwork along with the primary hydrazone network in the HA-GA 

ydrogel thus limits the hydrogel swelling and restricts the enzy- 

atic degradation by bulk erosion, yet promotes degradation by 

urface erosion. 

We next evaluated the biocompatibility of the materials using 

n vitro studies. We first encapsulated CRL2429 fibroblasts in both 

A-HA and the HA-GA hydrogels and evaluated cell viability in- 

ide the hydrogels using live/dead staining. We observed that af- 

er 14 days in culture the CRL2429 fibroblasts were viable in both 

els ( Fig. 3 A). To further confirm that primary cells are also viable

n our hydrogels, we cultured the human bone marrow-derived 

esenchymal stem cells (MSCs) and BMDMs (M0) in the two gels 

nd performed live/dead staining. Interestingly, we did not observe 

ignificant cell death at the respective time points with both the 

ell types (Figure S13A & S13B in SI). To corroborate the viability 

nd proliferation of cells (MSCs) in our hydrogels, we measured 

he DNA content of the cells from the respective hydrogels using 
42 
he CyQuant cell proliferation kit at days 1,7,14 and 21, respec- 

ively. These experiments revealed that the cells were viable and 

roliferating from day 1 to day 21 in HA-HA gels. In the case of 

A-GA hydrogels, we recorded limited cell proliferation between 

ays 1 and 14 and a subsequent increase in the proliferation up to 

ay 21 (Figure S13C in SI). The reduction of the cell proliferation 

ould be attributed to the effect of the gallol on MSC proliferation 

36] . 

To ascertain the antioxidant properties of the gallol-modified 

A we first incubated the individual hydrogel components (HA- 

DH and HA-GA-CDH) with the CRL2429 cells in the presence or 

bsence of hydrogen peroxide (H 2 O 2 ). Cells cultured in 2D without 

ncubating with any hydrogel components (cultured in the pres- 

nce or absence of H 2 O 2 ) were used as a control group. As ex-

ected, we observed a reduction in cell viability ( ∼50% reduction) 

hen the cells were exposed to 200 μM H 2 O 2 . When HA-CDH 

1 mg/mL) was added to the cells we observed a ∼55% reduc- 

ion of cell viability in the H 2 O 2 -treated cells compared to the un- 

reated cells. Interestingly, when the cells were incubated within 

A-GA (1 mg/mL), there was only ∼36% reduction in the cell vi- 

bility when exposed to 200 μM H 2 O 2 ( Fig. 3 B). This clearly sug-

ests that the GA moiety in the HA-GA polymer contributes to the 

adical scavenging property. 
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Fig. 4. Gene expression analysis of pro-inflammatory markers TNF- α and IL-1 β and anti-inflammatory markers IL-10 and IL-1ra in THP-1 cells encapsulated in HA-GA 

hydrogels for 8 days in basal medium, as compared to HA-HA gels. Expression of anti-inflammatory markers was increased in HA-GA gels as compared to HA-HA gels, 

suggesting increased immunosuppressive polarization (200 μL gels. THP-1 density = 4 × 10 6 /mL, n = 6). Statistics used Mann-Whitney Test ∗P < 0.05. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Cytokine release in the medium by the primary murine BMDM cells analyzed by capture bead assay on (A) day 1 and (B) day 10. Statistical analysis done by Mann- 

Whitney Test using GraphPad Prism. ∗∗P < 0.01 (C) Cytokine mRNA levels produced by the BMDM cells as determined by qRT-PCR when encapsulated within HA-HA and 

HA-GA gels ( n = 5) for 14 days. Statistical analysis using student T-test ∗P < 0.05. 
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To validate the antioxidant properties of the HA-GA hydrogels 

e performed 3D cellular oxidative stress measurement experi- 

ents. We encapsulated the CRL2429 fibroblasts in HA-HA and 

A-GA gels and induced oxidative stress by exposing the system to 

50 μM H 2 O 2 for 48 h. The cells cultured in HA-HA gels displayed

ignificant oxidative stress upon exposure to H 2 O 2 and their viabil- 

ty was drastically reduced to 50% after 48 h in culture. As antic- 

pated, the cells encapsulated in the HA-GA gels displayed higher 
43 
ell viability ( ∼78%) upon exposure to H 2 O 2 ( Fig. 3 C and Figure

12B). These experiments suggest that the GA component in the 

ydrogel network shielded the encapsulated cells from oxidative 

tress by scavenging free radicals induced by the addition of H 2 O 2 . 

As blood-derived monocytes are early responders to inflamma- 

ion and injury that can differentiate into activated phenotypes we 

nvestigated if our HA-GA gels provided the necessary cues for the 

ifferentiation of monocytes to M1 or M2 macrophages, respec- 
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Fig. 5. Continued 
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ively ( Fig. 4 ). For this purpose, we encapsulated human mono- 

yte THP-1 cells in HA-HA and HA-GA gels without the addition 

f any immunomodulatory agents or differentiation factors. After 

 days in culture we observed that relative to the HA-HA gels, 

ells cultured in HA-GA gels exhibited ∼125-fold higher expres- 

ion of IL-10 and ∼2.5-fold increase in IL-1ra as quantified by 

RT-PCR. The higher expression of IL-10 and IL-1ra indicates that 

he macrophages had become preferably polarized towards an im- 

unosuppressive M2 phenotype in HA-GA gels [37] . Interestingly, 

e also observed a ∼20-fold increase in IL-1 β , a pro-inflammatory 

ytokine. It is important to consider that it is the net sum of 

nflammatory genes that determine the final macrophage activa- 

ion phenotype, so the co-expression of both pro-inflammatory 

nd immunosuppressive markers is expected. Immunosuppressive 

acrophages are known to mitigate tissue damage and to con- 

ribute to the recovery from conditions such as spinal cord injury 

nd myocardial ischemia [ 38 , 39 ]. Furthermore, we believe that the 

ubstantial amount of IL-10 produced by these cells inhibits the 

ifferentiation of neighboring cells into pro-inflammatory activated 

acrophages by repressing the pro-inflammatory genes via the IL- 

0/STAT3 pathway [40] and thereby allowing the macrophage pop- 

lation to be self-regulating [41] which could be useful in reducing 

nflammation and could facilitate wound healing and tissue regen- 

ration. 

To further substantiate our observation that HA-GA gels po- 

arize macrophages towards an immunosuppressive profile, we 

onducted further experiments by encapsulating murine bone 

arrow-derived primary macrophages (BMDM) in their resting 

tate (M0 macrophage) within the HA-GA gels for 10 days. The 
44 
MDM cells used in this study were isolated and cultured follow- 

ng a standard protocol [42] . The conditioned media was collected 

n day 1 and day 10 and analyzed using a multiplex bead-based 

ssay (LEGENDplex from Biolegend) ( Fig. 5 A > , 5 B). We observed

hat at day 1 the cells cultured in the HA-GA gels produced lower 

evels of pro-inflammatory cytokines such as IL-6 (1.6 ± 0.5 ng/mL 

n HA-GA vs 2.5 ± 0.5 ng/mL in HA-HA), IL-12p40 (0.6 ± 0.4 ng/mL 

n HA-GA vs 3 ± 1 ng/mL in HA-HA) and MDC (1 ± 0.3 ng/mL in 

A-GA vs 3 ± 1 ng/mL in HA-HA) when compared to the HA-HA 

els. Interestingly, TGF- β (3 ± 0.3 ng/mL) and TNF- α (2 ± 1 ng/mL) 

ytokine release in the day 1 HA-GA gels were similar to that of 

he HA-HA gels (TGF- β – 3 ± 0.3 ng/mL; TNF- α – 2 ± 0.8 ng/mL). 

hen the conditioned media obtained after 10 days of culture 

as analyzed, a similar trend was observed whereby the HA-GA 

els had released significantly lower amounts of pro-inflammatory 

ytokines when compared to the HA-HA gels. Specifically, IL-6 

187 ± 28 ng/mL in HA-HA vs 104 ± 5 ng/mL in HA-GA), IL- 

2p40 (174 ± 78 ng/mL in HA-HA vs 5 ± 2 ng/mL in HA-GA), MDC 

284 ± 140 ng/mL in HA-HA vs 7 ± 3 ng/mL in HA-GA) and TNF- 

(1086 ± 257 ng/mL in HA-HA vs 695 ± 45 ng/mL in HA-GA) 

xpression were significantly lower in the HA-GA gels, while IL- 

8 released by both the gels was at similar levels. Unexpectedly, 

GF- β was less abundant in the HA-GA gels (6 ± 2 ng/mL) com- 

ared to the HA-HA gels (36 ± 22 ng/mL). These results indicate 

hat HA-GA gels have the potential to drive BMDM towards a less 

nflammatory phenotype than do the HA-HA gels. 

To further quantitatively assess the immunosuppressive charac- 

eristics, we analyzed mRNA expression of the pro-inflammatory 

nd anti-inflammatory genes. For this purpose, BMDM cells (M0 



S. Samanta, V.K. Rangasami, H. Sarlus et al. Acta Biomaterialia 142 (2022) 36–48 

Fig. 6. (A) Primary murine BMDM cells were stimulated with LPS/IFN γ for 16 h and then encapsulated in HA-HA and HA-GA gels ( n = 4) for 3 days. The expression of 

different inflammatory markers was determined by qRT-PCR. Statistics done by T-test using GraphPad Prism. ∗P < 0.05, ∗∗P < 0.0 05, ∗∗∗P < 0.0 01 (B) Cytokine present in the 

medium detected by multiplex bead-based assay after 3 days. Statistical analysis used Mann-Whitney Test. ∗P < 0.05, ∗∗P < 0.01. 

45 
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Fig. 7. Flow cytometric analysis of the cells recruited into the HA-HA and the HA-GA hydrogels when implanted subcutaneously in C57L/B6 mice. The hydrogels were 

excised and the cells recovered after dissolution of the hydrogels using hyaluronidase enzyme. The cells were then stained with CD86, MHCII, CD40 and CD45 antibodies 

and analyzed using flow cytometry. Statistics used student T-test. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0005. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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tate) were encapsulated in the HA-HA and HA-GA hydrogels and 

ultured for 14 days. RNA was extracted from these gels and the 

xpression of pro-and anti-inflammatory genes was quantified by 

RT-PCR ( Fig. 5 C). We observed that the resting M0 macrophages 

ifferentiated into mature macrophages as evidenced by the ex- 

ression of F4/80, a murine macrophage marker [43] . Interestingly, 

e observed an upregulation of anti-inflammatory genes, namely 

l10 ( ∼2-fold), tgfb-1 ( ∼3-fold), il4 ( ∼1.5-fold), il4ra ( ∼ 3-fold), and 

gfb-r1 ( ∼2.5-fold), when compared to cells encapsulated in HA- 

A gels ( Fig. 6 ). Similar to the previous study with the THP1 cells,

e also observed an upregulation of a few pro-inflammatory genes 

uch as socs3 ( ∼2-fold), il6 ( ∼1.5-fold), and tnfa ( ∼2.5-fold) by the 

MDM cells relative to cells encapsulated in the HA-HA gels. These 

esults concord with our hypothesis that the covalent grafting of 

A to the HA backbone acts as a cue to polarize macrophages to- 

ards an immunosuppressive phenotype [32] . The expression of 

he proinflammatory markers (SOCS3, IL6, and TNF- α) could be at- 

ributed to the flexible phenotypic paradigms of the macrophages 

11] . There have also been reports suggesting that the temporality 

nd responsiveness of macrophage functions necessitate this flex- 

bility, with M2- activated macrophages being able to display M1- 

ike features or to repolarize completely [44] . 

Although the results with the M0 macrophages indicated 

romising immunosuppression, the extent of this characteristic 

as not very clear. We therefore tested the immunosuppres- 

ive propensity of HA-GA gels by encapsulating proinflammatory 

MDM cells (that were pre-stimulated with lipopolysaccharide 

LPS) (10 ng/mL) and IFN γ (20 ng/mL) and estimated the gene 

xpression after 3 days. As anticipated, we observed a significant 

ecrease in expression of proinflammatory genes such as socs3, 

NOS, and il6 ( Fig. 6 A), and a non-significant decrease in il-1 β
nd tnf- α expression, which are hallmarks of pro-inflammatory 

1 macrophages [16] , in the HA-GA gels relative to the HA-HA 

els. Interestingly, we also observed an increase in the expression 

f tgf- β1 in the HA-GA gels when compared to in HA-HA gels. 

owever, we also observed a decrease in IL4 in the HA-GA gels 

ith respect to the HA-HA gels. A significant decrease in expres- 

ion levels of chemokine-derived cx3cr1 was also observed in the 

A-GA gels. It has been reported that macrophages with low lev- 

ls of cx3cr1 have the ability to express both pro-inflammatory 

nd anti-inflammatory markers [45] and could be vital in the early 

nd late stages of wound healing and repair in spinal cord injuries 

46] . 
46 
To further validate the immunosuppressive properties of the 

A-GA gels, we estimated the amounts of the cytokines released 

y the pro-inflammatory BMDM cells upon encapsulation within 

he HA-HA or HA-GA gels after 3 days of culture following a mul- 

iplex bead-based assay ( Fig. 6 B). Interestingly, corroborating the 

RT-PCR study we observed a significant reduction in most of the 

ro-inflammatory cytokines released by these cells in the HA-GA 

els compared to in the HA-HA gels. Specifically, pro-inflammatory 

ytokines such as IL-23 (10 ± 3 ng/mL in HA-HA vs 4.5 ± 2 ng/mL 

n HA-GA), IL-6 (3.6 ± 1 ng/mL in HA-HA vs 1.7 ± 1 ng/mL in HA- 

A), macrophage derived chemokine (MDC; 39 ± 12 ng/mL in HA- 

A vs 20 ± 8 ng/mL in HA-GA) and IL-12p40 (30 ± 4 ng/mL in 

A-HA vs 15 ± 4 ng/mL in HA-GA) were markedly decreased in 

he HA-GA gels compared to in the HA-HA gels. However, some 

ro-inflammatory cytokines such as TNF- α (16 ± 0.3 ng/mL in HA- 

A vs 16 ± 0.4 ng/mL in HA-GA) and IL-18 (19 ± 7 ng/mL in 

A-HA vs 42 ± 7 ng/mL in HA-GA) were upregulated in the HA- 

A gels. Interestingly, we also observed that BMDM cells upregu- 

ated the production of anti-inflammatory cytokines when encap- 

ulated in the HA-GA gels such as granulocyte colony stimulating 

actors (20 ± 7 ng/mL in HA-HA vs 40 ± 11 ng/mL in HA-GA), 

L-10 (9 ± 4 ng/mL in HA-HA vs 14 ± 9 ng/mL in HA-GA) and 

GF- β (5 ± 2 ng/mL in HA-HA vs 16 ± 7 ng/mL in HA-GA). The 

RT-PCR together with the cytokine multiplex bead-based assay 

hus clearly suggest that the HA-GA gels predominantly possesses 

n immunosuppressive characteristic compared to the HA-HA 

els. 

Finally, to unequivocally validate the immunosuppressive char- 

cteristics of the HA-GA gels relative to the HA-HA gels we sub- 

utaneously implanted the gels into healthy naive mice and eval- 

ated the type of immune cells that infiltrated these gels af- 

er 5 days or 10 days of implantation. In order to minimize the 

ariations between the groups, the HA-HA and HA-GA hydrogels 

ere injected at two different subcutaneous sites in the same an- 

mals. Five days post implantation these hydrogels were recovered 

nd the immune cells that infiltrated within the gels were har- 

ested, stained with antibodies and analyzed by flow cytometry. 

nterestingly, we observed that the HA-GA cells attracted more 

yeloid cells (CD45 + CD11 + ) relative to the HA-HA gels, clearly 

emonstrating differential properties ( Fig. 7 A and S14A in SI). 

owever, when we examined the infiltrating cells for the pro- 

nflammatory markers CD86 and MHCII (Major Histocompatibility 

actor) [47] and CD40 [ 4 8 , 4 9 ] we noted that the percentage of cells
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xpressing CD86 + MHCII + was significantly higher in the HA-HA 

ydrogels compared to in the HA-GA hydrogels. ( Fig. 7 B and S14B 

n SI) Similar trends was observed for the CD86 + MHCII + CD40 + 

xpressing myeloid cells ( Fig. 7 C) although the percentage of the 

yeloid cells remained the same in both groups. We believe that 

he lower expression of CD86 + on cells in the HA-GA gels could 

e due to the intrinsic ability of the HA-GA gels to stimulate 

he infiltrating macrophages to secrete more IL-10, as we ob- 

erved in the in vitro studies ( Fig. 4 , 5 C & 6 B). The presence of

D40 + cells in the HA-GA gels and the ability of the HA-GA gels 

o stimulate the cells to produce IL-10 could help in the reduc- 

ion in the population of the proinflammatory CD86 + MHCII + cells 

50] . Fascinatingly, when we analyzed the 10 days old implanted 

els, we found that the HA-HA gels were intact, however, the 

A-GA gels were completely resorbed. This unique degradation 

rofile of HA-GA gels could be attributed to the higher num- 

er of M2 macrophages in the infiltrating myeloid cell popula- 

ion. Such fast degradation was observed after intradermal im- 

lantation of collagen matrix in mice that was attributed to the 

2-like macrophages [51] , which dramatically enhances the ca- 

acity to turnover extracellular matrix by an intracellular path- 

ay. This was also confirmed by another study in which IL-4- 

ontaining implants display a distinct population of macrophages 

ith an M2-like phenotype, yielding significant proteolytic ac- 

ivity, decreased fibrotic capsule deposition and improved peri–

mplant tissue quality [52] . These in-vitro and in-vivo results con- 

rm our hypothesis that the HA-GA gels are more immunosup- 

ressive when compared to the HA-HA gels and indicate that 

hey could be utilized in the treatment of specific inflammatory 

iseases. 

. Conclusion 

Undesired immune reaction to the implanted biomaterial is the 

ajor bottleneck for successful clinical translation of regenerative 

edicine and cell-based therapies. To address this, we have de- 

igned an innovative GA functionalized HA-based extracellular ma- 

rix mimetic (HA-GA) hydrogel that displays superior antioxidant 

nd tissue-adhesive properties. The secondary network due to the 

resence of GA moiety in the HA-GA gels rendered an extremely 

table hydrogel formation without excessive swelling. In addition, 

hese scaffolds displayed a unique capability to differentiate mono- 

ytes to an immunosuppressive phenotype. Fibroblasts encapsu- 

ated inside these HA-GA gels were protected from oxidative stress. 

ur study clearly suggests that GA functionalized gels display rad- 

cal scavenging activity and promote polarization of macrophages 

nto an immunosuppressive phenotype have great potential to be 

sed as scaffolds for cell-based therapies. The ability of the HA- 

A gels to suppress the major pro-inflammatory genes and an in- 

rease in the TGF- β and IL-10 suggests that these hydrogels may 

e a valuable tool for tissue engineering applications, especially for 

ound healing during which suppression of inflammation is cru- 

ial [53] ( Fig. 1 ). 
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