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a b s t r a c t 

Physiological inflammation has been shown to promote bone regeneration; however, prolonged inflammation 

impedes the osteogenesis and bone repair process. To overcome the latter we aimed to develop a dual drug deliv- 

ering nanofibrous scaffold to promote osteogenic differentiation of mesenchymal stromal cells (MSCs) and mod- 

ulate the pro-inflammatory response of macrophages. The polycaprolactone (PCL)-collagen nanofibrous delivery 

system incorporating dexamethasone and simvastatin was fabricated by electrospinning process. The morpho- 

logical analysis and mRNA, as well as protein expression of proinflammatory and anti-inflammatory cytokines 

in human monocytes (U937 cells), demonstrated the immunocompatibility effect of dual drug-releasing nanofi- 

brous scaffolds. Nitric oxide estimation also demonstrated the anti-inflammatory effect of dual drug releasing 

scaffolds. The scaffolds demonstrated the osteogenic differentiation of adipose-derived MSCs by enhancing the 

alkaline phosphatase (ALP) activity and mineral deposition after 17 days of cell culture. The increased expres- 

sion of Runt-related transcription factor-2 (RUNX-2) and osteocalcin at mRNA and protein levels supported the 

osteogenic potential of dual drug-loaded fibrous scaffolds. Hence, the results indicate that our fabricated nanofi- 

brous scaffolds exhibit immunomodulatory properties and could be employed for bone regeneration applications 

after further in-vivo validation. 
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. Introduction 

In-situ bone tissue engineering utilizes a variety of scaffolds func-

ionalized with osteoinductive factors. Controlled release of the osteoin-

uctive growth factors from bioactive scaffolds, for instance, bone mor-

hogenetic proteins can regenerate the bone defect [1] . However, their

pplications are limited due to their shorter half-life and the interaction

f immune cells with the scaffolds [2,3] . Further, chronic inflammation

nhibits the bone repair process which leads to delayed healing and non-

nion of bone defects [4] . Several studies focused on engineering bioma-

erials to create a microenvironment that suppresses proinflammatory

esponses and promotes bone repair and regeneration. These scaffolds

trive to achieve immunomodulation through various mechanisms, such

s changing the physical property of biomaterials, alteration of surface

hemistry and controlled release of immunomodulatory molecules [5] .

ue to the presence of chronic inflammation, activation of recruited

acrophages is skewed towards the M1 phenotype, and their prolonged
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resence reduces the inherent potential of bone regeneration. However,

heir transition towards the alternative M2 phenotype is associated with

issue homeostasis restoration, scaffold integration, and acceleration of

he bone regeneration process [6] . The M2 polarization facilitates the

mmune compatibility of the scaffold and supports osteogenesis as well.

ecently studies by Dai et al. and Manhon et al. have demonstrated

he improvised bone regeneration by modulating macrophage from M1

o M2 phenotypes [7,8] . Hence, it is desirable to create a scaffold that

ould polarize the macrophages and promotes the osteogenesis. 

The extracellular matrix contains bioactive domains that bind to im-

une cell receptors and regulate their functions [9] . ECM proteins have

een utilized to fabricate biomaterial scaffolds to mimic the natural reg-

latory role of the matrix for immunomodulation purposes [5] . In this

ontext, polycaprolactone (PCL) a biodegradable polymer mixed with

ollagen type 1 was utilized to fabricate ECM mimicking nanofibrous

caffold. PCL is an FDA approved polymer, which is extensively used

s implantable biomaterial for controlled release of drugs [10] . Further-

ore its osteogenic functionality is increased by adding certain biopoly-
eptember 2022 
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ers in electrospinning solution, for instance, chitosan, gelatin, colla-

en [11–13] . Dexamethasone, a well-known glucocorticoid with anti-

nflammatory properties, through its prolonged and controlled release

rom scaffolds has been shown to direct the macrophage polarization

o M2 phenotype along with suppressing the inflammatory pathways

14] . It is also utilized as a principal component for osteogenic dif-

erentiation media as it induces osteogenesis in mesenchymal stromal

ells (MSCs) by increasing bone morphogenetic protein-2 [15] . Sim-

astatin is a cholesterol-lowering drug and is also known for its pro-

ngiogenic role. It enhances bone mineralization, alkaline phosphatase

ctivity along with increasing the expression of osteocalcin, sialopro-

ein, and type I collagen in bones [16] . Further, it is known to block

he RANKL-induced osteoclastogenesis and is also reported to induce

steogenesis in MSCs [17] . However, there are scant studies about the

mmunomodulation of scaffolds fabricated with simvastatin. 

Therefore, in this study, we have fabricated an osteoconductive and

steoinductive scaffold that can enhance the biological process of bone

egeneration and modulate immune response. The dual drug loaded

CL-collagen nanofibrous scaffolds was fabricated by electrospinning,

nd characterrized for its osteogenic potential and immunocompatibil-

ty. 

. Materials and methods 

.1. Materials 

PCL (average Mn 8000 Da), 4-Nitrophenyl, phorbol 12-myristate 13-

cetate (PMA) alizarin red, dexamethasone, and resazurin were pur-

hased from Sigma Aldrich, USA. Collagen type 1 was isolated and

urified in house from rat tails tendons (kindly provided by Flair

ab, Surat. India) following the reported protocol [18] . Hexafluoro-2-

ropanol was obtained from Chemsworth, India, and simvastatin from

nzo Life Sciences, India. The cDNA synthesis kit was procured from

lontech Takara, USA whereas the RNA-isolation kit and PCR mas-

er mix were purchased from Macherey-Nagel, Germany, and Thermo

isher Scientific, USA respectively. Primers for selective genes were pur-

hased from Imperial Life Sciences, India. Cy3 conjugated antibodies

or Runt-related transcription factor-2 (RUNX2) and Osteocalcin were

urchased from Bioss antibodies, USA. Predesigned cytokine testing

LISA kit was procured from Qiagen, Hilden, Germany. Adipose-derived

esenchymal stromal cells at passage 1, HiMesoXL TM MSC Expansion

edium, HiMesoXL TM , and MSC Growth Supplement, were purchased

rom HiMedia, India. 

.2. Scaffold fabrication 

Nanofibrous scaffolds were fabricated from PCL and collagen type

 by electrospinning process. 5% of PCL and collagen in a 1:1 ratio

as solubilized overnight in 1,1,1,3,3,3, Hexafloro-2-propanol (HFIP)

nd utilized for the fabrication of nanofibrous scaffolds. For drug-loaded

caffolds, 100 𝜇g of each of dexamethasone and simvastatin was loaded

eparately or in combination with the polymeric solution before elec-

rospinning. The polymeric solution was dispensed at 50 𝜇l/min with

5 cm distance between electrodes and under the electric field strength

f 25 kV. The scaffolds were lyophilized and stored at − 20 °C for further

xperimental procedures. 

.3. Scaffold morphology analysis 

A scanning electron microscope (SEM) (EVO 18, Zeiss, Germany) was

sed to observe the morphological features of electrospun fibers. Briefly,

he lyophilized scaffolds were sputter-coated with gold-palladium. SEM

maging of the scaffolds was performed at 10 to 15 kV with varying

istances (10 to 20 mm) between sample and electron source. 
2 
.4. Scaffold wide-angle X-ray diffraction (XRD) analysis 

XRD analysis was carried out to study the crystal structure level of

olymers after drug encapsulation and electrospinning. The analysis was

erformed using a wide-angle x-ray diffractometer (D8 discover, Bruker,

SA). At 40 kV and 30 mA, the X-rays were generated whereas the scan

as performed from 5° to 50° at the rate of 0.05° increment/step with

 scan speed of 0.2 s/step. The grazing angle was kept 2° for analysis of

hin film of PC (PCL-collagen scaffold), PCD (PC + dexamethasone), PCS

PC + Simvastatin), PCDS (PC + dexamethasone + Simvastatin), and PCL

lm. All the measurements were recorded at an ambient temperature. 

.5. Scaffold degradation analysis 

The fiber degradation was carried out at physiological pH, in

hosphate-buffered saline (PBS). Briefly, five samples for each time

oint from PC and PCDS with dimensions of 1 cm 

2 and 0.5 cm 

2 were

yophilized, and dry weight of each sample was measured. The sam-

les were incubated in 1 ml of PBS and kept in a shaking water bath

t 37 °C and 20 rotations per minute (RPM). PBS was changed twice

 week and samples were terminated on 7th, 14th, and 28th days. Af-

erward, samples were lyophilized and the dry weight of samples was

easured. Finally, the images were recorded by SEM analysis, as men-

ioned in Section 2.3 . 

.6. In-vitro immunomodulation study 

Human monocytes (U937 cells) procured from ATCC (Manassas, VA,

SA) were utilized for immunomodulation study at passage 17 to 19.

he cells were cultured in RPMI 1640 media with 1% antibiotic and

0% fetal bovine serum obtained from Gibco Life Technologies (Grand

sland, NY, USA). Media was replaced every alternate day. For experi-

ents, 1 × 10 5 U937 cells were seeded on each prepared scaffold and

ultured for 48 hour (h). For control, cells were cultured on tissue cul-

ure polystyrene surface (TCPS) and for the positive control, the cells

ere treated with 15 nM PMA before seeding. 

.7. Cell morphological studies 

Change in the cell morphology of monocytes and differentiation to

acrophages is attributed to the pro-inflammatory response. The cells

ere grown for 48 h as mentioned above and their morphological anal-

sis was carried out using SEM. Briefly, cells were fixed using 2% glu-

araldehyde in 0.1 M sodium cacodylate buffer (pH7.2) for 1 h. The sam-

les were then subjected to dehydration using gradient ethanol series.

amples were air-dried and lyophilized overnight. The SEM imaging was

erformed as mentioned in Section 2.3 . The cell morphological features

ere calculated as reported earlier [19] in ImageJ using the following

ormula 

ircularity = 4π×( Area∕Perimeter ) 2 

The value of 1.0 indicates a perfect circle. As the value approaches

.0, it indicates an increasingly elongated shape. The aspect ratio was

alculated as 

spect ratio = Major axes ∕ Minor axes 

.8. Nitric oxide estimation 

Production of nitric oxide (NO) by monocytes and macrophages is

ttributed to the pro-inflammatory phenotype. Nitrite produced by ox-

dization of NO is assessed to determine the amount of NO produced.

 × 10 5 U937 cells were seeded on each scaffold and PMA induced

onocytes were taken as a positive control. After 48 h of incubation,

00 𝜇l of the media supernatant was collected from each group and

ixed with 100 𝜇l of Griess reagent. After 30 min of incubation at room
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i  
emperature (RT), the absorbance was measured at 548 nm using a Syn-

rgy H1 Hybrid microplate reader. 

.9. Gene expression study 

The expression level of pro-inflammatory and anti-inflammatory

arkers were studied at the mRNA level by performing qPCR. Briefly,

otal RNA was isolated from the U937 cells grown on the different

caffolds. RNA was isolated using NucleoSpin® RNA isolation kit and

he procedure was followed as per the manufacture’s protocol. RNA

as quantified using Nano drop method in UV–Visible spectropho-

ometer (Synergy H1, BioTek Instruments, USA). 1 𝜇g RNA from each

ample was reverse transcribed to cDNA in 20 μl reaction mix using

rimeScript TM 1st strand cDNA synthesis kit (Takara, Japan). Primers

or selected genes such as IL-1 𝛽 (F: 5 ′ CCTGTCCTGCGTGTTGAAAG

 ′ R: 5 ′ GGGAACTGGGCAGACTCAAA 3 ′ , IL-10 (F: 5 ′ CTGAGAACCAA-

ACCCAGACA3’ R: 5 ′ AAAGGCATTCTTCACCTGCTCC 3 ′ ), GM-CSF (F:

 ′ CCGGAAACTTCCTGTGCAAC 3 ′ R: GTCTCACTCCTGGACTGGCT 3 ′ ),

NF- 𝛼 (F: 5 ′ CGAGTGACAAGCCTGTAGCC 3 ′ , R: 5 ′ GGACCTGGGAGTA-

ATGAGGT3’) and normalized using GAPDH (F: 5 ′ GCCTTCCGTGTCC-

CACTGC3’ R: 5 ′ CAATGCCAGCCCCAGCGTCA 3 ′ ) were obtained from

urofins (Brussels, Belgium). A total reaction mixture of 20 μl was set

p for qPCR containing 2X SYBR green mix and 1 μl of cDNA. PCR was

arried out in optical microamp 96-well reaction plate using AB-7500

CR machine. 

Osteogenic differentiation of MSCs on different fibrous scaffolds

ere also characterized at molecular level by performing mRNA expres-

ion study. RNA isolation and cDNA synthesis from MSCs was performed

s above. 20 μg reaction mix was used for PCR with following primers

ere used RUNX 2 (F: 5 ′ TTACTTACACCCCGCCAGTC 3 ′ , R: TATGGAGT-

CTGCTGGTCTG 3 ′ , osteocalcin (F: GACTGTGACGAGTTGGCTGA 3 ′ , R:

GAAGAGGAAAGAAGGGTGC 3 ′ and normalized with GAPDH (F: 5 ′ TG-

ACCACCAACTGCTTAG 3 ′ R: 5 ′ GGATGCAGGGATGATGTTC 3 ′ ). The

CR was set for 35 cycles. Final product was mixed with 6X DNA load-

ng dye and run in 1.5% agarose gel. Bands were captured using Gel

oc imaging system (Syngene, G:BOX, UK) and the bands densities were

uantified using Alpha Imager software (San Jose, CA, USA). 

.10. Estimation of released cytokines 

The cytokines such as IL-1 𝛽, TNF- 𝛼, GMCSF and IL-10 secreted by the

ells in the media were quantified by human specific Custom ELISArray,

iagen. as per manufacture’s protocol. The color intensity obtained at

he end was measured at an absorbance wavelength of 450 nm using H1

ynergy multimode reader. 

.11. In-vitro osteogenesis 

MSCs between 3 and 5 passages were used for setting up all the ex-

eriments. MSCs revived from the cryogenic conditions were subculture

wice, before using for the experiments. MSCs were trypsinized from the

aintenance flasks and resuspended in the HiMesoXL TM MSC expansion

edium. Nearly 5 × 10 4 cells in 200 𝜇l of media were seeded on each

ample and kept in incubator for 6 h to allow the cell attachment. After-

ards, 800 𝜇l more media was added, and the cells were cultured for 17

ays prior to experiments. Media was replaced on every alternate day. 

.11.1. Cell attachment and morphological study 

To assess attachment of MSC on the nanofibrous scaffolds and mor-

hological observations, SEM was performed after culturing the cells for

7 days. Samples were then processed for SEM as mentioned in Section

.3 . 

.11.2. Cell viability and proliferation study 

Viability and proliferation of MSCs was investigated by Live/dead®

taining (Molecular Probes, Invitrogen, USA) and alamar blue assay, re-

pectively. For cell viability, MSCs grown on different fibrous scaffolds
3 
ere treated for 45 min using 2 𝜇M calcein AM and 4 𝜇M EthD-1 at RT.

eated with 0.1% saponin were used as a positive control. All samples

ere observed under a fluorescent microscope (Axio scope A1; Zeiss,

ermany). 

Cellular proliferation was quantified using alamar blue assay. The

olor change is proportional to the number of cells. After 7 days and 17

ays of cell culture, 0.15 mg ml − 1 alamar blue solution was added into

ach sample at a ratio of 10% volume of cell culture medium. The sam-

les were incubated at 37 °C for 2 h and absorbance was then measured

t 570 nm using a multiplate reader. 

.11.3. Alkaline phosphatase (ALP) activity estimation 

The osteogenic differentiation was determined by ALP activity as de-

cribed in our previous studies [13,20] . After 7 days and 17 days of cell

ulture, media was aspirated out from the fibrous scaffolds and washed

ith PBS. This was followed by incubating the scaffolds with 800 𝜇l of

ubstrate buffer (0.1 M glycine, pH 10.4 with 1 mM MgCl 2 and 1 mM

nCl 2 ) containing 2 mg ml − 1 pNPP for 30 min at RT. 2 N NaOH (200

l) was used to terminate the reaction and the absorbance was read at

05 nm using a multiplate reader. Graph Pad Prism 9.4.1 software was

sed for plotting the spectral values after normalizing with the corre-

ponding cell number. 

.11.4. Estimation of mineral deposition by alizarin red s staining 

Alizarin red s stain selectively binds to hydroxyapatite formed during

steogenic differentiation. This stain quantifies the mineral deposition

aused due to osteogenic differentiation of MSCs. Briefly, media was

spirated, and scaffolds were washed with PBS. The washed scaffolds

ere incubated with 1% alizarin red solution at RT for 30 min, addi-

ional wash using water was done to remove excess stain. Finally, the

caffolds were observed under light microscope (Primovert, Zeiss, Ger-

any). Afterwards, scaffolds were air-dried and incubated overnight at

oom temperature in 10% acetic acid. The extract was heated for 10 min

t 85 °C, and brisk cooled on ice for 5 min. The insoluble fractions were

ellet down by centrifuged at 20,000 g for 15 min. The supernatant was

ollected and adjusted to pH 4.1 using 10% NH 4 OH. Finally, 200 𝜇L

f supernatant was taken for absorbance measurement at 405 nm in a

ultiplate reader. 

.11.5. Quantification of protein expression by immunocytochemistry 

For protein expression study, immunocytochemistry was carried out

s reported previously [13] . The fibrous scaffolds containing cells were

ashed with PBS and fixed with 2% paraformaldehyde for 30 min at RT.

ells were permeabilized with 0.5% Triton X and incubated in blocking

olution containing 0.5% bovine serum albumin and 0.15% glycine in

X PBS for 1 h. The Cy3 conjugated primary antibody for RUNX2 and

steocalcin (with 1:200 dilution) was added to cells for overnight at

 °C followed by 30 min incubation with nuclear stain DAPI (1 𝜇g/mL)

nd polyvinyl alcohol mounting medium with DABCO®, antifading. The

caffolds were observed under florescence microscope (Olympus BX53

odel, Tokyo, Japan). 

.12. Statistical analysis 

All experiments were performed in triplicates ( n = 3). The results

btained are depicted as mean ± SEM. The results were analyzed us-

ng student’s t -test (unpaired with Welch’s correction) to determine the

ignificance varying between different scaffold groups using graph-pad

rism version 9.4.1 software. A p-value < 0.05 was taken to be statisti-

ally significant. 

. Results 

.1. Characterizations 

The morphological analysis by SEM ( Fig. 1 a) exhibits the bead free,

sotropic, and randomly oriented non-woven fibrous scaffold. The fiber
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Fig. 1. Physico-chemical characterizations and degradation of fibrous scaffolds: (a) Representative SEM images of PC, PCD, PCS and PCDS scaffolds (scale bar = 5 μm) 

(b) FTIR spectra of different fibrous scaffolds and the pure drugs, the characteristic peaks are shown by arrows (c) diffractogram of PCL film and fibrous scaffolds 

(d) and their respective percentage crystallinity and 2 Ɵ. (e) Representative SEM images of PC and PCDS at 0, 7th and 28th day of degradation in PBS ( n = 5, scale 

bar = 10 μm). (f) Percent weight loss of PC and PCDS. DSC thermograph indicating the heat flow (W/g) of PC samples (g), PCDS samples (h) and at 0, 7th and 28th 

day of degradation in PBS. Bars in graph represents the mean ± SEM ( n = 5). 
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iameter distribution was 268 nm to 656 nm for PC, 169 nm to 984 nm

or PCD, 231 nm to 892 nm for PCS and 277 nm to 980 nm for PCDS.

he mean fiber diameter increased with incorporation of drugs. 

The exposure of cell adhesive domains determines the bioactivity of

ollagen on the fibrous scaffolds. Therefore, surface chemistry of fibrous

caffolds were analyzed by ATR-FTIR analysis. The collagen character-

stic peaks at 1640 cm 

− 1 and 1540 cm 

− 1 for amide I and amide II were

bserved in all collagen containing samples. The spectrum also shows

he characteristic peak of PCL at 1723 cm 

− 1 for carbonyl. The character-

stic peaks of C 

–O stretching for dexamethasone are visible in PCD and

CDS at 1602 cm 

− 1 and 1618 cm 

− 1 
. PCS and PCDS also shows the char-

cteristic peaks of simvastatin at 869 cm 

− 1 . These characteristic peaks
4 
emonstrate the incorporation of dexamethasone in PCD and PCDS; and

ncorporation of simvastatin in PCS and PCDS. 

The results of wide angle XRD analysis are shown in Fig. 1 (c) and

d) which depict that crystallinity of PCL is reduced due to addition

f collagen during electrospinning process. The crystallinity of pristine

CL film was found to be ∼48.6%, which was reduced to ∼36% in PC.

he crystallinity of single drug loaded fibers (PCD and PCS) was found

o be ∼42%. However, it was reduced to ∼32% in the dual drug loaded

bers. The reduced crystallinity was also confirmed by the change in

iffractogram peaks at 2 Ɵ. The 2 Ɵ peaks for PCL was observed at 21.35

nd 23.8, which confirms the crystalline nature of PCL However, these

eaks had shifted to around 38.45 and 44.75 in the fibrous scaffolds,
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espectively, which again demonstrated the effect of electrospinning and

rug loading in crystallinity of PCL 

The crystallinity also influences the degradation of scaffolds, which

as considered to study the behavior of fibrous scaffolds. Fig. 1 (e) shows

he SEM images, which depicts that scaffold integrity was retained up

o 28 days. Two-fold increase in fiber diameter from 494 ± 357 nm to

16 ± 473 nm in PC and 579 ± 406 nm to 1002 ± 573 nm in PCDS scaf-

olds demonstrate the swelling of fibers and chain relaxation of polymer.

he swelling could allow the release of loaded molecules and adsorption

f protein in media. However, at later time point (28th day) the surface

rosion became prominent and created a thin film like morphology. The

hange in fiber morphology was also confirmed by weight loss study

hown in Fig. 1 (f). At 7th day, 5.1 and 9.5% weight loss were found in PC

nd PCDS, respectively. This could be due to swelling followed by loss

f uncross linked polymer chains. At 28th day, 16.2 and 16.8% weight

oss were found in PC and PCDS, respectively. Change in crystallinity

ould also influence the degradation behavior of polymeric scaffolds.

herefore, DSC analysis was carried out which demonstrated 26.96 W/g

heat flow) in PC samples before degradation, it was progressively de-

reased to 25.44 W/g at 7th day and 21.62 W/g at 28th day ( Fig. 1 (g)).

n the other hand, maximum peak height of PCDS was observed at

5.11 W/g at 0 day, which progressively declined to 24.07 W/g at 28th

ay of degradation ( Fig. 1 (h)). The results demonstrated 5.34 W/g and

.04 W/g reduction in heat flow of PC and PCDS, respectively from 0

ay to 28th day of degradation. 

.2. Inflammatory study 

.2.1. Dual drug releasing fibrous scaffolds retained the morphological 

eatures of monocytes and influences nitric oxide release 

The anti-inflammatory role of these nanofibrous scaffolds were

tudied by using U937 cells. Due to the inflammatory response,

ound shaped, suspension monocytes are differentiated into adherent

acrophages, which are characterized by the presence of phillopodia

nd lamellipodia like structures. The SEM has been performed to study

he morphological changes induced in monocytes on TCPS, PC, PCD,

CS, PCDS and TCPS + PMA ( Fig. 2 (a)). TCPS acts as control in the exper-

ment, no morphological change was observed in cells grown on TCPS.

he cells show the round shape with 0.909 average circularity, 8340

rea and 1.07 aspect ratio. On PC, the average circularity of cells was

educed to 0.443, area was increased to 19,071 and the aspect ratio was

ncreased to 1.27. On PCS also, cells showed some inclination towards

acrophage phenotype ( Fig. 2 (b)). The circularity was 0.731, area 6706

nd aspect ratio was 1.2. On PCD, the cells showed 0.9 circularity, 3845

rea and 1.2 aspect ratio. Cells on PCDS also showed more circularity

nd lesser aspect ratio. The circularity was 0.888, area 3244 and aspect

atio was 1.186 ( Fig. 2 (b)). The cells treated with PMA showed lesser

ircularity and more aspect ratio, which indicated that the cells are dif-

erentiated into macrophages. The circularity was 0.381, area 30,609

nd aspect ratio 1.452. The result ( Fig. 2 (c)) also demonstrated that the

ells treated with PMA produced significantly higher levels of NO, fol-

owed by cells grown on PC. In comparison to PC the NO levels reduced

o 0.7-, 0.8- and 0.5-fold (p < 0.005) in PCD, PCS and PCDS groups, re-

pectively. PMA stimulation was used as a positive control in this model,

here PMA is observed to induce significant levels of NO. 

.2.2. Dual drug-loaded fibrous scaffold promotes an anti-inflammatory 

ene expression 

To understand the effect of scaffolds on monocyte differentiation to

acrophage and their polarization at the molecular level, we analyzed

he expression of certain critical pro-inflammatory genes such as TNF- 𝛼,

L-1 𝛽, GMCSF and anti-inflammatory gene such as IL-10. Transcriptional

evels of these genes were examined using qPCR with GAPDH used as

he loading control ( Fig. 2 (d)). The mRNA expression of TNF- 𝛼, IL-1 𝛽

nd GMCSF increased by 5.7-, 2.9-, 4.3- fold ( p < 0.05) in cells cultured

n PC group compared to the control group. In comparison to the PC
5 
roup, in PCD group TNF- 𝛼, IL-1 𝛽 and GM-CSF decreased to 0.3-, 0.3-

nd 0.4- fold, respectively; in PCS group they reduced to 0.8-, 0.5- and

.3- -fold, respectively and in PCDS group their levels depreciated to 0.2-

 0.3- and 0.2- fold, respectively. PCD effectively reduced the expression

f inflammatory markers, which further reduced in PCDS group in com-

arison to PC group. PCS group was effective in reducing the expression

f IL-1 𝛽 and GMCSF. In addition, we also analyzed the expression of an

mportant anti-inflammatory cytokine, widely known to be expressed

y M2-macrophages. The expression of IL-10 increased by 1.3-fold in

CDS group in comparison to PC group. However, the PCD and PCS

roup did not have any significant difference in the expression of IL-10

n comparison to the PC group. 

Innate immune cells release an array of cytokines and chemokines.

he specific type of cytokines released by macrophages are important in

haracterizing the differentiation and polarization of the macrophages

nto the proinflammatory (M1) and anti-inflammatory (M2) type. The

ytokine such as IL-1 𝛽, TNF- 𝛼, GMCSF and IL-10 were confirmed using

LISA ( Fig. 2 (e)). In accordance with the morphological and transcrip-

ional studies of critical pro and anti-inflammatory genes, the cytokine

evels were analyzed. In PMA induced group elevated levels of proin-

ammatory cytokines was observed. In comparison to PC group the lev-

ls of TNF- 𝛼 reduced to 0.7-, 0.6- and 0.5-fold; IL-1 𝛽 reduced to 0.9-,

.8- and 0.8-fold; GMCSF reduced to 0.8-, 0.7- and 0.65-fold in PCD,

CS and PCDS groups, respectively in comparison to PC group. How-

ver, not much difference was observed in IL-10 levels. 

.3. Osteogenic study 

.3.1. Dual drug releasing fibrous scaffolds induced the osteogenesis of 

SCs by increasing mineral deposition 

The morphology of MSCs grown on different fibrous scaffolds were

bserved by SEM. The results ( Fig. 3 (a) upper panel) demonstrated that

niform cell adhesion and spreading across the surfaces. The MSCs were

llowed to grow until day 17, where spindle shaped and flat morphol-

gy was observed on fibrous scaffolds and TCPS surface, respectively.

he viability of MSCs was studied by performing Live/Dead® staining

ssay ( Fig. 3 (a) middle and lower panel). Calcein AM in this assay gives

reen fluorescence when taken up by the live cells due to their esterase

ctivity; whereas ethidium homodimer-1 binds to DNA via rupture cell

embrane and produce red fluorescence in dead cells. The red flores-

ence indicates the dead cells, which was observed in control group,

here cells were treated with saponin. However, the cells grown on dif-

erent fibrous scaffolds showed green florescence, which indicates live

ells and confirms the cytocompatibility of fibrous scaffolds for MSCs.

ubsequently, cell growth was measured using alamar blue assay, which

s a nondestructive and reusable method to examine the parameters of

iability, proliferation and metabolic activity of the cells. The results

emonstrated that there is no significant difference in the proliferation

f MSCs on PC, PCD, PCS and PCDS at 7 days and 17 days. However,

here was significantly higher cell growth at 17 days as compared to 7

ays on all the fibrous scaffolds ( Fig. 3 (b)), indicating the cell prolifer-

tion on fibrous scaffolds. 

During osteogenic differentiation of stem cells, mineral deposition

as a prime role in maturation of osteoblasts. The hydrolysis of the phos-

hate esters by ALP increases the concentration of phosphate in ECM.

igure S1 and Fig. 3 (c) shows the ALP activity of MSCs on PC, PCD, PCS

nd PCDS. There was no significant difference in ALP activity on any of

he scaffold after 7 days. Again after 17 days, there was no significant

ifference in ALP activity of cells on PCS as compared to PC, however,

ignificant increase in ALP activity was observed on PCD ( p = 0.0040),

hich was further increased on PCDS ( p = 0.0002). The mineral deposits

re stained red by Alizarin red s stain and indicated for osteogenic differ-

ntiation of stem cells. Fig. 3 (d) shows the mineral deposition by MSCs.

s compared to PC, 1.6-, 1.3- and 1.86-fold increased mineral deposi-

ion was observed on PCD, PCS and PCDS, respectively. The represen-

ative images ( Fig. 3 (e)) also demonstrate increased mineral deposition
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Fig. 2. Morphological changes, gene expression and cytokine levels of U937 cells; (a) Representative SEM images of U937 cells cultured on TCPS, PC, PCD, PCS, 

PCDS and TCPS + PMA after 48 h of seeding (scale bar = 20 μm). (b) Histograms represent the circularity, aspect ratio and area of cells, respectively ( n = 3). (c) 

Histograms of NO production from U937 cells by Griess reagent on TCPS, PC, PCD, PCS, PCDS and TCPS + PMA ( n = 3). (d) Histograms represent the level of gene 

expression by U937 cells and (e) level of cytokines secreted by monocytes cultured on different scaffolds after 48 h ( n = 3). 
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n PCD, PCS and PCDS as compared to PC. Among drug loaded fibrous

caffolds PCDS demonstrated the highest mineral deposition followed

y PCD and PCS. The calcium deposition was further analyzed by EDX

nalysis. TCPS was taken as control, which did not show any calcium

eposition ( Fig. 3 (f)). PC showed 0.42 mass% and 0.14 atom%, PCD

howed 2.67 mass% and 0.95 atom%, PCS 2.54 mass% and 0.91 atom%,

nd PCDS 3.35 mass% and 1.17 atom%. These results further support

he alizarin red staining results, which indicates the role of dual drug

eleasing fibers in mineral deposition during osteogenic differentiation

f MSCs. 

.3.2. Dual drug releasing fibrous scaffolds induced the osteogenesis of 

SCs by increasing the mRNA and protein expression RUNX2 and 

steocalcin 

The osteogenic effect was further studied at molecular level by per-

orming semi-quantitative RTPCR to analyze expression of osteogenic

enes RUNX2 and osteocalcin. Fig. 4 (a) shows the representative bands

or RUNX2, osteocalcin and GAPDH mRNA expression after 17 days of

ell culture. PCD, PCS and PCDS demonstrated significant increase in

RNA expression as compared to PC. In case of PCD, the RUNX2 and

steocalcin expression was 1.7-fold increased. Although, PCS shows only

.1-fold increase of osteocalcin expression, it exhibited 1.6-fold increase

n RUNX2 mRNA expression. PCDS exhibited 3.4-fold and 1.9-fold in-

rease in RUNX2 and osteocalcin expressions, respectively. 

The osteoinductive potential was further quantified by the im-

unofluorescence staining of RUNX2 and osteocalcin after 17 days of

SC culture ( Fig. 4 (b)). PC showed the least expression of RUNX2 as

ell as osteocalcin. Cells grown on PCD, PCS and PCDS exhibited higher
6 
xpression of RUNX2 as well as osteocalcin than on PC. The corrected

otal cell fluorescence ( Fig. 4 (c) and (d)) demonstrated lowest expres-

ion of RUNX2 and osteocalcin on PC. Cells grown on PCD showed sec-

nd highest level of expression for RUNX2 ( p = 0.0227) and osteocalcin

 p = 0.0439), those on PCS did not show much increase in expression

f RUNX2 ( p = 0.124) or osteocalcin ( p = 0.11). MSCs grown on PCDS

emonstrated significantly higher expression of RUNX2 ( p = 0.0011),

hich was 2.2-fold and of osteocalcin expression, which was 8.3-fold ( p

 0.0001) higher as compared to PC. These results are in corroboration

ith the mRNA expression results, which further confirms the role of

ual drug releasing fibrous scaffolds to induce osteogenesis of MSCs. 

. Discussion 

To mimic the natural architecture of bone ECM, we have developed

CL-collagen nanofibrous scaffolds utilizing HFIP as a solvent system.

CL is an FDA approved implantable polymer, which can be function-

lized as an osteoconductive substrate by adding certain biopolymers

uring electrospinning process, including collagen [11–13] . Dexametha-

one and simvastatin were used to further synergize the osteoinductive

eature and immunocompatability [14–16] . HFIP plays a pivotal role in

mulsion electrospining due to its high relative dielectric permittivity

alues (17.8). Which ensures strong polar interactions between protein

nd PCL chains. Further, HFIP promotes higher net charge density in

olymeric solution, which enhances bending instability, jet path and en-

anced stretching of fibers resulting in thinner fibers [21] . The overall

iameter distribution range demonstrates the resemblance with colla-

en fibrils of bone [22] . It demonstrates that the fibrous scaffolds mimic
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Fig. 3. (a) Upper panel shows representative SEM images of MSCs after 17 days (scale bar = 100 𝜇m), middle and lower panel shows live and dead cells, respectively 

(scale bar = 50 𝜇m). (b) cell proliferation measured by alamar blue assay, (c) Alkaline phosphatase activity, (d) alizarin red s stain quantification, (e) representative 

bright field images of alizarin red s staining (scale bar = 200 𝜇m) and (f) calcium deposition during osteogenic differentiation of MSCs on different scaffolds after 17 

days performed by EDX analysis. All experiments were performed in triplicates ( n = 3) and results were plotted as mean ± SEM. 
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he architecture of bone ECM. The surface chemistry demonstrates the

xposure of PCL and collagen, which could strengthen the cell adhe-

ion. Furthermore, characteristic peaks of dexamethasone and simvas-

atin demonstrates their readily availability for cells. The similar results

ere observed in our previous study by X-ray photon spectroscopy anal-

sis [13] . 

In polymeric scaffold, the crystallinity of constituent polymers in-

uences the overall biocompatibility of the scaffold. It is reported that

eduction in the crystallinity of PCL during electrospinning process en-

ances the cell attachment and proliferation on the nanofibrous scaf-

olds [23,24] . It could be because of fast solvent evaporation, which

rovides less opportunity for PCL to rearrange molecular chains, nucle-

te and crystallize [25,26] . Furthermore, incorporation of amorphous

ollagen in PCL solution could decrease the crystallinity of the scaffolds

27] . The embedding of amorphous protein in the PCL matrix could

ead to significant amorphization, thereby disrupting the crystalline re-
7 
ions [28] . The crystallinity of polymeric scaffolds could influence their

egradation at physiological condition, which is important to determine

heir biodegradability and bioactivity. S.-H. Park et al. demonstrated

hat scaffold degradation rates directly impact the metabolism of hM-

Cs and rate of osteogenesis [29] . The surface integrity was retained up

o 28 days. Two-fold increase in fiber diameter demonstrate the swelling

f fibers and chain relaxation of polymer. The swelling could allow the

elease of loaded molecules, which is evident in our previous study [13] .

owever, at later time point (28th day) the surface erosion became

rominent and created a thin film like morphology. The reason could

e the conglutination of fibers due to their swelling in aqueous media

30] . The reduction of heat flow could be because of the changes in PCL

icrostructure [23] . PC showed much reduction, which could be due

o hydrolysis of ester linkages in PCL [31] . On the other hand, lesser

eduction in heat flow of PCDS samples could be because of more sur-

ace exposure of collagen, which could cause less hydrolysis of PCL. The



H.A. Rather, J.F. Varghese, B. Dhimmar et al. Biomaterials and Biosystems 8 (2022) 100064 

Fig. 4. Osteogenic gene and protein expression in MSCs: (a) the representative images of RUNX2 and Osteocalcin mRNA expression and (b) immunofluorescence 

images of MSCs after 17 days of cell culture on PC, PDC, PCS and PCDS, respectively ( n = 3), red fluorescence indicates the expression of RUNX2 and OC in the 

respective images and blue fluorescence indicates nuclear stained by DAPI. (c and d) RUNX2 and OC graphical represented based on the corrected total cell florescence 

of IF images ( n = 13). Scale bar = 50 μm. 

o  

2  

i

 

i  

a  

a  

t  

t  

c  

d  

m  

s  

c  

f  

T  

m  

b  

i  

i  

o  

[  

d  

c  

t  

c  

s  

p

 

a  

c  

(  

t  

m  

m  

s

a  

a  

m  

f  

s  

i  

t  

l  

e  

c  

e  

t  

f  

i  

p

 

i  

t  

a  

b  

H  

d  

a  

a  

a  

D  

a  

p  
verall results demonstrate that the fiber integrity was retained up to

8th day and hence these fibrous scaffolds could be used for prolonged

n vitro and in vivo studies. 

The inflammatory response of these scaffolds were studied by us-

ng U937 cells. Changes in the morphological features of monocytes

nd their molecular profile was characterized. More circularity, lesser

rea and lesser aspect ratio means that the cells are round, which is

he characteristic feature of monocytes. PC showed some inclination

owards transformation of monocytes into macrophages, the reason

ould be the triggered immune response which could lead to monocyte

ifferentiation into macrophages [32] . PMA is a chemical inducer of

onocyte differentiation into macrophage. The cells treated with PMA

howed lesser circularity and more aspect ratio, which indicated that the

ells are differentiated into macrophages. In dual drug releasing scaf-

old, monocytes maintained their spherical morphology as observed in

CPS, demonstrating their anti-inflammatory features. Monocytes and

acrophages could produce basal levels of nitric oxide (NO), which has

een identified as an important regulator as well as a mediator of var-

ed signaling transduction pathways. However, in presence of certain

nducers the cells tend to produce higher level of NO due to activation

f inducible nitric oxide synthase (iNOS), expressed by M1 macrophages

33] . NO via modulating several signaling pathways can elevate the pro-

uction of TNF- 𝛼, IFN- 𝛾, IL-6 and IL-1 𝛽 in immune cells [34] . The in-

reased levels of NO production in PC could be attributed to differen-

iation of monocytes into M1 macrophages, which was observed to de-

rease appreciably in the PCDS group. Presence of dexamethasone and

imvastatin in the fibrous scaffold had an additive effect in reducing NO

roduction and indicates the anti-inflammatory effect. 

Scaffolds used for tissue regeneration have long known to induce

 host inflammatory response by the release of multiple factors in-

luding transforming growth factor alpha (TGF- 𝛼), platelet factor 4

PF4), and platelet-derived endothelial cell growth factor (ECGF1) and
8 
hese agents augment monocyte chemotaxis and differentiation into M1

acrophages [35] . Macrophages recognize several damage associated

olecular patterns followed by activation of several TLRs and inflamma-

ome which mediates the activation and elevated expression of TNF- 𝛼

nd IL-1 𝛽, respectively [36,37] . These cytokines have both autocrine

nd paracrine effects and aggravate the inflammatory microenviron-

ent. GM-CSF is a recent addition in the profile of cytokines mani-

ested by M1 macrophages. GM-CSF contributes towards antigen pre-

entation, phagocytosis leukocyte chemotaxis and adhesion. In addition,

t also induces monocytes and macrophages to produce an array of cy-

okines such as IL-6, G-CSF, M-CSF, TNF- 𝛼, IL-1 𝛽 and IL-8 [36] . Re-

ease of dexamethasone reduced the expression of inflammatory mark-

rs and increased expression of anti-inflammatory marker and their se-

retion. Furthermore, supplementing it with simvastatin enhances the

ffectiveness of reducing inflammatory microenvironment, indicating

heir role in reducing the pro-inflammatory markers which are mani-

ested in monocytes and macrophages skewed to the M1 type. The anti-

nflammatory microenvironment creates a niche which is beneficial and

ropels wound healing properties. 

Adipose-derived MSCs have several advantages including availabil-

ty, and ease of harvesting. MSCs possess immunomodulatory charac-

eristics because MHC class II is not expressed and low levels of MHC I

re expressed [38] . Furthermore, MSCs are most viable candidates for

one regeneration because of their osteogenic differentiation potential.

ence, MSCs were utilized for studying the osteogenic potential of the

rug loaded fibrous scaffolds. The proliferation rate of MSCs were not

ltered on the nanofibrous scaffolds. The possible reason could be that

ll scaffolds possess equal proportion of collagen, which provides cell

dhesion sites, which in turn could result in equal cell proliferation.

uring osteogenic differentiation of stem cells, mineral deposition has

 prime role in maturation of osteoblasts. The hydrolysis of the phos-

hate esters by ALP increases the concentration of phosphate in ECM.
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herefore, it is considered as primary marker for osteogenic differentia-

ion [23] . Further, staining of hydroxyapatite formation is used as a pa-

ameter for osteogenesis differentiation [39] . Highest ALP activity and

ineral deposition was observed on PCDS followed by PCD and PCS.

he reason could be the presence of dexamethasone in these scaffolds,

ecause it is a key ingredient of osteogenic differentiation media and

nhances the hydroxyapatite formation [40,41] ; hence it might have

ore osteo inducing potential as compared to simvastatin. Simvastatin

as positive effects on osteogenic differentiation, however it is reported

hat simvastatin increases the expression of collagen I and RUNX2 dur-

ng osteogenesis but did not increase ALP activity and alizarin red s

taining [42] . The calcium deposition analyzed by EDX further support

he alizarin red staining results, which indicates the role of dual drug

eleasing fibers in mineral deposition during osteogenic differentiation

f MSCs. RUNX2 acts as a transcription factor which is majorly active

uring initial stages of osteogenic differentiation, and osteocalcin is the

ajor non-collagen ECM protein, which is expressed during the middle

nd later stages [43,44] . The higher expression of RUNX2 and osteocal-

in on PCDS could be anticipated for synergistic effect of dual drugs.

he overall mRNA expression profile suggested osteoinductive effect of

ual drugs in MSCs. These results are in corroboration with the protein

xpression results, which further confirms the role of dual drug releasing

brous scaffolds to induce osteogenesis of MSCs. 

. Conclusion 

Monocytes differentiating into M1 type of macrophages in a pro-

nflammatory niche is a common phenomenon associated with delayed

ound healing and osteogenesis. Macrophages in the presence of en-

ogenous stressors tend to release inflammatory cytokines which has

n autocrine and paracrine effect on the cells in its vicinity. Inflam-

atory response generated in association with biomaterial scaffolds is

enerally due to unfavorable microenvironment, making the implant

usceptible to an inflammatory response. Therefore, delivery of anti-

nflammatory drugs such as dexamethasone promotes the polarization of

acrophages towards the M2 phenotype (anti-inflammatory) suppress-

ng the inflammation associated pathways. In this study, encapsulation

f dexamethasone and simvastatin was intended to modulate the host in-

ammatory response towards these scaffolds and induce osteogenic dif-

erentiation. The NO level, inflammatory gene expression and cytokine

nalysis indicated that M2 polarization was favored in the presence of

ual drugs. Among drug loaded scaffolds, dexamethasone releasing scaf-

olds (PCD and PCDS) demonstrated more anti-inflammatory properties

s compared to simvastatin alone loaded scaffold (PCS) due to anti-

nflammatory potential of dexamethasone. The mineral deposition, gene

xpression and protein expression demonstrated the osteogenic differen-

iation of MSCs. Furthermore, PCDS demonstrated synergistic effect on

steogenic differentiation of MSCs. Thus, the dual drug loaded fibrous

caffolds has immunomodulatory function and enhances osteogenesis

nd hence could be used for bone tissue engineering applications. 
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