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ABSTRACT:Hydrogel-based biomaterials have been widekyhesive composite hydrogeis
used for tissue engineering applications because of thei 'N,j\\ A
water content, swellability, and permeability, which fagilitates~ ~ - vt (hyaine
g § = cartiags
S, — v Joint cavity

transport and dusion of essential nutrients, oxygen, aﬁcy"'*’ ~ '
J R\
~ﬁ\g}

2 ? o) c

A Q
waste across the sild. These characteristics make hydrqgeis{ ??
Y/

Articular
capsule Chondrocytes

as cartilage. However, the clinical translation of hydrog
been limited by their poor mechanical performance =
adhesive strength, uncontrolled degradation rates, and their
susceptibility to bacterial colonization. Here, we introduce an elastic, antimicrobial, and adhesive hydrogel comprised ©
methacrylated hyaluronic acid (MeHA) and an elastin-like polypeptide (ELP), which can be rapidly photo-cross-linked in situ for
the regeneration and repair oerint tissues. Hybrid hydrogels with a wide range of physical properties were engineered by
varying the concentrations of MeHA and ELP. In addition, standard adhesion tests demonstrated that the MeHA/ELP hydrogels
exhibited higher adhesive strength to the tissue than commercially available tissue adhesives. MeHA/ELP hydrogels were th
rendered antimicrobial through the incorporation of zinc oxide (ZnO) nanoparticles, and were shoantlyoisigbit the

growth of methicillin-resista@taphylococcus aufEiisSA), as compared to controls. Furthermore, the composite adhesive
hydrogels supported in vitro mammalian cellular growth, spreading, and proliferation. In addition, in vivo subcutaneous
implantation demonstrated that MeHA/ELP hydrogels did not elicit argasigniammatory response, and could be

e ciently biodegraded while promoting the integration of new autologous tissue. In summary, we demonsgtieasfor the

that MeHA/ELP-ZnO hydrogel can be used as an adhesive and antimicrobial biomaterial for tissue engineering applications
because of its highly tunable physical characteristics, as well as remarkable adhesive and antimicrobial properties.

KEYWORDS:tissue engineering, hyaluronic acid, elastin-like polypeptide, antimicrobial hydrogels, adhesive hydrogels

1. INTRODUCTION maintain their mechanical stability in the defect s

Hydrogels are three-dimensional (3D) networks of polyme}@19 enough to enable regeneration of the damaged tissues.

with high water content and high permeability for theiath urthermore, the delivery of progenitor or terminaky- di
of essential nutrients and oxygés. hydrogels mimic the entiated cells in combination with regenerative hydrogels could

composition and structural properties of the native extracelltgientially accelerate biointegration and tissue repair at the site
matrix (ECM), they possess remarkable potential to be used® injury” This is particularly important in the context of tissues
scaolds for regenerative medicine and tissue engineerif§0S€ intrinsic regenerative capacity is limited, such as
application& Hydrogel-based soids should not only have © rtilage. In addition, microbial infection is still one of the
high regenerative capacity and biocompatibility; they showrld

also possess adequate mechanical properties similar to Rbeeived: April 3, 2018

physiological tissuids. addition, hydrogels intended for tissue Accepted: April 27, 2018

repair should be able to adhere to the native tissues amablished: April 27, 2018
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most severe postoperative complications in clinical orthopedic$n addition to mechanical properties, the adhesive properties
which can be treated by combining antimicrobial agents with hydrogels can beely tuned to enhance the adherence of
hydrogelS. Hydrogel-based biomaterials used for cartilagie biomaterial to the target tissue, and sugport tissue
tissue engineering often fail to integrate multiple therapeutzgeneration under physiological mechanical*“lo&ds.
strategies into a single comprehensive approach to enhancertsi@nce, Wang et al. demonstrated the advantages of applying
clinical ecacy of tissue engineered alda’ Therefore, a primer layer to cartilage to enhance the adhesive strength of
multifunctional biomaterials with optimal mechanical, adhesithg biomaterial at the material-tissue intérfémeever, the
and antimicrobial properties would constitute a nestive  cells encapsulated in the implanted material were primary
therapeutic strategy over conventional single-strategy &pondrocytes from another animal, which may limit its
proaches for cartilage repair. translation into the clinicaletting. In another study,
Various hydrogel-based biomaterials have been widBglakrishnan et al. developed an adhesive alginate/gelatin
investigated in the context of cartilage tissue engineering, Baged hydrogel for cartilage tissue regenéfafitne.
to their ability to be used for 3D cell encapsulation, as well @’gineered hydrogel could integrate well with the host cartilage
their ease of modiation, high water content, injectability, andand facilitate migration and edentiation of chondrocytes.
biocompatibility. For instance, dérent types of naturally However, further improvement is required to use this adhesive
derived or synthetic-based hydrogels, such as &hitosanhydrogel for treatment and management of the early stage of
HA > polyethylene glycol (PEB)silk:®'® collagen®?° osteoarthrltls,_where defect_s are small and often afssomated with
alginaté;*? and recombinant elastin-like polypeptides? Poor healing mechar_]@mAlthough_ the engineered
(ELPs)?® have been used to induce cartilage tissugydrogels_showed promising char_acterlstlcs_ as blomate_rlals_for
regeneration and repaf*>> Among the dierent biomate- cartllagg tissue regeneration, the incorporation of qnt|m|crob|al
rials explored for cartilage repair, HA and ELPs have beidnts in their structure can further improve their potential
shown to possess intrinsic properties that promote th%opllcatlons for cartilage repair in ﬁhg actu_al clinical setting,
regeneration of cartilage tis%ﬁ%g. ELPs are stimuli- Which are generallyegted by microbial infections.
responsive artiial biopolymers, whose macromolecular Microbial infections are still associated with severe post-
structure can be precisely tailored through recombinant DNPRErative complications in orthopedic surgeries, due to the low
technique®’ ELPs are derived from elastin, a highly elasti{@Scularization of cartilage and host protein adsorption to
protein that is key for the proper function of cartilage tissuk’—_;rfplanted blomaterl_als in v]v%?owhlch presents a hydrated
owing to its role in resisting compressive loads and absorb Strate for _mlcroblal c.olonlz. Thus, the Incorporation
the mechanical forces acting on articular jointseftitypes of“antimicrobial agents into biomaterials, such as antibiotics,

of ELPs have been investigated for cartilage tissue engineeﬁﬂ icrobial peptides, and metal nanoparticles have been

i : : : e stigated for the prevention of bacterial infectiolm bio
due to their tunable mechanical properties, high elasticity, 0 . - . e
ability to promote chondrogenicedentiation®*° However, %ormatlon, and rejection of biomedical implatse use of

the enaineering of ELP-based hvdrogels with controllal etal oxide nanoparticles as antimicrobial materials is one of
physicagll prope?ties that can be r)z;pidli]/ cross-linked in s? e most promising strategies for overcoming bacterial
remains technically challendir@n the other hand, HA is a ! ections. In this regard, zinc oxide (ZnO) nanoparticles

i hiah molecul Rt and ifated af , ve been shown to elicit antimicrobial activity against
Inéar, nigh molecuiar weight, and nonsuliated glycosaminodyiyyiqtic-resistant bacteria, through the disruption of bacterial
can (GAG), which is one of the main components of the EC

found i tive tissGBSHA is involved | ell membranes and the induction of reactive oxygen species
ound in connective USSUESHA IS Involved In many roductiorf? Various types of antimicrobial biomaterials have
physiological processes such as cell proliferation, migrat

d ti h . I . Shinat n developed for cartilage tissue repair through incorporation
and tissue morphogenesis, as well as new tissue forimation. s 75 nanoparticles in the hydrogel networks; however, most

has been widely reported that HA promotes chondrogenesisffhese hiomaterials sted from low adhesion to the native
interacting with speci cell surfape receptors ;uch as CD44issue or lack of biocompatibﬂf‘t‘i?. Therefore, there is an

and thegzgg/Galuronan-med!ated motility receptolnmet need to engineer multifunctional antimicrobial hydro-
(RHAMM). However, previous studies have reportedye|s with tunable biodegradation rates, adequate mechanical
that 7HA-based hydrogels undergo rapid biodegradation dhgperties, and adhesive strength for promoting cartilage tissue
vive®’ and lack adequate mechanical stability due to the hlgétgeneraﬂon and repair.

hydrophilicity and thus swelling capacity 6f Fithermore,  Here, we describe the engineering of a new class of hybrid
hydrogels with increasing concentrations of HA often exhibi/drogel adhesives for tissue engineering applications, based on
high mechanical stess and reduced elasticity and resiliencehe free radical photopolymerization of methacrylated HA
which may limit their potential application for cartilage tisSygleHA) and a custom ELP with photopolymerizable cysteine
repair** Therefore, previous groups have investigated thgoups. Next, we investigated the tissue adhesion properties of
engineering of hybrid hydrogels based on the combination@fp-based composite hydrogels, following American Society
both HA and ELPS" However, these approaches werefor Testing and Materials (ASTM) standard tests, such as lap
hindered by complex and time-consuming chemistries, as weBar adhesion and burst pressure resistance. In addition, we
as uncontrollable and slow cross-linking ratesull#s such  incorporated ZnO nanoparticles into the engineered hydrogels
as this may limit the translation of the biomaterials to a clinigalimpart them with antimicrobial activity. Liquid MeHA/ELP
setting, since it might not be practical to administer thgrecursors can be readily delivered to the injury site and be
hydrogel as a standalone material during surgeng. & rapidly photo-cross-linked in situ in a safe and controllable
impart polymers like these with faster and more controlledanner. Chemical, physical, and biological characterizations of
cross-linking chemistry with minimal processing requiremeré&eHA/ELP hydrogels, including compressive and tensile
while maintaining their regenerative capacity, coulebsitnyi  modulus/strength, water uptake capacity, porosity, in vitro
expedite their translation to a clinical setting. antimicrobial activity, and well as in vitro and in vivo
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biocompatibility were conducted. Our results suggest thampression tests were performed at 70% strain level and a rate of 1
MeHA/ELP-ZnO hydrogels hold remarkable potential fomm/min by performing 8 cycles of loading and unloading. The

tissue engineering application especially cartilage repg@fmpressive strain (mm) and load (N) were measured using the

because of their highly tunable physical properties, as welPlghill 3 software. The compressive modulus was determined by

their intrinsic antimicrobial and adhesive properties obtaining the slope of the linear region §05 mm/mm strain) of
’ the loading stress (kPa) versus strain (mm/mm) curve. Energy loss

was calculated by obtaining the area between the loading and
2. MATERIALS AND METHODS unloading curve for cycler8<(4).

; ; ; 2.6. In Vitro Adhesion TestsIn Vitro Burst Pressure Téxtrst
M:tﬁécixgizgsﬁp\m‘(M'\/Ie?_t&e}cgﬁi%|;y3Jgirgr?tliﬁgjlsdégexgg' pressure of MeHA/ELP adhesive hydrogels with and without ZnO
synthesized as described elseffhBree y, methacrylic anhydride containing deerent concentrations of MeHA and ELP as well as Evicel
(MA) was added to a solution of 1%(w/v) HA in deionized watefEthicon, Somerville, NJ, USA) and Coseal (BaxterelDet,

(DW) and reacted on ice {&) for 24 h. During the reaction, the pH USA) were obtained by using a ASTM standard G@8o@st as
was adjusted to 8 using 5 N NaOH. The solution was thesdpuri degcrlbed prewou%l;{?orcme intestine was placed betwgen two
using dialysis tubes (MW cué$8 kDa) against DW for 48 h. Lastly, Stainless steel annuli, from a burst pressure apparatus in which the
the product was lyophilized and stor&parc.*’ upper piece had a 10 mm diameter hole in its center. A 2 mm diameter
2.2. Synthesis and Expression of Elastin-like Polypeptide ~ defect was created by a 18 gauge syringe needle in the center of
(ELP).The photo-cross-linkable ELP sequence was expressedp@gsine intestine. A 3Q of precursor solution was pipetted onto the
described in our previous sﬁj‘dyhis ELP sequence consisted of 70 defect on the intestine and photo-cross-linked by UV light. The sealed
repeats of the pentapeptide VPGVG, in whichrshevaline was  intestine was then placed into the burst pressure testing apparatus, and
replaced with an isoleucine evevg pentapeptides (i.e., the burst pressure was directly recorded by a connected to a wireless
([VPGVG][IPGVG]);4). In addition, Lys-Cys-Thr-Ser (KCTS) sensor (Pasco)/PC. For each experiment, at least 3 samples were
residues were added to both sides of the ELP sequence to renddéested.
photo-cross-linkablEscherichia c(i. coji was used as a host to In Vitro Lap Shear TeShear resistance of MeHA/ELP adhesive
express the protein. The peation of the ELP was performed using hydrogels containing dient concentrations of MeHA, ELP with and
inverse transition cycling as described elsé&wiibtelation of without ZnO, as well as two commercially available adhesives, Evicel
cysteine residues in the ELP sequence was avoided by dissolvingutide Coseal was determined based on aetiodSTM standard
ELP in a buer containing 14.3 mMmercaptoethanol, which cleaves (F225%05) for lap shear strength of tissue adhesive materials. As the
disul de bonds that can form between cysteine residues in proteisabpstrate, two pieces of glass slides (18 25rmm) were coated
for all steps of the cycling process. ThespUELP solution was then  with gelatin solution and was dried at room temperature. LA 10
dialyzed in a water bath &G4 and stored at room temperature after prepolymer solution was then photo-cross-linked between two pieces
lyophilization. of glass slides. The shear strengths of the samples were then tested
2.3. Fabrication of MeHA/ELP Hybrid HydrogelsTo form using an Instron mechanical tester (5943) by tensile loading with a
MeHA/ELP hybrid hydrogels, éient concentrations of MeHA (1  strain rate of 1 mm/min. The shear strength of the materials was
and 2% (w/v)) and ELP (0, 5, 10 and 15% (w/v)) were mixed in &calculated at the point of detaching. For each experiment, at least 3
0.5% (w/v) solution of Irgacure 2959 as a photoinitiator in deionizeshmples were tested.
water at #C. The precursor solutions were then placed in either 2.7, In Vitro Swellability of MeHA/ELP HydrogelsMeHA/
tensile (12 mm length, 6 mm width, 1.5 mm height) or compressigaLP hydrogels with varying ELP and MeHA concentrations were
molds (8 mm diameter, 2 mm height) made of polydimethylsiloxaggepared and lyophilized as described before. Once the dried weights
(PDMS), and photo-cross-linked using UV light (6.9 m\ERO of the hydrogels were recorded, the samples were then immersed in
OmniCure $2000) for 120 s. MeHA/ELP-ZnO hydrogels wergpBs for 24 h. The swollen gels were removeerainditime points
prepared by directly addingedent concentrations of 20 nm ZnO  from the buer solution and weighed. The swelling ratio was
nanoparticles (0.1% and 0.2% (w/v)) (MkNANO) to the MeHA/ELP ca|culated usireg) 1 where SR is swelling rafig,is swollen weight

precursor solution containing 2% MeHA and 10% ELP. The mixtugg the hydrogel, a, is the initial dried weight before swelling (
was gently mixed and photo-cross-linked as described before. 4):

2.4. Characterization of Phase Transition Temperature of

MeHA/ELP Prepolymers Using Dynamic Viscosityn order to WS W,

determine phase transition temperature of ELP and MeHA/ELP SR= ———

prepolymer solutions, the dynamic viscosity of the solutions was )
obtained by rheology test. A rheometer (Discovery Hybrid, TA . ) .

Instruments, New Castle, DE) equipped with a sand-biagitzde 2.8. In Vitro Cell Studies.2.8.1. Cell LinedNIH 3T3 cells

with a gap size of 1006 and a diameter of 40 mm was used to (ATCC) were cultured at 3C and 5% C@in Dulbeccs Modi ed
evaluate the viscosity of the solutions. ELP prepolymer solution (16@gle Medium (DMEM) media (Gibco), containing 10% (v/v) fetal
wiv) as control and MeHA/ELP solution (2% MeHA and 10% ELP)bovine serum (FBS) and 1% (v/v) penicillin/streptomycin (Gibco).
were prepared irx1Dulbeccs phosphate_bered saline (DPBS) Human mesenchym_&ll stem cells (hMSCS) (Lonza) were cultured at
and were then pipetted onto the rheometer, and viscosity wdé °C and 5% CQ@in complete mesenchymal stem cell growth
determined as a function of temperature under a constant shear rat@eglium (MSCGM, Lonza). Cells were maintained in tissue culture
1 Hz. Temperature was varied at a raté@han from 5 to 40C. treated polystyrenasks and passaged 1:6 at 70%ieocy. h(MSC

2.5. Mechanical Characterization of MeHA/ELP Hydrogels.  Of passages3 were used for all studies.
MeHA/ELP hydrogels with and without ZnO were prepared using 2.8.2. 2D Cell Seeding on Engineered HydroleBlA/ELP
compression or tensile molds as described before and incubated faygrogels with 2% MeHA and 10% ELP concentrations with and
h in DPBS. The dimensions of the hydrogels were then measutgithout ZnO (0.2%(w/v)) were used for 2D culture studies.
using a caliper. An Instron 5943 mechanical tester was used to perfdtérogels were formed by pipetting-7of MeHA/ELP precursor
tensile and cyclic compression tests. For the tensile test, hydrogelsition between a 3-(trimethoxysilyl) propyl methacrylate
were placed between two pieces of double sided tape within tengilbMSPMA, Sigma-Aldrich) coated glass slide and a glass coverslip
grips and extended at 1 mm/min until failure. The tensile strain (mnseparated with a 30fh spacer. Hydrogels were photo-cross-linked
and load (N) were measured using the Bluehill 3 software. Elastipon UV light exposure (6.9 mWSgralV light (365 nm)). The
modulus of the engineered hydrogels was calculated from the slopeyoirogels were then seeded with hMS€4 @cells/mL) and NIH
the streSstrain curves. For the compression tests, hydrogels wed€3 cells (5 10 cells/mL) and maintained at&7and 5% Cgfor
loaded between compression plates in a DPBS water bath. Cyslitays.
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2.8.3. Cell Proliferatioell proliferation was evaluated using acolonies that formed on each plate was counted and raw CFU totals
commercial PrestoBlue assay (Fisher) on days 0, 1, 3, and 5 accondigrg calculated based on the dilution factor.
to instructions from the manufacturer. Br#€0 L of PrestoBlue dye 2.9.3. BaclLight Live/Dead AssHye engineered hydrogels were
(10% of medium volume) was added to 360f medium (total seeded with MRSA and incuttates described before. After
volume = 400 L). Cell seeded sadds were incubated in the incubation, the hydrogels were stained using Baclight Bacterial
PrestoBlue/medium solution for 45 min at@7The uorescence Viability kit (ThermoFisher) according to instructions from the
intensity of the resulting solutions was recorded $568BHmM manufacturer. Following staining, the samples were visualized using an
excitation and 58615 nm emission wavelength atrdint culture ~ Axio Observer Z1 inverted microscope §).
times on days 1, 3, and 5. The relativeescence intensity of _ 2.9.4. Scanning electron microscopy (SEM) Imaging of Bacterial
negative controls was recorded using a hydrogel without cells, culfai¢sters on Adhesive Hydroge¥eHA/ELP hydrogels with and
medium, and PrestoBlue dye, and subtracted from all the sample%’e'ff@%?gt A%f?gir\:vceurgaﬁgﬁd?hdevsvzlatgpl\lﬂeiif e(gr;\dZIgf’:/UZIalj?a(ljra?geﬂfljglbed
account for the backgrou 4). oS, : ' 0 270

2.8.4. Cell ViabilitgA cgg:r(ne)rcim calcein AM/ethidium homo- (Sigma-Aldrich) at #C for 2 h and lyophilized for 48 h. Lastly, the
dimer-1 live/dead assay (Invitrogen) was used to evaluate cell viabﬁﬁ?ﬁples were mounted on SEM stubs, sputter coated with 6 nm of
according to instructions from the manufacturer. Cell viability w4§!d/palladium, and visualized using a Hitachi S-480(0 SE3Y1 (
evaluated after 1 h (day 0), and then after 1, 3, and 5 days of culturé-10- In Vivo Biodegradation and Biocompatibility. All animal
Brie y, culture medium was removed from the wells containing ¢ rotocols were approved by the Institutional Animal Care and Use

; ittee (Protocol No. $8248R) at Northeastern University.
seeded hydrogels and the samples were then incubated with 0.5 ommitt = p
mL of calcein AM and 2/mL of ethidium homodimer in DPBS for Male Wistar rats (25@50 g) were purchased from Charles River

L . . aboratories (Wilmington, MA, USA) and kept in the animal core
15 min in the dark at 3T. Live cells were stained green, wherea%‘aci” y at Northeastern University (Boston, MA, USA). Adhesive

dead cells were stained red. The cell-seeded hydrogels were im?I :
- . ; . gels (2% MeHA, 10% ELP) were prepared under sterile
with a ZEISS Axio Observer Z1 inverted microscope. Lastly, C@'gﬁditions in cylindrical 2 6 mm disks) molds. Anesthesia was

viability_was calculated as the ratio of live cells to the total numberir?fuced by isarane ($2.5%) inhalation, followed by SC
cells using ImageJ software @).

X . . buprenorphine (0.02 to 0.05 mg/kg). Six 8 mm incisions were
2'8'5' Cell Adhesion a_nd S_preadn@pll spre_a(_jmg on the_ created on the posterior dorsomedial skin of the animals, and lateral
adhesive hydrogels was visualizedidrgscent staining of F-actin

. A subcutaneous pockets were prepared by blunt dissection. Hydrogels
micro laments and cell nuclei. Byjecell seeded hydrogels weeel ere then implanted into the subcutaneous pockets, followed by
in 4% (v/v) paraformaldehyde (Sigma-Aldrich) for 20 min, and e and recovery from anesthesia. Implanted samples were retrieved
washed three times with DPBS at days 1, 3, and 5 postseedijgh the adjacent tissues after euthanasia at days 3, 14, 28, and 56 post
Samples were then permeabilized in 0.1% (w/v) Triton X-100 (Sigmgjp|antation. For biodegradation studies, the samples were carefully
in DPBS for 20 min. Next, samples were incubated withullexa-  cleaned to remove the surrounding tissue and then washed three times
488-labeled rhodamine-phéltoi (2.5% (v/v) in 0.1% BSA, wijth DPBS. The dimensions of the hydrogels (diameter and height)
Invitrogen) for 45 min. Samples were washed three times wiffiere measured using a digital caliper and the samples were lyophilized
DPBS, and stained again with LIml DAPI (4 ,6'diamidin0'2- to measure the We|ght loss over time.
phenylindole, Sigma-Aldrich) in DPBS for 5 min. Lastly, the cell 2.10.1. Histological and Immunohistmrescent Evaluation of
seeded hydrogels were washed three times with DPB&escent in Vivo BiocompatibilityAfter explantation, the adhesive hydrogels
image acquisition was carried out using an Axio Observer Z1 investgnte xed, mounted,ash frozen, and cryosectioned as described
microscope. before€. The slides were then stained for hematoxylin and eosin
2.9. In Vitro Antimicrobial Activity of the Adhesive (H&E) staining (Sigma) according to manufattuiestructions.
Hydrogels. 2.9.1. Methicillin-Resistant Staphylococcus aureusimmunohistouorescent staining was performed on cryosections
(MRSA) Seeding on Hydrogbl®SA (ATCC) was used to evaluate according to a methodology previously described in the Iit€tature.
the in vitro antimicrobial properties of MeHA/ELP-ZnO hydrogels. Anti-CD3 [SP7] (ab16669) and anti-CD68 (ab125212) (Abcam)
MRSA stock cultures were hydrated and streaked for isolation ware used as primary antibodies. An Alexa Fluor 594-conjugated
tryptic soy agar (Sigma). For all bacteria experiments, a single colanibody (Invitrogen) was also used as the secondary antibody. All
was used to inoculate 5 mL of tryptic soy broth (TSB; Sigma-Aldricliamples were then stained again using DAPI. Lastlgréseent
The inoculated TSB was then placed on an incubator shaker set ati2@ges were taken using an Axio Observer Z1 inverted microscope.
rpm for 18 h at 37C. The optical density of the bacteria suspension 2.11. Statistical AnalysisAt least 3 samples were tested for all
was then adjusted to 0.52 at 562 nm, which corresponded to a esiperiments, and all data were expressed asstaatard deviation
density of Ix 1 colony-forming units (CFU) per ml. Lastly, the (*p<0.05/* p<0.01¥* p<0.001 and** p< 0.0001)t test, one-
resulting solution was serially diluted in TSB over a 3-log range tavay, or two-way ANOVA followed by Tiskeast or Bonferroni test
density of & 16 CFU/mL. were performed where appropriate to measure statisticansigni
The engineered hydrogels containing 0, 0.1, and 0.2% (w/v) Zn@raphPad Prism 6.0, GraphPad Software).
were placed in separate wells of a 48-well plate and sterilized under UV
light. Each scald was then seeded with 1 mL of bacteria solution
and the plate was incubated &3#nd 5% C&for 24 h. Following 8. RESULTS AND DISCUSSION
incubation, the saalds were transferred to a new well plate and 3.1. Synthesis of MeHA/ELP Hybrid Hydrogelsin
washed 3 times with DPBS to remove any remaining bacteria from tmtrast to hydrogels synthesized from a single polymer
hydrogels. . . network, hybrid hydrogels have been shown to better mimic
2.9.2. Colony-Forming Units (CFU) As$agHA/ELP and  the multifunctional nature of native physiological microenviron-
as described before<(3). After incubation, hydrogels were retrievedwith distinct physicochemical properties enablesthening

from the well plate and placed in 1.5 mL microcentrifuge tubes wit ; ; ; ; :
mL DPBS. The samples were carefully handled during transferbtt) the pgysllr(]:a:eizgt b;gggcagoﬂoﬁﬂeerme: g;;hEL%nsglﬂgsged

avoid disruption of the bacterial lois on the hydrogels. The hydrogel kabl - . ials f .
hydrogels were then vortexed at 3000 rpm for 15 min to strip zfﬂmerged as remarkably promising biomaterials for various

adherent bacteria from the hydrogels into DPBS. The resultifigSUe engineering applications, including cartilage repair. Since
suspension was then serially diluted in DPBS over a 3-log range BAth MeHA and ELPs are derived from naturally occurring
three 10 L drops of each dilution were plated on tryptic so§°agar. polymers, they mimic the composition of the native ECM and
After 24 h of incubation at 3Z and 5% C@ the number of MRSA  provide biologically relevant cues to cells in vitro. The
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Figure 1.Schematic of MeHA/ELP hydrogel formation and chemical structure. (a) HA methacrylation to form MeHA,; (b) chemical structure of
ELP, indicating the presence of cysteine residues; and (c) schematic diagrams of photo-cross-linking of MeHA/ELP hydrogels and poten
application of the adhesive composite. (d) Variation in dynamic viscosity of the ELP and MeHA/ELP prepolymers by temperature, showing ph:
transition temperaturg&,). (e) A representative SEM image of a MeHA/ELP hydrogel synthesized by 2% MeHA and 10% ELP.

genetically encoded design of ELPs allows the modulationobflight enables precise control over hydrogel formation,
the physical characteristics of the engineered tissue coredi cation, shape, and the induction of speesponses in
structs”’ Moreover, HA hydrogels have been shown tesmart biomateriafsin addition, because of the fast reactivity
promote the deposition of cartilage-like ECM by chondrocyte$ methacrylate groups with radicals, they are one of the most
and stem cells from drent origins in vitrd”* Despite the ~ commonly utilized functional groups for radical polymer-
remarkable chondroinductive properties of HA-based hydipatior®
gels, their uncontrolled in vivo degradation rate and poorHere, we synthesized MeHA by adding methacrylic
elasticity often limit their application for cartilage tissuanhydride to HA under basic conditions, which is one of the
regeneration and repait’ Therefore, we hypothesized that simplest and most widely used chemistries to generate MeHA
the incorporation of highly elastic ELPs into HA-base(Figure &)>’ We then synthesized and pdia highly elastic
hydrogels could enhance the elasticity and resilience of pfeto-cross-linkable ELP, based on a methodology described in
hydrogels, and improve theircacy for cartilage repair. In our previous study.We have demonstrated that hydrogels
addition, due to the slow in vivo degradation rate of ELPased on this speciELP sequence exhibited high elasticity,
hydrogel§! we anticipated that the addition of ELP could bdong-term structural stability, and adequate host integration in
used to modulate the biodegradation of theldsan vivo. vivo, without eliciting sigoant inammatory responsé3he
Light-controlled radical polymerization is one of the mogiresence of thiol groups from cysteine residues in this ELP
widely used methods for the local delivery of hydrogels feequence allows for the formation of disudonds and rapid
tissue engineering applicati6ris.In contrast to alternate photo-cross-linking upon exposure to UV ligiaue b).
cross-linking methods, such as chemical polymerization, theMselA/ELP hydrogel precursors were prepared by combining
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di erent concentrations of MeHA (1 and 2% (w/v)) and ELP@ Compression Test (d) Tensile Test

(0, 5, 10 and 15% (w/v)) with a 0.5% (w/v) solution of § * m LEP D e | o = V% ELP = % ELP
Irgacure 2959 as a photoinitiator in distilled watéCaf® % e il IR = 0%ELP I 5% ELP
form MeHA/ELP hydrogels, the precursors were exposed 3 == 3 ) —
UV light for 120 s. Upon exposure to UV light, the’s g )

methacrylated groups in MeHA reacted with the thiol (-SH§ 20 —_ % ol ——

groups in the cysteine residues of the ELPs as well as vg ﬁ

themselves, which led to rapid photo-cross-linking ar® 1 2 o 1 2
formation Of a 3D hydrogel netﬁa?ﬁ (Figure ﬂ:) In (b) o MeHA Concentration % (w/v) (e) 250 MeHA Concentration % (w/v)
addition, because the phase transition temperature of 1_ | o 0% ELP S 1P | 2 s0p] _seee B AOKELPER 15 ELP
synthesized ELP is above room temperat@2928) based - T

on rheological characterization of the material with changes b

temperatureHigure ), the MeHA/ELP precursor did not
form insoluble aggregates prior to cross-linking and hydro & 1o
formation. Therefore, MeHA/ELP prepolymers can be readi o |

delivered to the acted area, and rapidly cross-linked in sitt © MelA Concentration % (wiv) MeHA Concentration % (wiv)
upon exposure to light in a controlled manner to form a porot § * 7 e oz T e w20

scaold (Figure &). In contrast, previous studies of hybrid g | g 03w o 60] = oo

HA/ELP hydrogels were hindered by comparatively moi

complex synthesis and limited processafiilifyor instance, _
Zhu et al. recently described the synthesis of a HA/ELP hyb
hydrogel for cartilage regeneration, in which the ELP require
time-consuming (>20 days) chemical roatibn process with " ZnO Concentration %(wiv)
hydrazine groups to render it reactive with aldehydednodi ) ) )
HA*' In addition, the gelation process occurred very rapidF gure 2.Mechanical properties Qf photo-cross-linkable MeHA/ELP
upon mixing the two components, which may cause operat ;'glgig“l’qgedls' (al) Con&presdsnée quul:; ta,\’)ldég\) en;rgiploss of
complications, such as applicator nozzle clogging, in a clinlca ydrogels produced by usingrant VMieriA an

. . centrations. (c) Compressive modulus of MeHA/ELP hydrogels
surgery setting. In another study, Moss et al. also described §3€ \ieHA and 10% ELP) containingedint ZnO concentrations

engineering of a HA/ELP hybrid hydrogel, which required thg .1 and 0.296(w/v)). (d) Elastic modulus and (e) ultimate tensile
incorporation of a third polymer (i.e., PEG diacrylate, PEGDAjrain of MeHA/ELP hydrogels produced usireyedit MeHA and
as a cross-linker between the ELP and the thiokohbidi to ELP concentrations. (f) Elastic modulus of MeHA/ELP hydrogels (2%
reduce the cross-linking time18 min)>® In contrast, the ~ MeHA and 10% ELP) containingedent ZnO concentrations (0, 0.1
photo-cross-linkable MeHA/ELP prepolymers presented in thigd 0.2%(w/v)).{ p < 0.05;* p < 0.01;** p < 0.001}*** p<
study required minor or no chemical nuadion. Further-  0.0001).
more, they can be readily delivered to theted area as a
liquid and rapidly cross-linked in situ upon exposure to Utudies have reported the engineering of chitoSArahi\
light with control over the gelation kinetics. Overall, facile an@rin/HA scaolds® with a maximum compressive modulus of
comparatively fast chemical synthesis combined with the higand 28 kPa, respectively. In addition, it was reported that the
adhesion properties of the MeHA/ELP-ZnO compositecompressive moduli of hydrogels synthesized usirentdi
convenience of the application process, and control overPs, such as ELP[KV7F?7ahd ELP(KCTS-E 31-KCT$]
cross-linking greatly increases the potential for clinical trap@re in the range o841 and 514 kPa, respectively. Our
lation of MeHA/ELP hydrogels for cartilage regeneration andsults demonstrated that the compressive modulus of hybrid
repair. hydrogels synthesized using 10% ELP and 2% MeHA (i.e., 39.9
3.2. Mechanical Characterization of the Composite  + 7.6 kPa) was higher than those observed in previous studies.
Hydrogels. In addition to biochemical stimuli, mechanicalThis behavior could be explained due to the formation of an
cues such as matrixstiss and elasticity play a crucial role ininterpenetrating network between the MeHA and ELP
the regulation of various cell processes and the promotionpaflymers. Our results also demonstrated that the energy loss
new cartilage tissue formatfoherefore, we characterized at cycle 8 for MeHA/ELP hydrogels increased from:18.8
the mechanical properties of the engineered hydrog€l$% to 28.2 2.7% for hydrogels with 1% MeHA, and from
synthesized with dirent concentrations of MeHA (i.e., 1 3.4+ 2.8 to 19.4 3.3% for hydrogels with 2% MeHA by
and 2% (w/v)) and ELP (i.e., 0, 5, 10, and 15% (w/v)) withincreasing ELP concentratiig(re B). Our previous work
and without ZnO nanoparticles using cyclic compression aod ELP-based hydrogels demonstrated an energy I&s of 35
tensile testing={gure 2andFigures S1 and )SDur results  51%"based on cyclic compression tests, which was remarkably
suggest that the compressive modulus of MeHA/ELP hydrligher than the values obtained for our MeHA/ELP composite
gels increased sigmntly by increasing ELP concentrationhydrogels. The low energy dissipation during loading/
from 0 to 10%, at both 1 and 2% MeHA concentrafimnsd unloading and high resilience of MeHA/ELP hydrogels
2a andFigure S)L For instance, for MeHA/ELP hydrogels highlight their potential for cartilage tissue repair. In addition,
containing 1% MeHA, the compressive modulus increased froom results indicate that the compressive modulus of the
297+ 2.5 kPa at 0% ELP to 1314.1 kPa at 10% ELP adhesive hydrogels did not change by incorporation of
concentration Higure a). In addition, the compressive antimicrobial ZnO nanoparticles at both 0.1 and 0.2%(w/v)
modulus of MeHA/ELP hydrogels at 2% MeHA ranged fromoncentrations=(gures €).
14.8+ 1.6 kPa to 39.2 7.6 kPa by changing the ELP  The results from tensile tests demonstrated that the elastic
concentration from 0% to 10% (w/NBigure a). Previous  modulus, ultimate stress, and extensibility (ultimate strain) of
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MeHA/ELP hydrogels could also be tuned by varying tha) UV Light
concentrations of MeHA and ELRg(re @Se andFigure

S). The engineered hybrids exhibited highly tunable elas Bﬁ,"m"jf?e”,;, ‘g\ '
moduli in the range of 136 0.4 kPa to 8.8 1.1 kPa for "o /mm) = - Y. ;
hydrogels with 1% MeHA, and 10.8.9 kPa to 28.9 2.9 7@ % ?\., . %
kPa for hydrogels with 2% MeHA, by varying the ELI S"‘""“S‘“,/ £
concentrationHigure d). In particular, hydrogels synthesizedb) ,, c)

N
=)

with 10% ELP and 2% MeHA exhibited the highest elas s |= & = Iowar &8 Bves = ozno

30

o 5%ELP =3 15%ELP mm CoSEAL 0.1% Zn0
% ok

123
=]

0.2%Zn0

modulus (i.e., 288 2.9 kPa) FFigure d). Our results also
showed that the ultimate stress of the engineered mater
increased from 1#60.0 kPa to 28.% 4.8 kPa for hydrogels
with 1% MeHA, when the ELP concentration increased fro
0% to 10% (w/v) igure SR In addition, the ultimate stress
varied in the range of 4:71.9 kPa to 20.8 2.1 kPa for e ZnO Concentration %(w/v)
hydrogels synthesized with varying concentrations of ELP ¢

Burst Pressure (kPa)
s 38

Burst Pressure (kPa)

o

L Tension
2% MeHA Figure SR Lastly, it was found that by increasing a9 UV Light =1
the ELP concentration from 0% to 15%, the extensibility - & ‘ :
MeHA/ELP hybrids increased consistently from:700%5% &/ *‘S\ ‘ o
to 163.6+ 11.4%, and from 4G:9.4% to 1034 10.3%, for Vo= 30 q@_,ﬂ
hydrogels with 1% and 2% MeHA, respectiigly¢ 2). We Glassslide  Adnesive hing

observed a decrease in the elastic moduli of the hyb
hydrogels when the ELP concentration was increased from
to 15%, which was more sigant at 2% MeHA concentration. ©)

Tension
800

B 0%Zn0
0.1% ZnO
0.2% ZnO

However, hydrogel formulations with 15% ELP exhibited mc ¢ roo|™ 0%&F = 10%8F &5 Bvice

1 5%ELP == 15%ELP mm CoSEAL
*

elastic behavior, as demonstrated by their increased extensi & s
= 500

(Figure 8). We hypothesize that this high concentration og’m
ELP (15%) could enhance the elasticity of the resulting hybi 5 s
hydrogel but also make them soft. Similar to compressi § **
properties, the tensile properties of the engineered hydroc * ",
did not change sigoantly by incorporation of various m““' CoSEAL Zn0 Concentration %(wv)
concentrations of ZnO nanopartickegures ).

The mechanical propertie§ cartilage tissues vary Figure 3.Adhesive properties of photo-cross-linkable MeHA/ELP
substantially depending on the maturity of the organism, thgbrid hydrogels. (a) Schematic of the reddstandard burst
distance from the articular surface, the development of diseB&gssure test (ASTM F2382). Burst pressure resistance of (b)
as well as during physiological compression and Ynsio{IeHA/ELP hydrogels produced by usingréht MeHA and ELP
Therefore, materials used to engineer hydrogeldsctor concentrations and commercially available adhesives and (c) MeHA/

h . . . : P hydrogels (2% MeHA and 10% ELP) containing 0, 0.1, and 0.2%
cartilage tissue engineering should possess highly tun . (d) Schematic of the maeti standard lap shear test (ASTM

mechanical properties to achieve eagti clinical relevance. F225505). Shear strength of (e) MeHA/ELP hydrogels produced by
Our results demonstrated that the combination efedt using dierent MeHA and ELP concentrations and commercially

concentrations of MeHA and ELP yielded hydrogels with évailable adhesives and (f) MeHA/ELP hydrogels (2% MeHA and
wide range of highly tunable mechanical properties. Therefdi@% ELP) containing 0, 0.1, and 0.2% Zm3<(0.05** p < 0.01,
the remarkable tunability brought about by the incorporation 8 p < 0.001}*** p < 0.0001).
both biopolymers makes the hybrid hydrogels highly promising
biomaterials for engineering cartilage tissue constructs withes greater than the burst pressure obtained when using
di erent mechanical properties. Evicel (1.54 0.99 kPa) and Coseal (1168.11 kPa)Kigure

3.3. In Vitro Adhesive Properties of MeHA/ELP  2b). Additionally, the incorporation of ZnO nanoparticles had
Hydrogels. High adhesion of implanted biomaterials to theno signicant eect on the burst pressure resistant of the
surrounding tissue in vivo can prevent them from detachie@gineered adhesivésg(re 2). The high burst pressure
from the target site and may promote biointegration. Aobtained for the engineered hydrogel adhesives is particularly
optimal tissue/biomaterial integration promotes biocompaiimportant for cartilage tissue engineering, becauseritscon
bility and eective tissue regeneration under physiologicahat the hydrogels are able to tolerate in vivo intra-articular
conditions. We evaluated the in vitro adhesive properties qfressures. In addition to orthogonal forces, tangential forces
MeHA/ELP hydrogels using standard burst pressure and lage applied in the actual in vivo conditions. It is expected that
shear tests, and compared them to those of commercialg MeHA/ELP-ZnO adhesive hydrogels would exhibit
available adhesives, Evicel and Cé%gale( 3 These tests  signicant resistance against intra-articular pressures in vivo,
are particularly important to show the potential integration tfecause of their high burst pressure. However, further
adhesive hydrogel to the host ti$sudeHA/ELP and con rmation through animal experiments would be neces-
MeHA/ELP-ZnO hydrogels showed consistently higher bursary’?*
pressure values than commercially available sealants, as showniagreement with the results of the burst pressure tests, the
Figure 8Sc. As expected, burst pressure increased withp shear experiments indicated that the shear strength of the
increasing concentrations of MeHA, with the highest burkydrogels increased with increasing concentrations of MeHA
pressure observed for hydrogels containing 2% MeHA and 10%ure 8Sf). Hydrogels containing 2% MeHA and 10% ELP
ELP (19.8% 6.92 kPa). Furthermore, this value was nearly 1&«hibited the highest shear strength (443512 kPa), which
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Figure 4.In vitro cytocompatibility of MeHA/ELP and MeHA/ELP-ZnO hydrogels. Representative live/dead images from hMSCs seeded on (a)
MeHA/ELP and (b) MeHA/ELP-ZnO hydrogels after 5 days of seeding. Representative phalloidin (green)/DAPI (blue) stained images from
hMSCs seeded on (¢) MeHA/ELP and (d) MeHA/ELP-ZnO hydrogels at day 5 post cultureatiraofi (e) viability and (f) metabolic

activity of hMSCs seeded on hydrogels after 1, 3, and 5 days of culture. Hydrogels were formed by using 2% MeHA and 10% ELP with O
0.2%(w/v) ZnO nanoparticles at 120 s UV exposure*time Q.05 p < 0.01** p < 0.001).

constituted a 2-fold increase relative to Evicel and a > 6-falsl well as proper vascularization and nutriessiodt> In
increase relative to Coséaty(re 8). Furthermore, addition addition, previous works have demonstrated that a higher
of ZnO nanoparticles did not change the shear strength of tlegree of swellability could help promote cartilaginous ECM
engineered composite hydrogélgufe . The high burst  deposition, but could also impact the mechanical properties of
pressure and shear strength of hydrogels containing 2% MeHh&, scaolds®* This characteristic is particularly important in
10% ELP, and 0.2% ZnO highlight their potential to be usedtag context of articular cartilage, due to its paramount role in
bioadhesives for drent applications. Particularly, due to themechanical support and load bearing in articular-joints.
mechanically harsh environment of the joints and presence~ofthermore, previous groups have also demonstrated that the
physiological shear stresses and loads in cartildge isites, swellability of the hydrogels alsménces their potential to
expected that MeHA/ELP-ZnO adhesive hydrogels can betteduce chondrogenic drentiation in 3D encapsulated
adhere to and integrate with the native tissues as comparetitSCs”>
those commercial available adhesive materials. 3.5. In Vitro Cytocompatibility of the Engineered

3.4. Swelling Ratios of MeHA/ELP Hybrid Hydrogels.  Composite Hydrogels. Bioactive scalds used for tissue
Another important property of hydrogel@ds is their ability  engineering applications not only provide physical support, but
to undergo volumetric changes, in response to increased wttey also iruence cell survival through their interactions with
uptake in physiological wet tissues. Therefore, we evaluateddiherent cell membrane receptdrBi erent properties of
swellability of MeHA/ELP hydrogels, by incubating them ihydrogel scalds have been shown tee cell viability and
DPBS at 37C for 24 h Figures 930ur results demonstrated proliferation, including material chemistry and functionalization
that the maximum swelling was consistently obtained in walith bioactive motifs, the addition of soluble autocrine factors,
samples at 2 h postincubation, with no sagrtichanges until  as well as nutrient and oxygension. Thus, we characterized
24 h of incubationFgures S3a and $3m addition, our  the in vitro cytocompatibility of the engineered MeHA/ELP-
results also showed that the swellability of the hydrogels \ifa®® hydrogels using two cell lines, hM$QGgiie % and
signi cantly decreased because of the incorporation of ELPNiH-3T3 cells [figure Sy
hydrogels for both 1%-ifure S3aand 2% [igure S3b We evaluated the ability of hMSCs and NIH-Biigblasts
MeHA concentrations. For example, the swelling ratios @f grow on the surface of MeHA/ELP hydrogels synthesized
hydrogels with 1% MeHA decreased from 8838B0% to  with 2% MeHA and 10% ELP concentrations, with and without
484+ 76% by increasing ELP concentration from 0% to 15%n0O nanoparticlesigure 4and Figure S The in vitro
This observation could be explained by the fact that ELP-basgtbcompatibility of MeHA/ELP (control) and MeHA/ELP-
hydrogels contract and lose water content due to moleculmO composite hydrogels was evaluated using commercial
rearrangement, at temperatures higher than their transitibre/dead and PrestoBlue assays, as well as Actin/DAPI
temperatur® Therefore, the combination of ELPs and MeHA uorescent staining. These results demonstrated that both
could be used to modulate the water uptake capacity of hybM@HA/ELP and MeHA/ELP-ZnO composite hydrogels could
hydrogels. support the proliferation and spreading of metabolically active

The tunable water uptake capacity of MeHA/ELP hydrogetells, which is critical for their implementation in tissue
allows the tuning of the microstructure of theolscdo engineering applications. For example, hMSCs seeded on the
promote cell penetration and new autologous tissue ingrowsluyface of the engineered hydrogels showed high cell viabilities
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(>90%) Figure 4, b, e) and spreadirfgiure ¢, d) during (controls) exhibited extensive bacteriéttation within the
the rst 5 days of culture. Furthermore, the presence @bres, as well as across the surface of thiels¢agure a,
0.2%(w/v) ZnO nanopatrticles did noeat the cytocompat-
ibility of the gels seeded with hMSCs at day 5 post cell seeding
(Figure €). In addition, our results demonstrated that the
metabolic activity (i.e., relativmrescence units, RFUs) of
hMSCs increased more than 2.3- and 2.7-fold from day 1 to day
5 after cell seeding for control samples (0% ZnO) and MeHA/
ELP-ZnO, respectivelyigure f). In particular, the RFUs of
seeded hMSCs increased from 354R1 on day 1 to 8486
1387 on day 5, which was not sagmtly dierent from
hydrogels without ZnO as contrBigire ). Similar cell
behaviors (viability, spreading and metabolic activity) were
observed for the samples seeded with NIH8®Blast cells
(Figure S For instance, more than 90% of the NIH-3T3 cells
were viable after 5 days of seeding on adhesive hydrogels
(Figure S4a, b).dn addition, broblasts seeded on adhesive
hydrogels showed high spreadiigi(e S4c,)@nd increased
metabolic activity (>3-fold) during the experimental period
(Figure S3f Taken together, these results indicated that the
adhesive composite hydrogels could support the growth and
proliferation of metabolically active cells in vitro.

Previous studies have explored the use of ECM-derived
polymers to engineer salals for cartilage tissue engineering,
as well as for chondrocyte delivery for cartilage repair. For
instance, some studies have explored tlenae of scald
chemistry in chondrogenesis, by encapsulating hMSCs in HA-
based hydrogéf€’°® However, these approaches required
prolonged exposure times to UV light (10 min), which could
potentially lead to decreased cell viability or DNA damage. In
contrast, MeHA/ELP hydrogels can be rapidly cross-linked,
which greatly minimizes biosafety concerns associated with UV-
based chemistries. In addition, the incorporation of ELPS into
MeHA/ELP hydrogels synergizes the bioactivity of the
scaolds, while also enabling tme-tuning of their physical

properties Figure 5.In vitro antimicrobial properties of MeHA/ELP-ZnO
- - - . . hydrogels with derent ZnO concentrations. Representative SEM
3.6. In Vitro Antibacterial Pr‘?pe”'?s Of. the Hy.bnd images of methicillin-resist&aphylococcus auf®RSA) colo-
Hydrogels. The development of infection still constitutes On%i?ation on hydrogels containing (a, b) 0% ZnO, (c, d) 0.1% ZnO, and

of the most severe postoperative complications in clinigal ) 0.206 Zno. Clusters of bacteria are shown in dashed circles. (g)
orthopedics. Infections occur because of bacterial adhesion esentative live/dead images from bacteria seeded hydrogels

colonization across the surface of implanted biomaterials, whigftaining (g) 0% zZnO, (h) 0.1% ZnO, and (i) 0.2% ZnO after 1
ultimately leads to the formation of altriothat protects  day of incubation. (i) Colony counting results aéretit ZnO
pathogenic bacteria against phagocytosis and afitibiiotics.concentrations in ZnO/HA-ELP hydrogels. Hydrogels were formed by
addition, the misuse and over prescription of antibiotics ha¥&ing 2% MeHA and 10% ELP at 120 s UV exposure™time (
led to the development of antibiotic-resistant bacteria. Thefe9D):
fore, signcant eorts have been made toward the develop-
ment of antimicrobial hydrogels that can prevenimbio b). The incorporation of 0.1% ZnO into the hydrogel network
formation and implant rejectfdi’ One of the most provided limited protection against MRSA colonization, as
promising experimental strategies for overcoming antibiogisown by the persistence of bacterial clusters located mostly on
resistance in pathogenic bacteria is the use of nanopartitie- surface of the solls Figure B, d). In contrast, hybrid
based alternatives. For instance, ZnO nanoparticles have W@nogels containing 0.2% ZnO exhibited high antimicrobial
shown to elicit antimicrobial activity against antibiotic-resistautivity as demonstrated by the complete absence of bacterial
bacteria, through the disruption of bacterial cell membranes aiubters both inside and on the surface afldedigure B,
the induction of reactive oxygen spéties. f). We then evaluated bacterial cell viability within MeHA/ELP-
Here, we incorporated efent concentrations of ZnO ZnO hydrogels using the BacLight live/dead cell viability assay
nanoparticles (0, 0.1, and 0.2% (w/v)) to impart antimicrobigFigure §Si). Fluorescent images suggested that the number
properties to MeHA/ELP hydrogels synthesized using 26§ viable (green) bacterial cells inside the hydrogels decreased
MeHA and 10% ELP concentrations. We investigated thé the incorporation of 0.1 and 0.2% ZnO, when compared to
antimicrobial activity of the resulting MeHA/ELP-ZnO nanoeontrol hydrogels (without ZnO)Figure §Si). These
composites against MRSA. For this, we relied on direct visobservations were further supported by the CFU assay, which
inspection of the hydrogels seeded with bacteria via SEMshswed that the number of CFUs decreased froi &lQ. at
well as colony forming units (CFU) and live/dead assays. SEM% ZnO, to 388 5.5 at 0.1% ZnO and 2&.31.7 at 0.2%
micrographs showed that the samples containing 0.0% ZAGO concentration-{gure §).
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Figure 6.In vivo biocompatibility and biodegradation of MeHA/ELP hybrid hydrogels using a rat subcutaneous implantation model. (a)
Representative images of MeHA/ELP hydrogels before implantation (day 0) and on days 4, 14, 28, 56 post implantation. (b) In vivo biodegradat
of MeHA/ELP hydrogels on days 0, 4, 14, 28, and 56 of implantation, based on weight and volume loss ofrthedimplaats (vivo

degradation prte of MeHA/ELP hydrogels shows an approximately linear degradation behavior by volume cdurb® diags after
implantation, as well as the highest biodegradation by weight between days 14 and 28. Hematoxylin and eosin (H&E) staining of MeHA/EL
sections (hydrogels with the surrounding tissue) after (c) 4, (d) 28, and (e) 56 days of implantation (scalenparemitghistaiorescent

analysis of subcutaneously implanted MeHA/ELP hydrogels showingauot $ighail lymphocyte fimation (CD3) at (f) 4, (g) 28, and (h) 56

days post implantation (scale bars = 2)0Fluorescent images showed transient macroplegtéom (CD68) at (i) day 4, followed by no

apparent positivelorescence at (j) 28 and (k) 56 days post implantation (scale bars¥ Z8en, red and blue colors 8kjfrepresent the

MeHA/ELP autouorescent hydrogels, the immune cells, and cell nuclei (DAPI), respectively. Hydrogels were formed by using 2% MeHA and 10
ELP at 120 s UV exposure time.

Previous studies have reported the incorporation of Znfb signicant changes in the elastic and compressive moduli as
nanoparticles into chitosan and alginate-based hydrogelswvtdl as adhesive properties of MeHA/ELP hydrégels ¢
impart antimicrobial propertie§. However, the incorpo- 2c, f). Taken together, these results demonstrated that MeHA/
ration of metal oxide nanoparticles into these types &LP-ZnO hydrogels could beively implemented in the
hydrogels has been shown to exert a negatnteoa cell engineering of adhesive hydrogels that are resistant to bacterial
viability. For instance, Mohandas et al. reported a > 2-faidlonization.
reduction in cell viability after the addition of ZnO nano- 3.7. In Vivo Biodegradation and Biocompatibility of
particles to alginate hydrogel$n contrast, our results the Engineered MeHA/ELP Hybrid HydrogelsHydrogels
demonstrated that MeHA/ELP-ZnO hydrogels exhibited highised for tissue engineering applications should not induce
antimicrobial activity, without compromising cell viability and ammatory or foreign body responses when surgically
spreadingHigures 4andFigure Sy In addition, our ndings implanted in vivd: In addition, they should beeetively
showed that the incorporation of ZnO nanoparticles resultedliiodegraded into biocompatible byproducts, while allowing
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su cient time for tissue regeneration. Thus, we evaluated theijpplications, due to their tunable biodegradability and high
vivo biodegradation and biocompatibility of MeHA/ELPbiocompatibility.

hydrogels via subcutaneous implantation in rats. For this,

cylindrical (8 mm diameter by 2 mm height) hydrogels weré. CONCLUSION

Hydrogels were lyophilized and weighed, and the dried sampJesactive hydrogels with antimicrobial and adhesive properties

were then subcutaneously implanted in the dorsum of maég di erent tissue engineering applications in particular

Wistar rats. Implanted samples were retrieved and weighegattilage repair. MeHA/ELP hydrogels exhibited a wide range

14, 28, and 56 days post implantation, and analyzed via digichighly tunable physical properties, including mechanical

visual inspection, and histological and immarescent  strength, elasticity, adhesion strength, and swellability. Standard

staining. Visual inspection of the explanted samples showgsl shear and burst pressure tests revealed that MeHA/ELP

that the average volume of the hydrogels decreasedrglgni  hydrogels exhibited higher adhesive strength, compared to

throughout the duration of the experiment(89% after 56  commercially available tissue adhesives such as Evicel and

days) Figure &, b). This change in the volume of the sample€oseal. In vitro studies also demonstrated that the engineered

was likely due to the biodegradation of the hydrogels wigdrogels were cytocompatible and could promote the

enzymatic hydrolysfs. proliferation and spreading of hMSCs as well as NIH-3T3
The average degradation based on the weight of tleells. In addition, the incorporation of ZnO nanopatrticles into

explanted samples also increased fromt 25926 at day 14 MeHA/ELP hydrogels provided high antimicrobial activity

to 42.7+ 7.5% at day 28 and dropped to 21722% on day against MRSA in vitro. In vivo subcutaneous implantation

56 post implantationFigure B6). This decrease in the showed that the engineered hydrogels could be biodegraded

degradation rate might be due to the ingrowth of newand integrated into the host surrounding tissues, without

autologous tissue within the engineered hydrogels, which leglisiting any signtant inammatory responses. Taken

an increase in the weight of the explanted sample on daytggether, our results suggest that MeHA/ELP-ZnO hydrogels

(Figure B). This observation was also apparent after visua@ve the potential to be used foewint tissue engineering

inspection of the explanted samplagi(e ). These results applications, especially cartilage repair, because of their tunable

were in agreement with our previous work, which demonstraftysical and mechanical properties, as well as antimicrobial

that ELP implants allowed the in%rowth of predominantlproperties.

nonin ammatory tissue into the sdd> The e cient control

over the biodegradation rate of the hydrogels enablasetheir ~ ASSOCIATED CONTENT

tuning for dierent tissue engineering applications. Previods Supporting Information

studies have demonstrated that both MeHand ELP*"47° The Supporting Information is available free of charge on the

can be eectively biodegraded in vivo, and that the rate aiCS Publications websi¢ DOI: 10.1021/acsbiomater-

which this process occurs can be controlled by modifying thigils.8b00408

biochemical composition. These observations suggest that the &

biodegradability of the hybrid hydrogels camebgtuned not Figures $154 €D

only by varying the concentration of MeHA and ELP

biopolymers, but also by further modifying their biochemical AUTHOR INFORMATION
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