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a b s t r a c t 

Osteoarthritis (OA) is one of the most common chronic musculoskeletal diseases, which accounts for 

a large proportion of physical disabilities worldwide. Herein, we fabricated injectable gelatin/poly(L- 

lactide)-based nanofibrous microspheres (MS) via electrospraying technology, which were further modi- 

fied with tannic acid (TA) named as TMS or metal phenolic networks (MPNs) consisting of TA and stron- 

tium ions (Sr 2 + ) and named as TSMS to enhance their bioactivity for OA therapy. The TA-modified micro- 

spheres exhibited stable porous structure and anti-oxidative activity. Notably, TSMS showed a sustained 

release of TA as compared to TMS, which exhibited a burst release of TA. While all types of microspheres 

exhibited good cytocompatibility, TSMS displayed good anti-inflammatory properties with higher cell vi- 

ability and cartilage-related extracellular matrix (ECM) secretion. The TSMS microspheres also showed 

less apoptosis of chondrocytes in the hydrogen peroxide (H 2 O 2 )-induced inflammatory environment. The 

TSMS also inhibited the degradation of cartilage along with the considerable repair outcome in the 

papain-induced OA rabbit model in vivo as well as suppressed the expression level of inflammatory cy- 

tokines, such as tumor necrosis factor-alpha (TNF- α) and interleukin-1-beta (IL-1 β). Taken together, TSMS 

may provide a highly desirable therapeutic option for intra-articular treatment of OA. 

Statement of significance 

Osteoarthritis (OA) is a chronic disease, which is caused by the inflammation of joint. Current treatments 

for OA achieve pain relief but hardly prevent or slow down the disease progression. Microspheres are at 

the forefront of drug delivery and tissue engineering applications, which can also be minimal-invasively 

injected into the joint. Polyphenols and therapeutic ions have been shown to be beneficial for the treat- 

ment of diseases related to the joints, including OA. Herein, we prepared gelatin/poly(L-lactide)-based 

nanofibrous microspheres (MS) via electrospinning incorporated electrospraying technology and function- 

alized them with the metal phenolic networks (MPNs) consisting of TA and strontium ions (Sr 2 + ), and 

assessed their potential for OA therapy both in vitro and in vivo . 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Osteoarthritis (OA), a chronic disease caused by the inflamma- 

ion of joints, poses severe health concerns as well as discomfort 

orldwide [ 1 , 2 ]. While not being fatal, the inflammatory medi- 

tors produced by the OA may induce the degeneration of dif- 

erent types of tissues and organs of the musculoskeletal system, 

uch as synovium, bone, and cartilage if not appropriately inter- 

ened [3] . Current therapeutic treatments of OA involve surgical 

ntervention, symptom control, delivery of oral analgesics and anti- 

nflammatory drugs, as well as non-pharmacological treatments 

e.g. self-management, advice to lose weight, etc.) [4] . While these 

herapeutic modalities achieve pain relief, most of them have not 

een proven to prevent or even slow down the progression of the 

isease. Therefore, it is imperative to develop safe and effective ap- 

roaches to attenuate or halt the disease progression, or even re- 

erse the disease through regeneration of new articular cartilage. 

Microspheres are at the forefront of drug delivery and tissue 

ngineering applications, displaying functions comparable to 3D 

caffolds, which have already been harnessed for cell transplan- 

ation or drug/growth factor delivery at injury sites [5] . Micro- 

pheres can be injected into irregular defects or injured tissues 

n a minimally invasive procedure, thereby shortening the recov- 

ry time for up to several folds than that of the traditional sur- 

ical procedures as required for 3D scaffolds [6] . So far, micro- 

pheres displaying different types of shapes and structures, such 

s solid, hollow, and nanofibrous have been successfully fabricated. 

f these, nanofiber microspheres exhibit large specific surface area, 

hich endows them with high cell/drug loading efficiency. Ma 

t al. leveraged self-assembling star-shaped poly(l-lactic acid) (SS- 

LA)-based nanofibrous microspheres for osteochondral repair [7] . 

imilarly, chitosan nanofiber microspheres were fabricated by us- 

ng microfluidic device through physical gelation and exploited for 

he transplantation of chondrocytes for cartilage tissue engineering 

CTE) [8] . Nonetheless, these platforms require the specific surface 

unctional groups of materials, which may however be applicable 

o only a few polymers. 

Recently, electrospinning combined with electrospraying tech- 

ology has been leveraged for the production of nanofiber 

icrospheres. This approach exploits homogenized electrospun 

anofibers as raw ingredients, thereby avoiding the dense struc- 

ure of the traditional electrospun nanofibers. The microstructure 

f nanofiber microspheres can be tailored by controlling differ- 

nt types of electrospraying parameters, such as applied voltage, 

ow rate, and spinneret-to-collector distance [9] . Besides, a series 

f materials, including both natural or synthetic polymers as well 

s inorganic oxides can be tailored into nanofiber microspheres 

 10 , 11 ]. Moreover, nanofiber microspheres not only display geomet- 

ic compatibility, but may also be exploited for drug release due 

o their high specific surface area [12] . Nonetheless, the long-term 

echanical stability of nanofiber microspheres requires further im- 

rovement. In addition, nanofibrous microspheres are needed to be 

urther tailored for anti-oxidative properties, extracellular matrix 

ECM) secretion, and chondrocytes protection to better satisfy the 

equirements for the OA treatment. 

Polyphenols have been shown to exert anti-oxidative effect, 

hich may not only neutralize harmful free radicals but also re- 

uce cell apoptosis [13] . Tannic acid (TA) exhibits multiple pyrogal- 

ol hydroxyl groups, which afford reversible interactions with dif- 

erent types of the proteins, including gelatin and elastin through 

orming hydrogen bonds [ 14 , 15 ]. Besides, the adjacent hydroxyl 

roups in TA provide chelating sites that can be further reacted 

ith different types of metal ions to afford 3D stable metal phe- 

olic networks (MPNs) [16] . Moreover, TA exhibits high scavenging 

apacity for hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (OH ·) 
nd promotes the release of glycosaminoglycans (GAGs) against 
594 
ollagenase digestion. Therefore, the TA exhibits beneficial effects 

n protecting cartilage under OA conditions [ 17 , 18 ]. Strontium (Sr), 

n important trace element in the human body, has been widely 

sed for the treatment of osteoporosis and has been shown to 

ave a positive intervention on cartilage matrix remodeling [19–

1] . Given the studies above, we hypothesized that the construc- 

ion of strontium and TA mediated MPNs on nanofiber micro- 

pheres may enhance the bioactivity of microspheres and achieve 

he synergistic effect of antioxidant and chondrocyte anabolism to 

eet the requirements for OA therapy. 

The objective of this study is therefore to design MPNs modi- 

ed electrospray nanofiber microspheres and to evaluate their po- 

ential for OA treatment for the first time. Herein, we prepared 

elatin/poly(L-lactide) (gelatin/PLA)-based nanofiber microspheres 

y electrospraying the aqueous dispersions of electrospun homog- 

nized short fibers. The nanofiber microspheres were further mod- 

fied with TA or TA/Sr 2 + MPNs and were intensively character- 

zed for morphological and physico-chemical characteristics, anti- 

xidative ability, and drug/ion release. In addition, nanofiber mi- 

rospheres were investigated in terms of anti-apoptosis, resolution 

f inflammatory cytokines as well as the secretion of cartilage- 

elated ECM both in vitro and in vivo in an OA environment. 

. Materials and methods 

.1. Materials 

Gelatin (Gel, 240 g Bloom) was purchased from Aladdin reagent 

o., Ltd. (Shanghai, China). Poly(L-lactide) (PLA, M W 

= 200 kDa) 

as purchased from Jinan Daigang Biomaterial Co., Ltd. (Jinan, 

hina). Hexafluoroisopropanol (HFIP) was obtained from Shanghai 

arui Fine Chemical Co., Ltd. (Shanghai, China). Tannic acid was 

upplied by Macklin Biochemical Co., Ltd. (Shanghai, China). Stron- 

ium chloride hexahydrate (SrCl 2 • 6H 2 O) was obtained from Mack- 

in Biochemical Co., Ltd. (Shanghai, China). Glutaraldehyde was 

btained from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, 

hina). The 2,2-diphenyl-1-picrylhydrazyl (DPPH) was purchased 

rom Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). 

.2. Preparation of short electrospun gelatin/PLA nanofibers 

Gelatin and PLA were separately dissolved in HFIP; the concen- 

ration of gelatin and PLA was 12% and 8%, respectively. The gelatin 

olution and PLA solution were mixed in a ratio of 10:3 (v/v). The 

elatin/PLA nanofiber membranes were fabricated by electrospin- 

ing. Briefly, the solution was loaded into a 10 mL syringe with a 

0 G blunt-ended needle and pumped by a syringe pump at a flow 

ate of 3 mL/h with a voltage of 12 kV applied on the needle to af-

ord electrospun membranes. The distance from the spinneret-to- 

ollector was 15 cm. The gelatin/PLA nanofiber membranes were 

ross-linked by glutaraldehyde (GA) vapors from a 25% ethanolic 

olution for 6 h. Electrospun membranes were dried in a vacuum- 

ven at 37 °C for up to three days. The cross-linked nanofiber mem- 

ranes were then cut into small pieces (0.5 cm × 0.5 cm) and 

ispersed in water to afford 20 mg/mL dispersion. The uniform 

ber dispersions were obtained by homogenizing with a probe ho- 

ogenizer (IKA T18, Germany) for 10 min at 60 0 0 rotations per 

inute (rpm). The well-homogenized nanofiber-dispersed solution 

as subsequently used for electrospraying. 

.3. Fabrication of gelatin/PLA-based nanofiber microspheres 

The nanofiber microspheres, including gelatin/PLA-based 

anofiber microspheres (MS), tannic acid-modified nanofiber 

icrospheres (TMS) and tannic acid/Sr 2 + -modified nanofiber 

icrospheres (TSMS) were prepared by electrospraying method, 
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hich was performed in the dripping mode [22] . Briefly, aqueous 

ispersion of short fibers (concentration, 20 mg/mL) was loaded 

nto 10-mL syringe equipped with a 21G blunt-ended needle and 

umped at a flow rate of 2.0 mL/h. A piece of aluminum (Al) foil

as immersed in the liquid nitrogen as the ground collector for 

S collection. The typical electrospray parameters were as follows: 

oltage = 8 kV and distance between the needle tip to collec- 

or/grounded electrode = 10 cm. After electrospraying, the frozen 

anofiber MS were immediately transferred to a freeze dryer and 

yophilized for 24 h. Subsequently, the MS were crosslinked by GA 

apors in a closed chamber for 6 h to mechanically strengthen the 

articles and subsequently subjected to drying in a vacuum-oven 

t 37 °C for 72 h. For the TMS, dried MS (weight, 50 mg) were

mmersed into 10 mL TA aqueous solutions (concentration, 3 

g/mL), and stirred for 10 min. After rinsing three times with the 

eionized water and freeze-drying, the dried TMS were obtained. 

or the TSMS, 50 mg MS were first immersed in the TA solution 

concentration, 3 mg/mL) and stirred for 10 min, and then 1 mL of 

.1 M SrCl 2 • 6H 2 O was added and microspheres were stirred for 

nother 10 min. Thereafter, TSMS were obtained by lyophilization. 

.4. Characterization 

The bright-field and fluorescence images of short fibers were 

ollected by microscope (DMi 8, Leica, Germany). Image J (National 

nstitutes of Health, Bethesda, MD) was used to measure the length 

f short fibers (n = 200) from 10 images. The morphology of short 

bers as well as different microspheres was characterized by scan- 

ing electron microscopy (SEM, Phenom XL, Phenom Scientific In- 

truments Co. Ltd., Shanghai, China). Samples were mounted on an 

luminum stub by using carbon tape and were sputter-coated with 

old. Subsequently, the morphology of different samples was ascer- 

ained at an accelerating voltage of 10 kV. The SEM images were 

nalyzed by using Image J software to measure the fiber diameter, 

ore size as well as diameter of different microspheres. 

The elements on the surface of different microspheres were 

etected by an energy dispersive spectrometer (EDS, JSM-7500F, 

hina). X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 

hermo Fisher Scientific, Waltham, UK) was used to determine 

urface compositions of the different microspheres. For structural 

lucidation of different microspheres, Fourier transform infrared 

pectroscopy (FTIR) was performed by using a Nicolet-6700 FTIR 

pectrometer (Thermo Fisher Scientific, USA) in the range of 1900- 

00 cm 

−1 . 

To evaluate the release kinetics of TA, 10 mg of different mi- 

rosphere groups was immersed in 10 mL of phosphate buffered 

aline (PBS, pH 7.4) at 37 °C. At appropriate intervals, the release 

edia were removed, and the same volume of fresh media was 

dded. The concentration of the TA in the release media was de- 

ermined by UV/vis spectrophotometer (JASCO V530, JASCO, Japan) 

t 273 nm. To evaluate the release kinetics of Sr 2 + , the super- 

atants of TSMS collected at different time intervals were analyzed 

y using inductively coupled plasma-atomic emission spectrometry 

ICP-AES, Leeman, USA). 

Total anti-oxidative capacity of microsphere extracts was mea- 

ured by the 2,2-azino-bis-(3-ehylbenzothiazo-line-6-sulphonic 

cid) diammonium salt (ABTS) radical cation method [23] . Briefly, 

BTS solution (7 mM) and potassium persulphate (K 2 S 2 O 8 , 2.45 

M) were dissolved in deionized water and incubated at room 

emperature for 16 h in dark. The ABTS • + solution was diluted with 

BS to afford an absorbance value of 0.700 at 734 nm. Then, 0.15 

L of the extract solution collected from the microspheres at dif- 

erent time intervals (10 mg microspheres were immersed in 10 

L PBS for 24 and 48 hours, respectively to obtain the extract 

olution from the microspheres) was added to a total 2.85 mL of 

BTS • + solution. The solutions were allowed to mix at ambient 
595 
emperature in the dark for 6 min and the absorbance was mea- 

ured at 734 nm. Ascorbic acid was used as a positive control. The 

adical scavenging activity (RSA) was calculated by Eq. (1) : 

BTS radical scavenging activity (%) = [(A 0 − A 1 ) / A 0 ] × 100 (1) 

here A 0 and A 1 represent the absorbance of the control radical 

ation solution and the sample, respectively. 

The anti-oxidative activity of different microspheres was further 

ssessed by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. Briefly, 2 

L of the extract solution of the microspheres collected at 24 and 

8 hours was mixed with 2 mL of 0.1 mM DPPH/ethanol solution, 

hile being protected from the light at room temperature. After 

eacting for 0.5 h, the absorbance of each mixture was measured 

t 517 nm by using ethanol as a blank. Pure ascorbic acid (AA) was 

sed as a positive control, while DPPH solution without samples 

as used as a blank. Radical scavenging activity was calculated by 

q. (2) : 

 (%) = (A B −A S ) / A B × 100% (2) 

here A indicated the DPPH · scavenging rate, while A B and A S in- 

icated the absorbance of the blank and experimental groups, re- 

pectively. 

For in vitro degradation assay, MS, TMS and TSMS were weighed 

n the dry state to record their initial weight (W 0 ). Thereafter, the 

icrospheres were transferred into centrifuge tubes containing 10 

L of PBS (pH = 7.4 ± 0.1), which were placed in a thermostatic 

haker at 37 ◦C with a speed of 100 rpm. On weekly intervals for 

p to eight weeks, the microspheres were removed, dried at room 

emperature, and weighed (W 1 ). The weight loss (W L ) was calcu- 

ated by Eq. (3) : 

 L = (W 0 − W 1 ) / W 0 × 100% (3) 

The microspheres were incubated in protease XIV solution 

Concentration: 1.0 U/mL in PBS, Sigma, China) to evaluate degra- 

ation properties. Protease XIV has been shown to be much more 

ffective in the digestion of the casein than that of the trypsin, 

hymotrypsin and several other proteases [24] . The samples were 

mmersed into 10 mL enzyme solution with bath ratio of 1:10 

g/mL) and kept at 37 °C in a shaking water bath. The degradation 

olution was refreshed every three days. After 1, 3, 7, 14, and 21 

ays, the samples were harvested and rinsed in deionized water 

or three times slightly. After freeze-drying, the ratio of degraded 

icrosphere weight to initial weight was calculated as weight re- 

aining (n = 3). 

.5. Biocompatibility of scaffolds in vitro 

Articular cartilage was derived from New Zealand white rabbit 

age, 4 months; weight, 2.5 kg) and chondrocytes were isolated 

s previously reported [25] . The acquired chondrocytes were cul- 

ured, and expanded in the culture medium (high glucose, Dul- 

ecco’s modified Eagle’s medium (DMEM, Gibco, USA) supple- 

ented with 10% fetal bovine serum (FBS, Hyclone, USA) and 1% 

enicillin/streptomycin/amphotericin B solution in an incubator at 

7 °C [26] . Chondrocytes at the second passage were used for the 

ubsequent in vitro experiments. To investigate the effect of differ- 

nt microspheres on chondrocytes, the extract solution from mi- 

rospheres was prepared. Briefly, 1 mg/mL of MS, TMS or TSMS 

ere suspended in culture medium for up to 1 week, and the su- 

ernatants were collected to culture chondrocytes. The chondro- 

ytes cultured with medium without the extract solution of the 

icrospheres were used as a blank group. 

The cell viability and cell proliferation were determined by us- 

ng live/dead assay and cell counting kit-8 (CCK-8) assay (Beyotime, 

hina). Chondrocytes (2.0 × 10 4 cells/well) were seeded into 48- 

ell plates and cultured with the extract solution collected from 
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ifferent microspheres for up to 1, 3, and 5 days in an incuba- 

or with humidified atmosphere of 5% CO 2 at 37 °C (n = 3). At 

ach time point, the medium was removed. Thereafter, 200 μL 

f medium with 10% CCK-8 reagent was added to each well and 

ncubated for up to 2 h at 37 °C. The absorbance was measured us- 

ng a microplate reader (Multiskan MK3, Thermo Fisher Scientific, 

SA) at the 450 nm for 100 μL of supernatant per well. The viabil-

ty of chondrocytes under H 2 O 2 (0.4 mmol/L) exposure was deter- 

ined with CCK-8. Chondrocytes (2.0 × 10 4 cells/well) were fur- 

her seeded in 48-well plates and cultured with the extract solu- 

ion collected from microspheres with or without 0.4 mmol/L H 2 O 2 

or 24 h, followed by the above procedure of the CCK-8 assay and 

he absorbance was measured at 450 nm using a microplate reader 

Multiskan MK3, Thermo Fisher Scientific, USA). Live/dead assay 

as performed by using a live/dead staining kit (YeasenBiotech, 

hina). Briefly, chondrocytes (2.0 × 10 4 cells/well) were seeded 

n 48-well plates and cultured with the extract solution collected 

rom the microspheres with or without 0.4 mmol/L H 2 O 2 for 24 

. After that, the medium was removed and the cells were incu- 

ated in PBS (100 μL) solution containing calcein-AM (5 μM) and 

ropidium iodide (20 μM) for 15 min at 37 ◦C in the dark. The flu-

rescence of cells was observed by using a confocal laser scanning 

icroscope (Nikon, A1RMP, Japan). 

To gain an insight into the apoptosis, chondrocytes were cul- 

ured with the extract solution obtained from nanofiber micro- 

pheres under H 2 O 2 treatment and were analyzed by TUNEL as- 

ay by following manufacturer’s instructions (Beyotime, Shanghai, 

hina). Chondrocytes (2.0 × 10 4 cells/well) were seeded along with 

he extract solution from various groups in a 48-well cell cul- 

ure plate containing 0.4 mmol/L H 2 O 2 for 24 h. Thereafter, cells 

ere fixed with 1% paraformaldehyde for 10 min, followed by rins- 

ng with the PBS three times. Then, cells were washed with 0.1% 

odium citrate buffer solution and permeabilized with 0.1% Tri- 

on X-100 for 2 min, and washed three times with PBS. The cells 

ere then incubated with the TUNEL staining solution (Beyotime, 

hanghai, China) for 1 h, followed by staining with 4 ′ ,6-Diamidino- 

-phenylindole (DAPI, Beyotime, Shanghai, China). The percentage 

f TUNEL-positive cells was calculated by counting the numbers of 

uorescein-stained positive nuclei and normalizing with the total 

umber of cells via Image J software. 

The chondro-protective ability of different microspheres was 

urther explored by real-time reverse transcription polymerase 

hain reaction (RT-PCR) analysis. Chondrocytes at a density of 

 × 10 5 cells/mL were seeded in a 6-well plate, treated with 0.4 

mol/L H 2 O 2 and cultured with the extract solution of MS, TMS 

r TSMS for 24 h. The total mRNA of chondrocytes was collected 

y using TRIzol reagent (Invitrogen, Life Technologies, CA, USA), 

nd cDNA was synthesized from 1 μg of collected RNA by us- 

ng M-MLV cDNA Synthesis Kit (Promega, USA). Then, the cDNA 

as mixed with SYBR Green PCR Master Mix (TaKaRa, Kusatsu, 

apan) and PCR was performed by using ABI StepOnePlus TM 

eal-Time PCR system (Applied Biosystems, USA). All primer se- 

uences are listed in Table S1. The mRNA expression levels 

f tumor necrosis factor-alpha (TNF- α), aggrecan (ACAN), col- 

agen II, matrix metalloproteinases-13 (MMP13), Adamalysin-like 

etalloproteinases with thrombospondin (TS) motifs (ADAMTS)- 

, tachykinin1 (TAC1), and β-actin were quantified. The expres- 

ion of all genes was normalized to β-actin as well as to the 

ene expression of chondrocytes without H 2 O 2 treatment (con- 

rol group) and the relative expression was calculated by −2 ��Ct 

ethod. 

To explore the moderating effect of different nanofiber micro- 

pheres on the inflammatory response, chondrocytes at a density 

f 0.5 × 10 5 cells/mL were seeded onto the coverslips in a 24- 

ell cell culture plate and treated with 0.4 mmol/L H 2 O 2 . There- 

fter, the extract solution obtained from different nanofiber micro- 
596 
pheres was added to the wells and samples were cultured for 24 

. Then the cells were fixed with 4% paraformaldehyde (15 min) 

nd treated with 0.1% Triton X-100/PBS solution for 10 min, and 2% 

ovine serum albumin (BSA)/PBS mixture solution for 45 min. Af- 

erwards, chondrocytes were incubated with anti-TNF- α antibody 

vernight (Abcam; 1:100 dilution) at 4 °C. After PBS washing, chon- 

rocytes were incubated with fluorescent-labeled secondary anti- 

odies (Abcam; 1:200 dilution). DAPI was used to stain the cell 

uclei for 10 min. Imaging was performed by using a fluorescence 

icroscope (DMi 8, Leica, Germany). 

.6. Evaluation of nanofiber microspheres in an osteoarthritis model 

All animal experiments were performed according to the stan- 

ard guidelines approved by the ethics committee of Shanghai 

iao Tong University (SJTU). Adult healthy New Zealand white rab- 

its, (male; age, 4 months; weight, 2.5 kg) were randomly chosen 

nd divided into three groups (n = 4 per group). The OA model 

as induced in the right knees of the rabbits by intra-articular 

njections of 500 μL of 4% papain solution [27] ; all of the ani-

als were injected with the papain solution once weekly for up 

o 4 weeks [28] . Afterwards, the OA rabbits received intra-articular 

njection of 50 μL of PBS, MS (10 mg/mL), TMS (10 mg/mL), or 

SMS (10 mg/mL) once at first week after modeling. A sham 

roup was conducted without OA induction. After four weeks of 

herapy, animals were euthanized and sacrificed. The joints were 

arvested for further examination. To evaluate the biosafety of 

ifferent microspheres in vivo , the organs (heart, liver, spleen, 

ung, and kidney) were harvested, fixed in 4% paraformaldehyde 

nd embedded in paraffin. Subsequently, tissue sections were 

tained with H&E and imaged under a microscope (DMi 8, Leica, 

ermany). 

.7. Articular cartilage regeneration in rabbits 

The harvested knee joints were fixed, decalcified, paraffin em- 

edded, and sectioned (5 μm). The H&E, Safranin O-fast green, 

ollagen II and TNF- α were used to stain the sections for his- 

ological and immunohistochemical analysis. The relative expres- 

ions of collagen II and TNF- α were quantified by Image J soft- 

are. The severity of the OA lesions was evaluated by using the 

ARSI (Osteoarthritis Research Society International) score estab- 

ished by Pritzker et al. [29] , which scores the product of six grades

depth of lesion) and four stages (extent of involvement) on a scale 

f 0 (normal) to 24 (severe OA). A modified Mankin’s histological 

core was used to score histological injuries of the articular car- 

ilage [30] , and the grading and scoring criteria are shown in the 

able S2. 

The TUNEL assay was used to determine the apoptosis of chon- 

rocytes in the knee joints. The sections were fixed with 4% 

araformaldehyde for 10 min, followed by incubation with acetic 

cid/ethanol mixture solution (1:2, v/v) for 5 min and rinsing with 

he PBS two times. Thereafter, the sections were incubated with 

he terminal deoxynucleotidyl transferase (TDT) in an incubator for 

 h at 37 ◦C. After TDT treatment, anti-digoxigenin conjugate (flu- 

rescein) was added for 30 min, and the stained cells were pre- 

erved in mounting medium containing DAPI (Beyotime, Shanghai, 

hina). The percentage of TUNEL-positive cells was calculated by 

ounting the numbers of fluorescein-stained positive nuclei and 

ormalizing them with the total number of nuclei via Image J soft- 

are. 

To further observe inflammatory response of the joint carti- 

age, sections were stained with interleukin-1 beta (IL-1 β). Rehy- 

rated sections were incubated with trypsin antigen solution at 

7 °C for 15 min, followed by incubation with 3% H 2 O 2 for 15 min

t room temperature to block the endogenous peroxidase. After 
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locking with 10% normal goat serum, the sections were incubated 

ith anti-IL-1 β antibody (Abcam; 1:200 dilution) at 4 °C overnight. 

ext, the sections were incubated with fluorescent-labeled sec- 

ndary antibody (Abcam; 1:200 dilution) for 1 h and finally coun- 

erstained with DAPI. The fluorescence intensity was quantified by 

mage J software. The synovial fluid was also collected by using a 2 

L syringe with an 18-gauge needle and centrifuged at 40 0 0 rpm 

or 20 min at 4 °C. The supernatant was collected and frozen at - 

0 °C. The H 2 O 2 levels were measured through a hydrogen peroxide 

ssay kit (Beyotime, Shanghai, China) following the manufacturer’s 

nstructions. The IL-1 β was measured by using the rabbit IL-1 β
nzyme-linked immunosorbent assay (ELISA) kit (Solarbio, Beijing, 

hina) according to the manufacturer’s instructions. The concen- 

rations of osteoprotegerin (OPG) and receptor activator of nuclear 

actor κB ligand (RANKL) were both measured by ELISA reagents 

Boster, Wuhan, China). The ELISA tests were performed according 

o the manufacturer’s instructions. The optical density was mea- 

ured at 450 nm by using a microplate reader (Multiskan MK3, 

hermo Fisher Scientific, USA). 

.8. Statistical analysis 

Quantitative data were expressed as mean ± standard devia- 

ion (SD). Origin 8.0 (origin Lab Inc, USA) was applied for helping 

tatistical analysis. For statistical significance, one-way analysis of 

ariance (ANOVA) with Tukey’s post-hoc test was performed. A p 

alue < 0.05 was considered to be statistically significant. 
ig. 1. Fabrication and application of nanofiber microspheres. (A) Schematic diagram illus

ation of microspheres with TA or TA/Sr 2 + . (B) Intra-articular injection of microspheres in

597 
. Result 

A schematic diagram summarizing the fabrication process of 

F microspheres was shown in Fig. 1 . Short fiber segments were 

btained from electrospun nanofibers through an ultrasonic ho- 

ogenizer. The homogenized fibers were electrosprayed into liq- 

id nitrogen, and then freeze-dried and cross-linked to obtain me- 

hanically stable microspheres. Subsequently, MS were immersed 

nto a mixture solution of TA and SrCl 2 . In previous studies, MPNs 

oatings on biomaterials were formed by different methods, such 

s hydrogen bonding, cationic- π interactions and π- π stacking of 

atechol and gallol groups [31] . The catechol groups of TA exhibit 

ultiple sites for hydrogen and coordination bonding. It is there- 

ore reasonably expected that these types of interactions may be 

esponsible for the formation of TA-based MPNs on the micro- 

pheres. 

The freeze-dried short fibers were uniformly distributed in wa- 

er, and the homogenized short fiber dispersion was easily ex- 

ruded through a syringe equipped with a blunt-ended needle 

 Fig. 2 A-D). The fluidity of short fiber dispersion was crucial for 

he subsequent electrospray process, because it can avoid the ob- 

truction of the needle for efficient production of microspheres. 

ig. 2 E-F revealed the bright field and fluorescence photographs 

f gelatin/PLA short nanofibers upon cross-linking with GA va- 

ors. SEM micrographs of homogenized nanofibers were shown 

n Fig. 2 H-I. After homogenization, nanofibers displaying relatively 

hort and uniform length could be clearly observed from SEM 
trating the fabrication process of microspheres and the mechanism for the modifi- 

 an OA model of rabbit. 
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Fig. 2. Morphological analysis of short nanofibers. Photographs of homogenized lyophilized nanofibers (A), short nanofibers dispersed in water (B), homogenized short 

nanofibers loaded into a syringe (C) and short nanofibers extruded through a stainless steel needle (D). The bright field (E), fluorescence (F) and SEM (H-I) images of 

homogenized nanofibers. Length (G) and fiber diameter (J) distribution of homogenized nanofibers (n = 200). 
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icrographs. The length and diameter distributions of nanofibers 

ere shown in Fig. 2 G & J, respectively. After homogenization, the 

ength of short fiber segments was 17.01 ± 10.02 μm, while the 

verage diameter of the short fiber was 610 ± 244 nm. 

The morphology of MS, TMS, TSMS microspheres was shown in 

ig. 3 A & S1. All of the microspheres displayed biomimetic nanofi- 

rous surface topography. Moreover, thin strips were formed on 

he surface of the microspheres which became more evident af- 

er the introduction of Sr 2 + . Morphological examination of the 

anofiber segments at high magnification further revealed that 

ome small particles of TA were distributed on the fiber surface of 

MS and TSMS. It was worth noting that the microspheres with- 

ut crosslinking with the GA vapors demonstrated poor mechani- 

al stability and were prone to be collapsed (Fig. S2). Quantitative 

nalysis revealed an insignificant difference among MS, TMS, TSMS 

n terms of the fiber diameter and pore size ( Fig. 3 B-C). Nonethe-

ess, the diameter and pore size of the microspheres were slightly 

ecreased after treatment with the TA, which may be ascribed to 

he polyphenol-mediated crosslinking of microspheres as well as 

he introduction of Sr 2 + , which may lead to the formation of coor- 

ination bonds and further strengthen the inter-fiber linkages. 

Energy-dispersive spectroscopy (EDS) as well as elemental anal- 

sis of microspheres demonstrated the uniform distribution of el- 

ments, including C, O, N, and Sr in TSMS microspheres ( Fig. 4 D).

uantitative analysis further showed a reduction in C/O atomic ra- 

io from 2.87 in the MS to 2.24 in the TMS and 1.79 in the TSMS

fter coating with TA. These ratios were close to the atomic ratio 
598 
f TA (1.24) (Table S3). The XPS spectra further illustrated an in- 

eraction between the MS substrate and the TA-Sr coating. While 

S and TMS were devoid of the Sr 3d spectrum, the TSMS ex- 

ibited Sr 3d spectrum ( Fig. 3 E & G). The O 1s spectrum in TMS

nd TSMS showed a higher bond energy (533.4 eV) than that of 

he MS group (531.7 eV), which corresponded to the oxygen in 

he phenolic groups of the TA on the microspheres, thereby indica- 

ive of the successful modification of the MS with the TA moieties 

 Fig. 3 F). 

The ATR-FTIR spectra of the TA, MS, TMS, TSMS were shown in 

ig. 4 H. For the pure TA, a characteristic peak at 1704 cm 

−1 was

pparent due to the stretching vibrations of C = O (carboxylic es- 

er) groups, and peaks at 1607, 1526, and 1445 cm 

−1 were con- 

istent with the aromatic C-C stretches. Peaks at 1174 and 1021 

m 

−1 were attributed to vibrations of substituted benzene rings, 

hile those at 1310 and 751 cm 

−1 were attributed to the out- 

f-plane and in-plane vibrations of O-H bonds, respectively [32] . 

S spectrum displayed two distinctive peaks at around 1647 cm 

−1 

nd 1540 cm 

−1 , which were ascribed to the C = O stretching of the

mide I as well as N-H bending and C-H stretching of amide II 

n the gelatin, respectively. The absorption peaks at 1758, 1452, 

183, 1130, and 1087 cm 

−1 corresponded to the C = O stretching 

ibration, -CH 3 stretching vibration, C-O stretching vibration, C-O- 

 stretching vibration, and C-O symmetric stretching in PLLA [33] . 

or the TMS and TSMS, in addition to the characteristic peaks pos- 

essed by MS, there were additional characteristic peaks at 1704, 

310, 1174, 1021 and 751 cm 

−1 , all of which were attributed to TA, 



Y. Chen, W. Xu, M. Shafiq et al. Acta Biomaterialia 157 (2023) 593–608 

Fig. 3. Structural and morphological analysis of nanofiber microspheres. (A) SEM photographs of MS, TMS and TSMS. Diameter (B) and pore size (C) of different microspheres. 

(D) Representative elemental mapping of the TSMS. The XPS spectra of microspheres (E), high-resolution O 1s core level XPS spectra (F) and high-resolution Sr 3d core level 

XPS spectra (G) of MS, TMS and TSMS. (H) ATR-FTIR spectra of TA, MS, TMS and TSMS. (I) Release of TA from different microspheres in PBS at 37 °C (n = 3). (J) Release of 

Sr 2 + from the TSMS incubated in PBS at 37 ◦C (n = 3). 
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ith specific representative groups as discussed in the above para- 

raph. Conclusively, FTIR result illustrated the successful modifica- 

ion of TA on TMS and TSMS. 

The results of TA release detected over 28 days were shown in 

ig. 3 I, where TMS exhibited a burst release at an initial stage. The 

A was released for up to 40.24% in the first day of TMS and most

f the residual drug was released in the following 9 days (accu- 

ulative release about 82.25%). Contrarily, the TSMS displayed sus- 

ained release of TA, with an initial fast release (26.63% on the first 

ay), followed by a cumulative release of 78.55% within 14 days. 

ig. 3 J showed the release behavior of Sr 2 + in TSMS, with the re-

ease rate of the ions being higher at the initial stage reaching for 
599
p to 37.3% by first day. The total release of Sr 2 + reached for up to

2.38% by day 28. 

The degradation of the microspheres was further evaluated for 

p to 8 weeks in vitro . The weight loss was found to be 59.3 ±
.5%, 65.3 ± 2.1%, and 61.3 ± 1.5% for MS, TMS, and TSMS after 

 weeks, respectively (Fig. S3). While there was an insignificant 

ifference among different microspheres in terms of the weight 

oss over 8 weeks, the degradation rate of the TA-modified micro- 

pheres was faster than that of the MS group beyond week 6. The 

ast degradation of microspheres after 6 weeks may be ascribed to 

he release of TA, which may alter the pH, thereby accelerating the 

egradation [ 34 , 35 ]. As shown in Fig. S4, after 3 weeks exposure to
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Fig. 4. Anti-oxidative ability and biocompatibility of microspheres in vitro . (A) Free radical scavenging capacity of MS, TMS, TSMS and AA determined by DPPH assay (n = 3). 

(B) Cell viability of chondrocytes co-cultured with the leachate of MS, TMS and TSMS for up to 24 h (n = 3). (C) Proliferation of chondrocytes co-cultured with the leachate 

of MS, TMS and TSMS at day 1, 3, and 5 (n = 3). (D) Live/dead assay of chondrocytes co-cultured with the leachate of MS, TMS, and TSMS for 24 h (live and dead cells have 

been stained in green and red colors, respectively). 
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rotease XIV solution, weight loss of the MS group exceeded 78%, 

hile those for the TMS and TSMS groups reached for up to 83% 

nd 82%, respectively. Since the gelatin is the main component of 

he nanofibrous microspheres, the main degradation products are 

ainly free amino acids, which can be easily metabolizable in vivo 

36] . On the other hand, the PLA is known to mainly undergo hy-

rolysis; the degradation products of the PLA can also be easily 

xcreted by the metabolic pathways from the human body [37] . 

hough the content of TA and strontium ions are minute in the 

icrospheres, Sr ions are mainly metabolized through urine in vivo 

38] . The degradation products of the TA mainly consist of glucose 

nd gallic acid, which are easily absorbed in vivo ; the intake of a 

mall quantity of TA has also been shown to be beneficial for the 

ealth [39] . 

The antioxidative activities of different microspheres were eval- 

ated by using DPPH and ABTS assays. As shown in Fig. 4 A, the MS

id not exhibit an obvious free radicals scavenging activity both at 

4 h and 48 h. On the other hand, TMS and TSMS showed signifi-

ant scavenging effects on free radicals, and the radical scavenging 

apacity of these modified microspheres was increased with an in- 

rease in the incubation time. In the DPPH assay, the free radical 

nhibition rate was 66.43% and 75.45% for the TMS, while 56.01% 

nd 72.58% for the TSMS group at 24 h and 48 h, respectively. On 

he other hand, in the ABTS assay (Fig. S5), the inhibition of free 

adicals of TMS was 73.08% and 81.34%, while 60.21% and 79.82% 

or the TSMS group at 24 h and 48 h of incubation, respectively. 

The bioactivity of the different groups of nanofiber micro- 

pheres was next evaluated. There was no significant difference 
600 
mong four groups in terms of the cell proliferation and cell vi- 

bility within the first 24 h ( Fig. 4 B). As can be seen from Fig. 4 C,

he TMS and TSMS groups showed less cell proliferation than that 

f the control groups both at day 3 and day 7. Live/dead assay in- 

icated minimal cell toxicity in all of the groups ( Fig. 4 D). Over-

ll, these results revealed the free radical scavenging capacity and 

ood cytocompatibility of the TA-modified microspheres. 

In this study, we used H 2 O 2 to simulate the inflammatory mi- 

roenvironment in the pathogenesis of OA. Live/dead cell assay 

ndicated H 2 O 2 -mediated reduction in the numbers of live cells 

shown in green color), while an increase in the numbers of dead 

ells (shown in red color) in each group than that of the non- 

reated control group ( Fig. 5 A). Chondrocytes co-cultured along 

ith the leachate of TMS and TSMS showed only a few num- 

ers of dead cells than that of the blank and MS groups ( Fig. 5 C).

hile H 2 O 2 treatment significantly decreased the cell viability in 

ll groups, the TMS and TSMS groups still showed higher cell via- 

ility than that of the blank and MS groups, indicating that the TA 

eleased from TMS and TSMS groups may effectively resist H 2 O 2 - 

nduced oxidative stress ( Fig. 5 D). Furthermore, TMS and TSMS 

roups were able to protect the chondrocytes from the H 2 O 2 - 

nduced apoptosis ( Fig. 5 B). Quantitative analysis also revealed 

he lower percentages of TUNEL-positive nuclei in TMS and TSMS 

roups (13% and 11% for TMS and TSMS, respectively). On the other 

and, the percentage of TUNEL-positive nuclei was 46% and 41% in 

he blank and MS groups, respectively ( Fig. 5 E). 

The expression level of TNF- α was detected by immunofluores- 

ence staining ( Fig. 6 A). The fluorescence signal of TNF- α was sig- 
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Fig. 5. Cytocompatibility of nanofiber microspheres in an oxidative environment in vitro . (A) Fluorescence images of chondrocytes co-cultured with the leachate of MS, TMS 

and TSMS after H 2 O 2 treatment for 24 h. Green and red colors indicate live and dead cells. (B) TUNEL assay of chondrocytes cultured with the leachate of MS, TMS and 

TSMS after treatment with H 2 O 2 for 24 h. (C) Percentage of the dead cells obtained from the live/dead staining assay (n = 3). (D) Cell viability of chondrocytes co-cultured 

with the leachate of MS, TMS and TSMS as detected by CCK-8 assay after H 2 O 2 treatment for 24 h (n = 3). (E) Percentage of TUNEL-positive cell nuclei based on TUNEL 

assay (n = 3). ( ∗ , #, $, % indicate p < 0.05 as compared to the control, blank, MS, and TMS, respectively.) 
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ificantly increased after H 2 O 2 treatment. Both the TMS and TSMS 

roups were more effective in reducing the fluorescence intensity 

f TNF- α than that of the blank and MS groups (Fig. S6). The TNF-

, ADAMTS5 and MMP 13 are reported to be involved in the de- 

eneration of the cartilage matrix in the OA [ 40 , 41 ], while TAC1,

 neuropeptide, is associated with the pain signaling [42] . The 

reatment of chondrocytes with the H 2 O 2 effectively increased the 

RNA expression levels of TNF- α, MMP13, ADAMTS5, and TAC1. 

s it was anticipated, the TMS and TSMS groups markedly reduced 

he expression levels of these genes as compared to the blank and 

S groups ( Fig. 6 B-D & G). Typically, collagen II and aggrecan are

bundantly expressed in the healthy chondrocytes. The RT-qPCR 

esults showed that the TMS and TSMS groups could reverse the 

ecreased mRNA expression levels of collagen II and aggrecan. The 

S had only a limited effect on increasing the mRNA expression 

evels of collagen II and aggrecan, which were similar to that of the 

lank group ( Fig. 6 E-F). Moreover, the higher expression of ECM- 

elated genes was detected in TSMS groups compared to the TMS 

roups, indicating the superiority of the strontium ions released 

rom TSMS in promoting the production of cartilage matrix under 
A condition. M

601 
After four weeks of the intra-articular injection of MS, TMS, and 

SMS in an OA-induced rabbit model, the macroscopic appearance 

f the knee joints showed distinct histological features. The PBS 

nd MS groups exhibited OA erosions and large lesions than that 

f the sham-operated group which displayed a glistening joint sur- 

ace. Contrarily, in the TMS and TSMS groups, the joint surface was 

mooth, showing the mild OA, and the features of joints were sim- 

lar to that of normal articular cartilage. 

To gain a further insight into the cartilage degeneration and 

epair, histological analysis was performed by using H&E and 

afranin O-fast green staining, while immunohistochemical anal- 

sis was carried out by using collagen II and TNF- α. As shown 

n Fig. 7 A, the PBS and MS groups exhibited obvious morpholog- 

cal changes accompanied with the loss of the cartilage matrix, 

ssures and fibrillation. In contrast, TMS and TSMS groups ex- 

ibited morphology and tissue cellularity closely resembling the 

ham-operated group. The TSMS groups showed more deposition 

f collagen II, while a weak staining for TNF- α, which were simi- 

ar to the sham groups, while strikingly different than that of the 

BS, MS and TMS groups. On the other hand, both the PBS and 

S groups displayed only a mild deposition of collagen II while 
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Fig. 6. Anti-inflammatory properties of nanofiber microspheres in vitro . (A) Fluorescence images showing the expression of TNF- α in chondrocytes treated with H 2 O 2 and 

co-cultured with the leachate of MS, TMS, and TSMS for 24 h. The mRNA expression level of TNF- α (B), MMP13 (C), ADAMTS5 (D), collagen II (E), aggrecan (F) and TAC1 

(G) in chondrocytes treated with H 2 O 2 and co-cultured with the leachate of MS, TMS, and TSMS for 24 h. RFI = Relative fold induction. ( ∗ , #, $, % indicate p < 0.05 when 

compared with control, blank, MS, TMS, respectively.) 
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ubstantially stronger staining for TNF- α than that of TA-modified 

roups. 

To evaluate the quality of the regenerated cartilage, the results 

f OARSI macroscopic score (a total 24 points), and Mankin score 

a total 14 points) were summarized. The TSMS groups showed the 

owest OARSI macroscopic score (7.0 ± 2.5) compared with the PBS 

17.2 ± 2.2), MS (15.0 ± 2.4) and TMS groups (8.2 ± 1.7) ( Fig. 7 B).

ankin score further indicated a good repair outcome in TSMS 

roup (2.75 ± 0.5) than that of the PBS (9.5 ± 0.5), MS (8.75 ±
.5) and TMS groups (5.5 ± 1.0) ( Fig. 7 C). Furthermore, collagen Ⅱ 
nd TNF- α expressions were analyzed. The TSMS groups exhibited 

ignificantly higher expression levels of collagen Ⅱ (0.66 ± 0.08 

old) than that of the PBS (0.26 ± 0.06 fold), MS (0.31 ± 0.05 fold) 

nd TMS (0.50 ± 0.05 fold) groups ( Fig. 7 D). On the other hand,
602 
he TNF- α expression level was found to be significantly less in 

he TSMS groups (2.91 ± 0.41 fold) than that of PBS (5.50 ± 0.43 

old), MS (5.33 ± 0.47 fold), and TMS (3.83 ± 0.43 fold) groups 

 Fig. 7 E). 

In vivo biosafety of different types of microspheres was further 

iscerned by H&E staining of the major organs (heart, liver, spleen, 

ung, and kidney). The results showed an insignificant inflamma- 

ion and no histological anomalies among the groups which were 

reated with the different types of microspheres compared to the 

ham group, thereby indicating a good in vivo biosafety of the mi- 

rospheres (Fig. S7). Overall, these results indicate good biosafety 

f different types of microspheres, and the superiority of TSMS in 

lleviating inflammation and promoting cartilage matrix secretion 

n the OA microenvironment in vivo . 



Y. Chen, W. Xu, M. Shafiq et al. Acta Biomaterialia 157 (2023) 593–608 

Fig. 7. Attenuation of the OA by different microspheres in vivo . (A) Macroscopic observations, H&E staining, Safranin O-fast green staining, collagen II, and TNF- α immuno- 

histochemical staining to evaluate therapeutic potential of microspheres in an OA model in rabbits for 4 weeks. OARSI score (B) and Mankin score (C) of the repaired tissue 

(n = 4). Quantification of the relative expression of collagen II (D) and TNF- α (E) (n = 4). ( ∗ , #, $, % indicate p < 0.05 when compared with sham, PBS, MS, TMS, respectively.) 
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The apoptosis of articular chondrocytes in vivo was evalu- 

ted by TUNEL staining. As shown in Fig. 8 A, TMS and TSMS 

roups displayed weak fluorescence expression of TUNEL-positive 

hondrocytes. In contrast, PBS and MS groups exhibited more 

uorescence expression of TUNEL-positive chondrocytes. Quan- 

itative analysis showed that the percentage of TUNEL-positive 

ells was significantly decreased in the TMS (18%) and TSMS (17%) 

roups than that of the PBS (41%) and MS groups (40%) ( Fig. 8 B).

ntra-articular inflammatory response was further ascertained by 

mmunofluorescence staining for IL-1 β . In comparison to the PBS 

nd MS groups, the TMS and TSMS groups showed weak fluores- 

ence expression for IL-1 β ( Fig. 8 C), which was further confirmed 

y the quantitative analysis of the fluorescence intensity and ELISA 

 Fig. 8 D-E). While there was an insignificant difference between 

MS and TSMS in terms of the numbers of the TUNEL-positive 

uclei as well as IL-1 β-positive expression, these groups exhibited 

ignificantly less numbers of TUNEL-positive nuclei as well as 

L-1 β-positive expression compared with the PBS and MS groups. 

n addition, the TA-modified microspheres demonstrated enhanced 

nti-oxidative effects to scavenge H 2 O 2 , thereby showing their 

uperiority in eliminating the ROS in vivo (Fig. S8). An obvious 
603 
hondro-protective and anti-inflammatory effect of TSMS may 

e attributed to the sustained release of the TA from TSMS. The 

oncentration of OPG and RANKL in synovial fluids was also deter- 

ined and shown in Fig. S9. The TSMS group showed significantly 

igher levels of OPG than that of the PBS, MS and TMS groups. 

n the other hand, the TA-modified microspheres exhibited lower 

evels of RANKL while higher ratio of OPG/RANKL than that of the 

BS and MS groups. Taken together, these results indicated that the 

A-modified microspheres were superior in reducing cell apoptosis 

s well as alleviating inflammation in an OA model in vivo . 

Fig. 9 showed the possible mechanism of MPNs-modified 

anofiber microspheres in articular cartilage protection. Upon an 

njection of the microspheres into the joints, the MPNs on the mi- 

rospheres may disintegrate and release TA and Sr 2 + ions. The TA 

an scavenge free hydroxyl radicals (OH ·) via the resonance sta- 

ilization of its phenolic π-electrons with the catechin and gal- 

ol groups, thus suppressing the expression of inflammatory fac- 

ors and reducing the apoptosis. On the other hand, the Sr 2 + ions 

eplenish the concentration of cations in the joint and promote 

he secretion of cartilage specific matrix. These synergistic func- 
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Fig. 8. Chondro-protective and anti-inflammatory effects of nanofiber microspheres in vivo . (A) Apoptosis of articular chondrocytes as revealed by TUNEL assay. (B) Percentage 

of TUNEL-positive cell nuclei (n = 3). (C) Inflammatory response characterized by immunofluorescent staining for IL-1 β . (D) Fluorescence intensity of IL-1 β (n = 3). The 

white dotted lines point toward the surface of articular cartilage. (E) Quantification of concentration of IL-1 β in the joint fluid by using ELISA (n = 3). ( ∗ , #, $, % indicate p 

< 0.05 when compared with sham, PBS, MS, TMS, respectively.) 
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ions confer the TSMS with the reparative functions to alleviate 

steoarthritis and protect cartilage degeneration. 

. Discussion 

3D porous scaffolds have been developed for the regeneration 

f different types of tissues, including bone, cartilage, and skin due 

o their ECM-mimetic morphology and structural features [43–45] . 

he 3D injectable porous microspheres may facilitate minimally in- 

asive filling of the irregular-shaped defects as well as promote 

issue regeneration. Herein, we demonstrated the preparation of 

anofiber microspheres and validated their potential for OA treat- 

ent in a rabbit model. Notably, the minimal invasiveness of in- 

ectable nanofiber microsphere may perhaps be a good alternative 

o the macroscopic 3D scaffolds, which often require open surgical 

rocedures [46] . Electrospinning as a versatile nanofiber prepara- 

ion technique has been realized by using a myriad of natural and 

ynthetic materials and shown to be superior in terms of tailor- 

ng the morphological features of the scaffolds. While considerable 

esearch has been pursued on the deployment of 3D porous scaf- 

olds for CTE, only a little research has been carried out on elec- 

rospun scaffolds for OA treatment. Ansari et al. [47] developed 

examethasone-loaded nanofibrous PLLA membranes, which re- 

uced the expression of inducible nitric-oxide synthase (iNOS) and 

atrix metalloproteinase-13 (MMP-13) in chondrocytes through 
604 
he synergistic effect of hydrostatic pressure and dexamethasone, 

owever, in vivo effectiveness of the nanofibers was not explored. 

imilarly, Liang et al. [48] investigated the therapeutic potential of 

nti-oxidative PCL-grafted lignin (PCL- g -lignin)-based nanofibrous 

embranes for the treatment of OA. However, an open surgical 

rocedure was performed in a rabbit OA model, which may ham- 

er the utilization of electrospun scaffolds f or minimally inva- 

ive treatment. Recently electrospinning combined with the elec- 

rospray technology has garnered significant attention of the re- 

earch community to fabricate injectable nanofiber microspheres, 

hich not only exhibits the versatility of electrospinning, but also 

roadens the variability of this technology [45] . The nanofiber mi- 

rospheres fabricated in this study feature good geometrical com- 

atibility and mechanical stability, which can be injected into the 

oint through minimally invasive approach, thus further extending 

he therapeutic potential of electrospun scaffolds for the treatment 

f OA. 

Besides their good injectable effect, the drug-carrying proper- 

ies of nanofiber microspheres are also desirable for the treatment 

f OA. To reveal whether MPNs affect the release behavior of TA 

rom nanofiber microspheres, drug release assays were performed 

n TMS and TSMS in PBS in vitro ( Fig. 3 ). The release rate of TA

as found to be faster in TMS than that of the TSMS, which in- 

icated that the MPNs conferred the sustained release characteris- 

ics to the microspheres, which may also have implications for the 
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Fig. 9. Schematic illustration showing the roles of MPNs-modified nanofiber microspheres in alleviating osteoarthritis. 
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A therapy. It has been reported that MPNs feature triggered drug 

elease characteristics [49] . Metal ion cross-linking contributed to 

he retention of TA in the microspheres, while ionic interactions 

ere disrupted, where the TA was protonated and released from 

he microspheres [50] . In striking contrast, the TMS, which lacked 

PNs were devoid of ion-ion interaction, and therefore displayed 

n initial burst release of TA. An in vitro ROS scavenging assay fur- 

her confirmed the sustained release characteristics of TSMS. The 

oncentration of the released TA was increased with an increase 

n the incubation time of the TSMS; the extract solution obtained 

rom the TSMS exhibited a higher ROS scavenging activity at 48 h 

han that of the 24 h. 

The cytocompatibility of microspheres is the fundamental re- 

uirement for biomedical applications. Co-culture of chondrocytes 

long with the conditioned medium obtained from the micro- 

pheres showed negligible cytotoxicity and higher cell viability 

 > 80%) of all types of microspheres in the initial phase ( Fig. 4 ).

hile insignificantly different, viability of the chondrocytes was 

ower in TMS and TSMS groups as compared to the control group. 

t day 3, the numbers of proliferating cells in the TA-modified 

roups were significantly lower than that of the control group. 

t has been previously reported that the high concentrations of 

A (4 mg/mL) would cause cytotoxicity [51] , which is detrimen- 

al to the cell proliferation. On the other hand, we employed rela- 

ively low concentration of TA to modify the microspheres (i.e., 3 

g/mL); the released amount of TA was considerably less (micro- 

ram per milliliter level), which did not adversely affect the viabil- 

ty of chondrocytes. However, in addition to scavenging free radi- 

als, some catechins also act as inhibitors of the key enzymes in 

he cell cycle [ 52 , 53 ], which in turn may temporarily suppress the

ell metabolism. Yang et al. [54] reported polyphenol epigallocate- 

hin gallate (EGCG)-mediated inhibition of cell growth, which was 

scribed to the non-specific binding of the EGCG to the cellular 

acromolecules. Nonetheless, these side effects of TA on the cell 

roliferation may not compromise the anti-oxidative ability of TA- 
605
odified microspheres ( Fig. 5 & 6 ). The H 2 O 2 spontaneously forms 

ighly reactive hydroxyl radicals, which attack DNA and lead to cy- 

otoxicity or the production of the apoptotic DNA fragments [55] . 

olyphenols have also been reported to eliminate H 2 O 2 -related 

eactive oxygen species (ROS) as well as downregulate the pro- 

poptotic gene “caspase-3” and upregulate the expression of anti- 

poptotic gene “BCL-2” [ 56 , 57 ]. Since phenols can react with the 

ree radical species to delocalize unpaired electrons within the 

romatic ring, The TA may plausibly scavenge the hydroxyl rad- 

cals through a resonance stabilization, thereby stimulating anti- 

poptotic and antioxidant cell signaling pathways [58] . Therefore, 

he microspheres modified with TA exhibited inhibitory properties 

gainst inflammation-related genes as well as reduced the apopto- 

is of chondrocytes, which also have implications for the treatment 

f OA. 

The pathogenesis for the development of OA is associated with 

ultiple factors, including oxidative stress and inflammatory fac- 

ors, which disrupt the synthesis of the cartilage matrix plausi- 

ly due to the inhibitory effect of the degradation-related en- 

ymes [49] . Thus, the dual functions of anti-inflammation as well 

s the restoration of the cartilage synthesis and catabolic home- 

stasis are the mediators for the treatment of OA. The TA, as a 

lant derived polyphenol, has been widely exploited as an anti- 

nflammatory molecule, thanks to its good anti-inflammatory prop- 

rties. The molecular mechanism by which TA retards the devel- 

pment of OA however yet remain to be explored. The TA acts 

s an antioxidant to inhibit the formation of hydroxyl radicals 

59] , and the high level of galloyl groups of the TA may inhibit

he activity of degenerative enzymes (e.g. MMPs) [60] . In addi- 

ion, polyphenols have the ability to quench lipid peroxidation and 

revent oxidative DNA damage [61] . Therefore, TA-modified mi- 

rospheres reduce the apoptosis of articular chondrocytes in vivo , 

lausibly via the phenol-mediated aromatic ring resonance stabi- 

ization to moderate free radical-induced damage ( Fig. 8 ). Many 

etal salts play crucial role in the regeneration of tissues [ 62 , 63 ].
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n OA, the balance between ECM synthesis and degradation is dis- 

urbed, which leads to tissue degeneration. Especially, an imbal- 

nce of the stromelysin and proteoglycans (PGs) has been shown 

o be the main pathological manifestation, with OA cartilage hav- 

ng higher levels of stromelysin while lower content of PG [64] . 

hen the concentration of ions decreases below the physiological 

evel, the rate of PG synthesis decreases. Consequently, the timely 

upplementation of cations has been shown to exert a promotional 

ffect on chondrocytes in OA. Strontium ions, which are economi- 

al and stable as compared to growth factors and peptides, have 

een shown to stimulate the anabolism of human chondrocytes 

s well as promote cellular ECM secretion and inhibit OA devel- 

pment [65] . Therefore, TSMS-mediated higher cellular ECM pro- 

uction may be ascribed to the release of Sr 2 + ions, which fur- 

her translated into the best repair outcome in a rabbit OA model 

 Fig. 7 ). 

The massive activation of osteoclasts might be closely corre- 

ated with joint inflammation and bone destruction [66] . The func- 

ion of osteoclasts is mainly controlled by the balance between 

igands, such as OPG/osteoclastogenesis inhibitory factor, RANKL, 

eceptor activator of nuclear factor κB (RANK), and TNF-related 

poptosis-inducing ligand (TRAIL) [67] . The RANKL is derived from 

ynovial tissue and is mainly expressed on the surface of os- 

eoblasts bound to RANK, which can promote osteoclastogene- 

is, osteoclast maturation and activation [68] . The OPG, produced 

y the osteoblasts, may regulate osteoclastogenesis and prevent 

ANKL-RANK interactions, thereby blocking the signaling pathways 

hat lead to osteoclast differentiation and activation [69] . Our re- 

ults showed that the animals treated with the TSMS exhibited 

igher concentration of OPG as compared to their counterparts 

reated with PBS, MS and TMS. On the other hand, the TA-modified 

icrospheres significantly reduced RANKL levels along with the 

igher OPG/RANKL ratios compared to the PBS and MS groups, in- 

icating that TA-modified microspheres may reduce osteoclast ac- 

ivation by releasing TA, while TSMS may also release strontium 

ons to enhance the expression of the OPG, further neutralizing the 

ffects of osteoclasts. 

. Conclusion 

In summary, we designed novel porous injectable nanofiber mi- 

rospheres modified with TA or TA/Sr 2 + MPNs via electrospray- 

ng for OA therapy. Modified microspheres demonstrated nano- 

opographical cues, stable structure, anti-oxidative properties and 

ood cytocompatibility. Both the TMS and TSMS exhibited stronger 

ree radicals scavenging ability and higher cell viability as well 

s less cell apoptosis in H 2 O 2 -induced inflammatory environment 

han that of the MS. More importantly, TSMS displayed good 

iological outcomes in comparison to the other groups as evi- 

enced by the inhibition of cartilage degradation and promotion of 

artilage-specific ECM secretion. Besides, TSMS displayed less ex- 

ression of pro-inflammatory factors and cell apoptosis in vitro and 

n vivo . Taken together, this strategy of designing injectable micro- 

pheres and improving their biological performance based on elec- 

rospraying and MPNs modification may exert a therapeutic option 

or OA. 

However, there are still several limitations in this study. Since 

he homogenized short nanofibers could not achieve a uniform 

ength distribution, some short fibers with longer length may cause 

nstable electrospray, which may even clog the needles. Second, 

n vivo evaluation by using only rabbit model may not accurately 

eplicate the anatomical structure of large animals. Therefore, eval- 

ations of these microspheres in other animal models are war- 

anted for their clinical translation. Finally, the exploitation of 

hort nanofibers in the preparation of heterogeneous microspheres 

e.g., multi-cavity microspheres, core-shell microspheres) requires 
606 
ore research to broaden the applications of microspheres in the 

iomedical field. 
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49] Ş . Sungur, A. Uzar, Investigation of complexes tannic acid and myricetin with 
Fe(III), Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 69 (2008) 225–229, 

doi: 10.1016/j.saa.2007.03.038 . 
50] H. Liang, Y. Pei, J. Li, W. Xiong, Y. He, S. Liu, Y. Li, B. Li, pH-Degradable antioxi-

dant nanoparticles based on hydrogen-bonded tannic acid assembly, RSC Adv. 
6 (2016) 31374–31385, doi: 10.1039/c6ra02527g . 

[51] Y. Li, M. Chen, J. Yan, W. Zhou, S. Gao, S. Liu, Q. Li, Y. Zheng, Y. Cheng,

Q. Guo, Tannic acid/Sr2 + -coated silk/graphene oxide-based meniscus scaffold 
with anti-inflammatory and anti-ROS functions for cartilage protection and de- 

laying osteoarthritis, Acta Biomater. 126 (2021) 119–131, doi: 10.1016/j.actbio. 
2021.02.046 . 

52] D. Li, Z. Liu, Y. Yuan, Y. Liu, F. Niu, Green synthesis of gallic acid-coated
silver nanoparticles with high antimicrobial activity and low cytotoxicity to 

normal cells, Process Biochem. 50 (2015) 357–366, doi: 10.1016/j.procbio.2015. 
01.002 . 

53] V. Ugartondo, M. Mitjans, C. Lozano, J.L. Torres, M.P. Vinardell, Comparative 

study of the cytotoxicity induced by antioxidant epicatechin conjugates ob- 
tained from grape, J. Agric. Food Chem. 54 (2006) 6945–6950, doi: 10.1021/ 

jf061356i . 
54] C.S. Yang, S. Sang, J.D. Lambert, M.J. Lee, Bioavailability issues in studying the 

health effects of plant polyphenolic compounds, Mol. Nutr. Food Res. 52 (2008) 
139–151, doi: 10.10 02/mnfr.20 070 0234 . 

55] C.V. Suschek, O. Schnorr, K. Hemmrich, O.A. Lars-Oliver Klotz, H. Sies, V. Kolb- 

Bachofen, Critical role of L-arginine in endothelial cell survival during oxida- 
tive stress, Circulation 107 (2003) 2607–2614, doi: 10.1161/01.cir.0 0 0 0 066909. 

13953.f1 . 
56] X. Yan, Y. Li, H. Yu, W. Wang, C. Wu, Y. Yang, Y. Hu, X. Shi, J. Li,

Epigallocatechin-3-gallate inhibits H2O2-induced apoptosis in Mouse Vascu- 
lar Smooth Muscle Cells via 67kD Laminin Receptor, Sci. Rep. 7 (2017) 1–10, 

doi: 10.1038/s41598- 017- 08301- 6 . 

57] S. Lee, J. Lee, H. Byun, S. jeong Kim, J. Joo, H.H. Park, H. shin, Evaluation of
the anti-oxidative and ROS scavenging properties of biomaterials coated with 

epigallocatechin gallate for tissue engineering, Acta Biomater. 124 (2021) 166–
178, doi: 10.1016/j.actbio.2021.02.005 . 

58] I.P. Shanura Fernando, M. Kim, K.T. Son, Y. Jeong, Y.J. Jeon, Antioxidant activity 
of marine algal polyphenolic compounds: a mechanistic approach, J. Med. Food 

19 (2016) 615–628, doi: 10.1089/jmf.2016.3706 . 

59] R.G. Andrade, L.T. Dalvi, J.M.C. Silva, G.K.B. Lopes, A. Alonso, M. Hermes-Lima, 
The antioxidant effect of tannic acid on the in vitro copper-mediated forma- 

tion of free radicals, Arch. Biochem. Biophys. 437 (2005) 1–9, doi: 10.1016/j.abb. 
2005.02.016 . 

60] R.R. Liu, M. Fang, L. Zhang, C.F. Tang, Q. Dou, J.H. Chen, Anti-proteolytic 
capacity and bonding durability of proanthocyanidin-biomodified deminer- 

alized dentin matrix, Int. J. Oral Sci. 6 (2014) 168–174, doi: 10.1038/ijos. 

2014.22 . 
61] M. Lodovici, F. Guglielmi, C. Casalini, M. Meoni, V. Cheynier, P. Dolara, 

Antioxidant and radical scavenging properties in vitro of polypheno- 
lic extracts from red wine, Eur. J. Nutr. 40 (2001) 74–77, doi: 10.1007/ 

PL0 0 0 07386 . 

https://doi.org/10.1039/penalty -@M b927369g
https://doi.org/10.1016/j.nantod.2016.12.012
https://doi.org/10.1016/j.actbio.2017.12.014
https://doi.org/10.1371/journal.pone.0127165
https://doi.org/10.5603/EP
https://doi.org/10.1016/j.msec.2019.109833
https://doi.org/10.1016/j.biomaterials.2018.06.004
https://doi.org/10.1016/j.jcis.2007.penalty -@M 04.023
https://doi.org/10.1021/acsami.1c19754
https://doi.org/10.1021/acs.biomac.0c00090
https://doi.org/10.1016/j.actbio.2017.05.010
https://doi.org/10.1016/j.ebiom.2018.01.011
http://refhub.elsevier.com/S1742-7061(22)00767-X/sbref0027
https://doi.org/10.1177/0300985815588611
https://doi.org/10.1016/j.joca.2005.penalty -@M 07.014
https://doi.org/10.1016/j.joca.2012.08.002
https://doi.org/10.1039/d0bm00566e
https://doi.org/10.1021/acsami.6b10491
https://doi.org/10.1080/00914037.2020.1740987
https://doi.org/10.3923/pjbs.2007.3224.3227
https://doi.org/10.11829/j.issn.1001-0629.2018-0464
https://doi.org/10.1016/j.colsurfb.2016.02.050
https://doi.org/10.1002/app.46056
https://doi.org/10.1126/sciadv.abe0726
https://doi.org/10.1016/j.foodchem.2007.08.063
https://doi.org/10.1002/jcb.23298
https://doi.org/10.1038/nrrheum.2010.196
https://doi.org/10.1038/s41586-018-0793-8
https://doi.org/10.1016/j.bioactmat.2020.06.023
https://doi.org/10.1016/j.msec.2022.112643
https://doi.org/10.1007/s42765-022-00170-7
https://doi.org/10.1126/sciadv.penalty -@M abl6449
https://doi.org/10.1016/j.eurpolymj.2019.06.003
https://doi.org/10.1016/j.biomaterials.2019.119601
https://doi.org/10.1016/j.saa.2007.03.038
https://doi.org/10.1039/c6ra02527g
https://doi.org/10.1016/j.actbio.2021.02.046
https://doi.org/10.1016/j.procbio.2015.01.002
https://doi.org/10.1021/jf061356i
https://doi.org/10.1002/mnfr.200700234
https://doi.org/10.1161/01.cir.0000066909.13953.f1
https://doi.org/10.1038/s41598-017-08301-6
https://doi.org/10.1016/j.actbio.2021.02.005
https://doi.org/10.1089/jmf.2016.3706
https://doi.org/10.1016/j.abb.2005.02.016
https://doi.org/10.1038/ijos.penalty -@M 2014.22
https://doi.org/10.1007/penalty -@M PL00007386


Y. Chen, W. Xu, M. Shafiq et al. Acta Biomaterialia 157 (2023) 593–608 

[

[  

[

[  

[

[

[

[

62] K. Glenske, P. Donkiewicz, A. Köwitsch, N. Milosevic-Oljaca, P. Rider, S. Rofall, J. 
Franke, O. Jung, R. Smeets, R. Schnettler, S. Wenisch, M. Barbeck, Applications 

of metals for bone regeneration, 2018. doi: 10.3390/ijms19030826 . 
63] R. Yang, Y. Zheng, Y. Zhang, G. Li, Y. Xu, Y. Zhang, Y. Xu, C. Zhuang, P. Yu,

L. Deng, W. Cui, Y. Chen, L. Wang, Bipolar metal flexible electrospun fi- 
brous membrane based on metal–organic framework for gradient healing of 

tendon-to-bone interface regeneration, Adv. Healthc. Mater. 11 (2022) 1–14, 
doi: 10.10 02/adhm.20220 0 072 . 

64] Y. Henrotin, A. Labasse, S.X. Zheng, P. Galais, Y. Tsouderos, J.M. Crielaard, 

J.Y. Reginster, Strontium ranelate increases cartilage matrix formation, J. Bone 
Miner. Res. 16 (2001) 299–308, doi: 10.1359/jbmr.2001.16.2.299 . 

65] Y. Li, M. Chen, W. Zhou, S. Gao, X. Luo, L. Peng, J. Yan, P. Wang, Q. Li, Y. Zheng,
S. Liu, Y. Cheng, Q. Guo, Cell-free 3D wet-electrospun PCL/silk fibroin/Sr2 + 

scaffold promotes successful total meniscus regeneration in a rabbit model, 
Acta Biomater. (2020), doi: 10.1016/j.actbio.2020.06.017 . 
608 
66] Y. Abu-Amer, S. Abbas, T. Hirayama, TNF receptor type 1 regulates RANK ligand 
expression by stromal cells and modulates osteoclastogenesis, J. Cell. Biochem. 

93 (2004) 980–989, doi: 10.1002/jcb.20197 . 
67] L.C. Hofbauer, A.E. Heufelder, The role of osteoprotegerin and receptor activator 

of nuclear factor κB ligand in the pathogenesis and treatment of rheumatoid 
arthritis, Arthritis Rheum. 44 (2001) 253–259, doi: 10.1002/1529-0131(200102) 

44:2 < 253::AID-ANR41 > 3.0.CO;2-S . 
68] N. Saidenberg-Kermanac’H, A. Corrado, D. Lemeiter, M.C. Devernejoul, 

M.C. Boissier, M.E. Cohen-Solal, TNF- α antibodies and osteoprotegerin decrease 

systemic bone loss associated with inflammation through distinct mechanisms 
in collagen-induced arthritis, Bone 35 (2004) 1200–1207, doi: 10.1016/j.bone. 

20 04.07.0 04 . 
69] A. Corrado, N. Maruotti, F.P. Cantatore, Osteoblast role in rheumatic diseases, 

Int. J. Mol. Sci. (2017) 18, doi: 10.3390/ijms18061272 . 

https://doi.org/10.3390/ijms19030826
https://doi.org/10.1002/adhm.202200072
https://doi.org/10.1359/jbmr.2001.16.2.299
https://doi.org/10.1016/j.actbio.2020.06.017
https://doi.org/10.1002/jcb.20197
https://doi.org/10.1002/1529-0131(200102)44:2&lt;253::AID-ANR41&gt;3.0.CO;2-S
https://doi.org/10.1016/j.bone.2004.07.004
https://doi.org/10.3390/ijms18061272

	\advance \chk@titlecnt \@ne Injectable nanofiber microspheres modified with metal phenolic networks for effective osteoarthritis treatment\global \chk@titlecnt =\z@ 
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of short electrospun gelatin/PLA nanofibers
	2.3 Fabrication of gelatin/PLA-based nanofiber microspheres
	2.4 Characterization
	2.5 Biocompatibility of scaffolds in vitro
	2.6 Evaluation of nanofiber microspheres in an osteoarthritis model
	2.7 Articular cartilage regeneration in rabbits
	2.8 Statistical analysis

	3 Result
	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Supplementary materials
	References


