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Abstract

Chitosan nanofibrous membranes have immense potential in tissue engineering and drug delivery 

applications because of their high degree of biocompatibility, their ability to mimic the 

extracellular matrix and increased surface area. However, their use is often limited due to their 

extreme hydrophilic nature causing them to lose their nanofibrous structure. In this study, chitosan 

membranes were modified either by acylation reactions using fatty acids of different chain lengths 

or tert-butyloxycarbonyl (tBOC) protecting groups to increase the hydrophobicity of the 

membranes and protect the nanofibrous structure. The modified membranes were characterized 

using scanning electron microscopy, attenuated total reflectance Fourier transform infrared 

spectroscopy, water contact angle and elemental analysis to confirm the addition of the 

modification groups. These membranes were then evaluated to control the release of a 

hydrophobic osteogenic drug-simvastatin (SMV). The interaction between SMV and the polymer 

were determined using molecular modeling. SMV and SMV loaded membranes were further 

tested for their in vitro cytotoxicity and osteogenic potential. Results showed that as the fatty acid 

chain length increased from two to six methylene groups, the hydrophobicity of the membranes 

increased (59.2±8.2° to 94.3±8.5°water contact angle). The amount of drug released from the 

membranes could be controlled by changing the amount of initial drug loading and the type of 

modifications. For a 500μg loading, after 4 weeks, the short chain fatty acid modified membranes 

released 17.8 ± 3.2% of the drug whereas a long chain fatty acid released only 4.8±0.8%. On the 
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other hand, for a 50μg loading, short chain modified membranes released 73.3 ±33.3% of the 

loaded drug and the long chain membranes released 43±3.5%. The long chain fatty acid 

membranes released SMV for extended time periods of up to 90 days. This data was further 

supported by molecular modeling, which showed that SMV was more compatible with more 

hydrophobic membranes. Cell studies showed that SMV from 75 to 600ng/ml range possessed 

osteogenic potential in a dose dependent manner and the amount of SMV released from the most 

hydrophobic FA treated membranes was not cytotoxic and supported osteogenic differentiation. 

This study demonstrates our ability to control the release of a hydrophobic drug from chitosan 

membranes based on the clinical need.
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1. Introduction

Chitosan, derived from a natural polymer, chitin, is a linear chain polysaccharide made of N-

acetyl glucosamine and glucosamine units. Chitosan has been investigated for a wide range 

of biomedical applications due to its excellent biocompatibility, controllable degradation and 

ability to be manufactured into various forms like films, beads, hydrogels, sponges and 

particles, to name a few [1–4]. Chitosan can be electrospun to produce membranes with fiber 

diameters in the nano-scale range that mimic the nanofibrous structure of the natural 

extracellular matrix (ECM) [5]. The ability to mimic the natural nanofibrous structure of the 

ECM is advantageous for supporting growth and proliferation of cells important to tissue 

engineering/regeneration strategies [5–7]. Another advantage of the nanofibers created by 

the electrospinning process is the increased surface area for loading and delivering 

therapeutic agents [8–10]. Because of this combination of degradability and nanofiber 

structure, electrospun chitosan membranes (ESCM) are investigated for a number of tissue 
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regeneration and drug eluting tissue scaffold applications including dental and orthopedic [1, 

2, 7, 11–17].

Trifluoroacetic acid (TFA) is one of the most commonly used solvent for electrospinning 

chitosan as it provides adequate viscosity for the polymer solution to be pulled into 

nanofibers [18, 19]. However, TFA forms a salt with the amino groups on the chitosan 

polymer during the spinning process and must be removed. Two strategies have been 

developed to remove the salts without compromising the nanofiber structure or deteriorating 

the mechanical properties of the ESCM (13,22). One of the techniques involves a 

Triethylamine (TEA) wash to remove the TFA ions, followed by blocking of chitosan’s 

amino groups on the surface of the fibers with tBOC groups (di tert butyl dicarbonate) to 

prevent amine protonation that can lead to swelling in aqueous environments [17]. Another 

technique developed by Wu et al. involves grafting fatty acid (FA) groups to the hydroxyl 

groups on the outside of the chitosan fibers to create a hydrophobic wrap that would prevent 

fiber swelling during water rinsing steps to remove the TFA ions [20]. The fatty acids can be 

subsequently removed with alkali, as desired, to regenerate the native ESCM [20]. The TEA/

tBOC and the FA-modified chitosan membranes demonstrated the ability to maintain the 

nanofibrous structure in aqueous environments as compared to alkali based treatments used 

to remove TFA salts, while maintaining good mechanical, degradation and cytocompatibility 

properties [17, 20]. Both types of membranes have shown promise for regenerating bone in 

guided bone regeneration (GBR) applications in rodent models [17, 20, 21].

While GBR membranes have been made bioactive through the addition of therapeutics such 

as bone morphogenetic protein-2 (BMP-2) to augment healing of bone grafted sites, dosing 

and release profiles of BMP-2 are not optimal and have been implicated in adverse reactions 

such as ectopic bone formation, bone/tooth root resorption and ankylosis [22, 23]. These are 

also associated with high therapeutic costs [22, 23]. To circumvent these drawbacks, we 

propose to locally deliver a drug called simvastatin (SMV), which has recently been reported 

to possess good osteogenic property [24–29]. This drug belongs to the statin class of 

pharmaceuticals and is used in clinics for anti-cholesterol treatment. SMV has been reported 

to promote bone growth and healing after local delivery, by antagonizing TNF-α inhibition 

of BMPs, decreasing osteoclast activity and improving angiogenesis [30–33]. Studies also 

reported a positive association between statin use by elderly patients and reduction in the 

risk of hip fracture [34, 35]. SMV has shown to induce osteogenic differentiation of bone 

marrow stromal cells, increasing the alkaline phosphatase (ALP) activity and osteocalcin 

(OCN) and osteopontin production [26, 36, 37] in vitro and better bone healing in vivo [38, 

39]. SMV is also reported to possess anti-inflammatory and anti-microbial properties that 

may play a critical role in the tissue regeneration process [31, 40].

This study investigated the potential of adding SMV to tBOC or FA-modified chitosan 

membranes for the purpose of increasing bioactivity of chitosan GBR membranes for bone 

regeneration. The modified membranes were characterized for morphology, degree of 

modification (DM) and hydrophobic behavior. This study examined effects of different 

levels of loading and membrane modifications for controlling release of SMV from the 

membranes. Molecular modeling was used to evaluate the interaction between the differently 

modified chitosans and SMV to understand the mechanism of drug release. Different 
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concentrations of SMV were tested on mouse stromal cells to identify effects of dosing on 

ALP production and in vitro mineralization. Further, cytocompatibility of SMV loaded 

membranes was evaluated and membranes releasing non-toxic levels of SMV were tested for 

their osteogenic potential in vitro.

2. Materials & Methods

2.1. Materials

Chitosan with 71% DDA and 311 kDa was purchased from Primex. TFA, dicholoromethane 

(DCM), pyridine, FAs, tetrahydrofuran (THF), TEA, acetone, tBOC were bought from 

Sigma and Fisher. SMV was purchased from Cayman Chemicals. Reagents for HPLC were 

HPLC grade and bought from Fisher. W-20-17 cells were obtained from ATCC and cultured 

as per ATCC instructions. Reagents for cell culture were bought from Fisher. BMP-2 was 

purchased from GoldBio.

2.2. Electrospinning

Chitosan membranes were fabricated by electrospinning in an in-house spinning setup, as 

described previously [2, 11, 17, 20]. Briefly, a 5.5% (w/v) chitosan (71% DDA, MW: 

311.7kDa) solution was made in 70% TFA and 30% DCM, loaded in a 10 ml syringe with a 

20-gauge blunt needle and electrospun at 27 kV using a syringe pump onto an aluminum foil 

covered collector plate rotating at ~ 8.4 rpm. To ensure better handle ability, each membrane 

was made with either 10- or 30-ml solution (three 10ml volumes of chitosan solution spun 

consecutively) to produce 13cm diameter membranes approximately 0.3 ± 0.1 mm or 0.7 ± 

0.1 mm thick, respectively. The electrospinning apparatus was housed inside a ventilated 

box which was vented to the fume hood. The apparatus was operated at room temperature 

and at 40 to 60% humidity.

2.3. Post-spinning treatment

The ESCMs were treated to remove TFA salts using the TEA/tBOC or FA methods as 

previously described [17, 20]. Briefly, for the TEA/tBOC treatment, membranes were 

immersed in 10% (v/v) TEA/acetone solution for 24 hours under mild stirring, washed twice 

with acetone, and then placed in a tBOC/THF (0.1g/ml) solution for 48hours at 60°C under 

mild stirring. After 48 hours, membranes were washed three times with acetone and then 

dried between nylon meshes and paper towels [17]. Once the membranes were dry, they 

were punched into small 1cm diameter discs and used for experiments.

For the FA treatment, as spun membranes were first punched into 1cm diameter discs and 

soaked in a pyridine-fatty acid anhydride (v/v) (50–50) solution at 5mg/ml for 1.5 hours. 

Next, the membranes were washed by gentle stirring in 1L MQ water (18MΩ@25°, Integral 

15, Millipore) for 72 hours to remove the unreacted and excess reagents. The water was 

changed every 24 hours for 3 days, after which the membranes were lyophilized. The FAs 

used in this study are acetic (AA), butyric (BA) and hexanoic (HA) anhydride. These FAs 

were chosen based on a previous study where BA (number of methylene groups in the fatty 

acid chain, n=4) modified chitosan membranes showed good cell attachment and GBR 
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potential [20, 21]. Here, a slightly smaller (AA; n=2) and slightly longer (HA; n=6) chain 

fatty acids were evaluated not to significantly affect the biocompatibility of the membranes.

2.4. Scanning Electron Microscopy (SEM)

Membranes were examined under SEM (Nova NANOSEM 650 FEI™) before and after the 

TEA/tBOC and fatty acid treatments to determine the effects on fiber size and morphology. 

Three samples of as spun and treated membranes from three different ESCM were examined 

at four different regions. Parameters used for the measurement were 5000X magnification, 

5kV and a spot size of 3.0.

2.5. ATR-FTIR

ATR spectra were collected to evaluate the extent of TFA salt removal by the treatments and 

attachment of tBOC and FA groups to the chitosan polymer chain. The spectra were 

collected using FT-IR spectrometer, Frontier (Perkin-Elmer). Three samples of as spun and 

treated membranes were scanned from 500cm−1 to 4000cm−1 for 16 times.

2.6. Water contact angle measurement

Water contact angles of modified chitosans (membranes) were determined using a VCA 

optima measurement machine (AST products, INC, USA). 5μL of water droplets were 

placed carefully onto the membrane surfaces, and the photographs of the droplets were 

recorded by a digital camera, after approximately one minute. The contact angles were 

calculated by the goniometry software of VCA OptimaXE. For each modification, four 

different membranes were tested at three different regions.

2.7. Elemental analysis

Elemental analysis was carried out to evaluate the extent of modification of the membrane 

by the tBOC or FA molecules based on the carbon to nitrogen ratio (C/N). C/N of the 

chitosan would change with modification since the modifying groups will add more carbon 

to the polymer. The analysis was carried out by Atlantic Microlabs, (Norcross, GA, USA) 

using Perkin-Elmer Model 2400 series II autoanalyzer. The samples were also analyzed to 

detect any residual amount of TFA salts left after the treatments. Each sample was vacuum 

dried and analyzed in duplicates.

The actual C/N number ratio of original chitosan used in this study was calculated by the 

atomic weight % obtained by elemental analysis, using the following equation:

n0(C)
n0(N) = C%/12.011

N%/14.0067 = 6.68
1 (1)

The degree of modification (DM), x is defined as the number of tBOC or FA group per 

chitosan/chitin monomer unit, and calculated using the atomic weight % of modified 

chitosan obtained from elemental analysis by the following equation:
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nm(C)
nm(N) = C%/12.011

N%/14.0067 = 6.68 + px
1 (2)

where C% and N% are weight percentage of carbon and nitrogen, and p is the number of 

carbon atoms in the substituted groups (specifically, p value for tBOC, acetyl, butyryl, and 

hexanoyl groups is 5, 2, 4, and 6, respectively).

2.8. In vitro SMV loading & release study

SMV release study was performed using 1 cm discs of the TEA/tBOC-, AA-, BA- and HA-

modified membranes and each was tested at two different thicknesses; a thin (~0.3mm thick) 

or thick (~0.7mm) membrane thickness. Four different amounts of SMV- 500, 250, 100, 

50μg - were loaded onto the membranes. These amounts were chosen as representative of 

the wide range of concentrations tested in previous studies which showed significant 

osteogenic potential [28, 41–43]. SMV at 500 and 250μg, 100 and 50μg were used as 

representative for high and low dose, respectively. Membranes were disinfected by rinsing in 

70% ethanol and drying under UV light for one hour. Since SMV is insoluble in aqueous 

solvents, stock of SMV solution was made in 200 proof ethanol (non-denatured). To load the 

membranes, stock solutions were aseptically pipetted on to individual membranes to provide 

50, 100, 250 or 500μg SMV per membrane. The volume of SMV stock added onto the 

membranes was kept to a minimum to ensure complete absorption by the membranes. 

Membranes were placed in a laminar flow for 20 to 30 minutes to evaporate away the 

ethanol before placing them in 48-well plates and adding 0.5 ml of PBS. PBS was replaced 

every day for the first week and then every other day till day 28. The study was continued till 

day 91, with samples being collected weekly after 28 days. The collected samples were 

stored at −20°C for further analysis. There were 6 membranes/treatment/thickness/loading 

amount. An isocratic HPLC method was used to analyze the amount of SMV released from 

the membranes. SMV was detected at 236 nm using a UV-VIS detector, a solvent phase of 

0.1% TFA: acetonitrile (30:70) and injected at a flow rate of 1ml/min [44]. The amount of 

sample injected was 10μl and was detected using a Hypersil GOLD column (dim-150 X 

4.6mm) with a particle size of 5μm (ThermoScientific™), heated to 30°C. Since SMV is 

insoluble in aqueous solvents, standards were made in PBS-ethanol (50–50) solutions. To 

maintain consistency between samples and standards, the samples were also diluted with 

ethanol that was spiked with SMV. The spike SMV was added to compensate for any drug 

loss during dilution, which might result in negative values. SMV readily hydrolyzes when in 

aqueous environment, giving rise to three separate HPLC peaks for SMV hydroxy-acid 

form, lactone form, and dimer form. Area under these three peaks were added and used to 

calculate the total concentration of SMV in the eluates.

2.9. Computation of Hansen solubility and Flory-Huggins parameter (X1,2) of SMV with 
chitosan and differently modified chitosan

The solubility parameter (δT), first suggested by Hildebrand, is defined as square-root of the 

cohesive energy density (3), where the cohesive energy Ecoh = ΔHvap – RT, Vm is the molar 

volume of the substance, and ΔHvap is the heat of vaporization. Hildebrand predicted that 

non-polar substances with similar solubility parameters, ΔδT = |δT2 – δT1| ≈ 0, are generally 
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more miscible with each other. Hansen proposed splitting the solubility parameter into three 

components to improve miscibility predictions for a wider range of substances. These three 

parameters, referred to as Hansen solubility parameters (HSPs), account for dispersion 

forces (δD), dipolar intermolecular forces (δP) and hydrogen bonding (δH) [45].The sum of 

these squared parameters is the squared total solubility parameter δT (4).

δT 2 = Ecoh
Vm

(3)

δT 2 = δD 2 + δP 2 + δH 2 (4)

The solubility parameters for any two chemical species (i.e., drug and polymer) can be used 

to calculate the Flory-Huggins interaction parameter (χ1,2) according to Equation 5, where 

Vm,1 is the molar volume of the drug, R is the ideal gas constant and T is the absolute 

temperature [45]. The subscripts 1 and 2 represent the drug and polymer, respectively. It is 

interpreted that the drug is more compatible with a polymer for lower values of χ1,2. The 

interaction parameter χ1,2 decreases as the difference between two solubility parameters 

ΔδT decreases. Therefore, lower values of ΔδT make the drug more compatible with the 

polymer.

χ1, 2 = Vm, 1
RT δT2 − δT1

2 = Vm, 1
RT Δ δT2 (5)

However, chitosan is far from non-polar and ΔδT
2 is not the best descriptor for drug-polymer 

incompatibility. Hansen proposed using A1,2 (6) in place of ΔδT
2, which was generally 

found to provide more accurate predictions of χ1,2 for a wider range of systems [45]. The 

value A1,2 is the sum of squared differences of each parameter with weights of 1
4  applied on 

the polar and hydrogen bond parameters. By using A1,2 in place of ΔδT
2, Equation 4 can be 

rewritten as Equation 6. Therefore, the Flory-Interaction parameter between SMV and 

chitosan polymer is calculated using Equation 7 [45].

A1, 2 = δD2 − δD1
2 + 1

4 δP2 − δP1
2 + 1

4 δH2 − δH1
2

(6)

χ1, 2 = Vm,1
RT A1, 2 (7)

The Hansen Solubility Parameters (HSPs) were calculated using Hansen Solubility 

Parameters in Practice (HSPiP) software version 5.1.08. The SMILES (Simplified Molecular 

Input Line Entry Syntax) representations of each compound are used as inputs. For the 

monomeric units of chitosan, the polymer format for SMILES was used. The software 

predicts the HSPs parameters using group contribution method based on Yamamoto-

molecular break method (Y-MB) that splits the input structure to functional groups. 
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Furthermore, the HSPs for chitosan, AA-chitosan, BA-chitosan, HA-chitosan and tBOC-

chitosan were estimated by taking weighted root-mean-squares of the HSPs for N-

acetylglucosamine (D, NAc) and glucosamine (D, Glu) monomeric units (Equations 

8a,b,c,d) with their respective modifications. The weights are 0.3 for N-acetylglucosamine 

and 0.7 for glucosamine monomeric units since chitosan with ~70% DDA is used in this 

work. The weighted averages were taken this way to ensure that the squared sum of the 

HSPs always equals the squared total solubility parameter as shown in Equation 8d.

δD2 = 0.3 ⋅ δD,NAc2 + 0.7 ⋅ δD,Glu2 1/2 (8a)

δP2 = 0.3 ⋅ δP,NAc2 + 0.7 ⋅ δP,Glu2 1/2 (8b)

δH2 = 0.3 ⋅ δH,NAc2 + 0.7 ⋅ δH,Glu2 1/2 (8c)

δT22 = δD22 + δH22 + δH22 = 0.3 ⋅ δT,NAc2 + 0.7 ⋅ δT,Glu2 (8d)

2.10. Cell culture

W-20-17, ((W-20 clone 17] (ATCC® CRL-2623™)), preosteoblast mouse bone marrow 

stromal cells, were grown and maintained in Dulbecco’s Modified Eagle medium (DMEM) 

supplemented with 10% FBS and 50μg of penicillin, 50μg of streptomycin, and 100μg of 

neomycin (PSN) (Gibco™, Molecular Probes™). Cells were cultured in T75 flasks (Nunc™ 

EasyFlask™, vented) and placed in an incubator supplied with 5% CO2 at 37°C. The culture 

medium was changed once in every two days and the cells were sub-cultured when the flask 

reached 80–90% confluency. Cells used for cell culture experiments were between passage 

number 4 and 7.

2.11. Cell viability

Cells were seeded in 96 well plates at 1×104 cells/well and allowed to attach overnight. On 

following day, media containing different concentrations of SMV were added to the well 

plates, and the drug toxicity was measured after 24 and 72 hours.

Toxicity of membranes with and without SMV loading were evaluated by non-contact 

culture, using Falcon™ cell culture inserts (0.45 μm pore size PET membrane, 24 well 

format). Cells were seeded in 24 well plates at 5×104 cells/well and allowed to attach 

overnight. Following day, cell inserts containing non-loaded and SMV loaded membranes 

were placed in the well plates. AA and HA membranes loaded with 0 (AA0 & HA0) and 50 

(AA50 & HA50) μg SMV were evaluated for membrane toxicity. Since AA and tBOC 

membranes had similar release profile, AA membranes were used as representative 

membranes. Similarly, since HA and BA membranes had similar release profile, only HA 

membrane was used. Relatively low amount of SMV was added to the membranes to avoid 

Murali et al. Page 8

Int J Pharm. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



any toxicity to the cells due to higher drug doses. After 1, 3, and 7 days, membrane toxicity 

was analyzed.

Each drug concentration and membrane were tested in quadruplicates. Cells grown in 

medium with no drug or membrane was used as control. The toxicity was determined by 

measuring cell viability using CellTiter-Glo® Luminescent Cell Viability Assay (Promega 

Corporation) according to manufacturer’s protocol.

2.12. Cell mineralization studies

Cells were seeded in 48 well plates at 1×104 cells/well with complete DMEM (DMEM 

supplemented with 10% FBS and 1% PSN) and left to attach overnight. Next day, complete 

medium was replaced either with osteogenic medium (complete DMEM supplemented with 

5mM beta-glycerophosphate and 50μg/ml ascorbic acid) and non-toxic concentrations of 

SMV (referred hereafter as regular media) or osteogenic medium with 25ng/ml BMP-2 

(BMP-2 medium) and non-toxic concentrations of SMV. To examine the potential 

interactions between SMV and BMP-2, SMV media were spiked with 25ng/ml BMP-2. The 

concentrations of SMV added to the medium were 75–600ng/ml. To evaluate the osteogenic 

potential of SMV loaded membranes, cells were seeded in 24 well plates at 1×105 cells/well 

and left to attach overnight. On the next day, cell inserts containing non-loaded and drug 

loaded membranes were placed in the 24 well plates with either regular medium or BMP-2 

medium. The cell culture media were completely replenished every two days. After 1, 7, 14 

and 21 days, the media were removed, and the cells were lysed by adding 300μl of 

molecular grade water to each well and freeze-thawing the plates three times. The cell 

lysates were used to measure double stranded DNA and ALP activity of the cells. Double 

stranded DNA was measured using a Quant-iT PicoGreen assay kit, from Invitrogen and the 

ALP activity was measured using a QuantiChromTM alkaline phosphatase assay kit 

(DALP-250) from BioAssay Systems. The activity of cells was then normalized to double 

stranded DNA (dsDNA) (ng/ml) and expressed as IU/ng DNA. Additional plates were made 

for day 14 and 21 to carry out calcium deposition assay. After the designated time points, 

medium was completely removed from the wells and the cell layers were carefully washed 

twice with 500μl of warm PBS. To each well, 500μl of 0.5N acetic acid was added and the 

plates were placed on a rotary shaker (Belly Dancer™, Strovall, life science Inc., 

Greensboro, NC, USA) at moderate speed for 24 hours to solubilize the deposited calcium. 

Next day, the entire well content was transferred to labelled microcentrifuge tubes and 

frozen at −20°C until ready to assay. A calcium reagent set (Pointe Scientific, Inc), based on 

o-cresolphthalein (OCP) method, was used to measure the amount of calcium deposited in 

each group. Alizarin Red S staining was performed on cells grown with SMV loaded 

membranes to further evaluate their osteogenic potential (Supplementary Information).

2.13. Statistical analysis

All data are presented as mean ± standard deviation, except the molecular modeling data. 

Significant differences in cytotoxicity of SMV concentration, and in vitro bioactivity 

analyses were analyzed by one-way ANOVA test followed by post-hoc analysis. For the 

calcium-phosphate mineral deposition assay with membranes, significant difference between 
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same groups at different time points was analyzed by student t-test. The differences in 

groups and experimental time points at any time were considered significant if p < 0.05

3. RESULTS

3.1. SEM

All membranes exhibited smooth fibers with diameters in the nano-range in scanning 

electron micrographs (Fig. 1). The as spun membranes (1A) had fibers around 200–300nm, 

which did not change significantly after the treatments (1B-E). SEM images of SMV loaded 

membranes also did not show significant changes in the fiber diameter (SI 1).

3.2. ATR-FTIR

ATR spectroscopy was used to analyze the change in the chemical structure of chitosan after 

the different treatments. Fig. 2 shows the spectra of as spun chitosan membrane and 

membranes after post-spinning treatments. The broad peak between 3100 and 3500cm−1 

represents the inter- and intra-molecular hydrogen bonding of the -NH2 and -OH stretching 

vibration of chitosan molecules [20]. The absorption peak around 1750cm−1 represents the 

acyl (C=O) group, which confirms the acylation reaction. The peaks between 2750 and 

3000cm−1 represent asymmetrical and symmetrical bending vibrations of the methylene 

groups, which increased in intensity with increasing FA chain lengths. The ester C=O stretch 

around 1700–1750cm−1 did not show up in the spectrum of tBOC modified membrane as it 

selectively reacts with the amine groups of chitosan. The transmittance peaks at 720, 802 

and 837cm−1 representing TFA salts were not seen in the treated membranes, confirming the 

removal of TFA salts.

3.3. Water contact angle measurements

The measurements of water contact angles after approximately one minute for differently 

modified chitosan is represented in Table 1. It was observed that the water droplet from the 

VCA machine remained stable on the AA and BA membranes for 3–5minutes, whereas for 

the HA and tBOC membranes, the drop remained stable even after 15 minutes. Among all 

the treatments, tBOC modified membranes were the most hydrophobic (119.3° ±17.4°). For 

the FA-treated membranes, as the FA chain length increased, the membranes became more 

hydrophobic. The AA membranes were least hydrophobic, and the HA were most 

hydrophobic.

3.4. Elemental analysis

The absence of F in the elemental analysis data indicated there was no residual TFA salts left 

in the membranes after the post spinning treatments (Table 2). The DM of the FAs or the 

tBOC groups was calculated based on the C/N ratio from elemental analysis and equation 3. 

The maximum DM per chitin/chitosan monomer unit for the short chain FAs was 2 since 

there are two reactive -OH groups on each monomer unit. For the AA and BA modified 

chitosan, the degree of modification was 1 and for the HA membrane it was between 1 and 

2. For the tBOC membrane, the theoretical maximum DM is 0.71 (DDA) as only the 

chitosan unit has an -NH2 group to react. The DM of tBOC modified chitosan was 

calculated to be 0.40.
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3.5. In vitro SMV release study

Amount of SMV released out of the membranes mainly depended on the type of membrane 

treatment. Thickness of the membranes did not have significant effect on drug release. 

Representative cumulative release graphs of thick membranes are shown in Fig. 3 

(Percentage drug release from the membranes given in SI 2). For all loadings and 

thicknesses, AA and tBOC membranes exhibited significantly higher initial burst release 

levels of SMV than the other two treatments. There was no difference in the release between 

the BA and HA modified membranes. For all loadings, AA and tBOC membranes released 

10–15μg/ml SMV on day 1, whereas the other two membrane groups released less than 

5μg/ml. Amount of drug released from the membranes decreased till day 7, after which all 

the membranes released ~1μg/ml per day. For HA membranes, the initial loading amounts 

did not seem to influence the release amount, as all the membranes released only around 

20μg by the end of 28 days. The BA membranes also had a similar release pattern, however, 

500μg SMV loaded BA released more than other BA loaded membranes.

Table 3 summarizes the percentage release from thick membranes after 28 and 91 days of 

release. At the end of 28 days, AA and tBOC loaded with 500μg SMV released close to 20% 

of the drug, whereas the corresponding HA and BA membranes released less than 10%. As 

the loading amount was halved (250μg), the amount released almost doubled for all the 

membranes. Similar effects were seen when the membranes were loaded with 100 and 50μg 

SMV. By the end of 91 days, only the AA and tBOC membranes loaded with 50μg SMV 

released 100% of the drug. The 100μg loaded membranes released close to 50% of the drug, 

the 250μg close to 40% and the 500μg close to 30%. The BA membranes released almost 

half the amounts released by the AA and tBOC membranes for the corresponding loading 

amounts. This was also true for HA100 and HA50 membranes. However, HA500 and 

HA250 released less than 20% of the drug even after 91 days.

3.6. Determination of solubility and Flory-Huggins parameter (X1,2) of SMV with chitosan 
and differently modified chitosan

The results for the determination of the HSPs for the differently modified chitosans and 

different forms of SMV are summarized in Table 4. For estimating solubility parameters of 

chitosan and modified chitosan, we assumed 70% glucosamine and 30% acetylglucosamine 

and used an average DM = 1 for all the modifications. Results of calculations for Flory-

Huggins interaction parameter (χ1,2) between SMV and polymer using the A1,2 assumption 

for the HSP and ΔδT
2 parameter are shown in Table 4 and 5.

The schematics of chemical structures for chitosan and differently modified chitosan is 

represented in Fig. 4.

It is seen that the solubility and interaction parameters for hydrolyzed SMV is about 2–3 

times lower than unhydrolyzed SMV (Table. 5). A lower value indicates better compatibility 

between the drug and polymer. Results also indicate that as the fatty acid chain length 

increased, the drug became more compatible to the polymer. The BA and HA modified 

chitosan had lower χ1,2 values for SMV and hydrolyzed SMV as compared to AA and 
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tBOC modified chitosan which corresponds to the slower drug release from BA and HA 

membranes and faster release from the other two.

3.7. Cytotoxicity evaluation of SMV

Results of the 24 and 72 hour cytotoxicity tests of SMV to the W-20-17 cells based on the 

Cell Titer glo assay was normalized to 0ng/ml SMV. The results indicated that 

concentrations up to 600ng/ml SMV showed more than 70% cell viability (Fig. 5). This 

trend was seen at 24 and 72 hours. However, concentrations more than 600ng/ml had toxic 

effect on the cells. As a result, further experiments were conducted with 600ng/ml SMV as 

the highest testing concentration.

The results of cell viability and growth over 7 days with AA (0 & 50) and HA (0 & 50) 

membranes are shown in Fig. 6. Results are reported as percent of cell in control wells that 

did not contain membranes. Only cells exposed to AA50 membranes showed a statistically 

significant reduction in cell viability at each time point (p<0.05). There were no statistical 

differences in percent viability and growth of cells between the AA0, HA0 and HA50 

membranes (p>0.05).

3.8. Cell responses to SMV and SMV loaded membranes

W-20-17 cells were cultured for up to 21 days to evaluate the osteogenic potential of SMV. 

Cells were evaluated for ALP activity as a marker of osteoblastic differentiation and for 

calcium-phosphate deposition via OCP reaction, as indicator of terminal differentiation and 

matrix mineralization. Cells showed a positive dose dependent expression of ALP to 

increasing concentrations of SMV up to 600ng/ml. (Fig. 7a). Cells grown in the presence of 

600ng/ml SMV showed significantly higher ALP activity as compared to the TCP group on 

days 7 (p=0.042), and 21(p=0.021). On day 14, cells cultured with 600ng/ml SMV exhibited 

higher ALP activity as compared to TCP control, though the values were not statistically 

significant at p=0.05 (p=0.08). By day 21, cells grown with 300ng/ml SMV also exhibited 

higher ALP activity as compared to TCP group, though not statistically significant (p=0.18).

For cells grown in the BMP-2 medium, there was no SMV dose response of ALP activity by 

the cells, though there was a trend for SMV to enhance the stimulatory effect of BMP-2 on 

the ALP activity (Fig. 7b). On day 7, only 600ng/ml SMV group showed significantly higher 

ALP activity than the TCP group (p=0.025) but on day 21, all SMV groups showed higher 

ALP activity than TCP group (p=0.04). Overall, the BMP-2 medium groups showed much 

higher ALP activity as compared to the corresponding regular medium groups. All groups 

showed increase in ALP activity with culture time.

As a measure of terminal differentiation, amount of calcium deposited by the cells was 

quantified. When testing different drug concentrations, all the groups showed an increase in 

the amount of calcium deposited from day 14 to day 21 (Fig. 8). Similar to ALP activity, for 

the regular medium groups, there was a dose-dependent increase in calcium deposition with 

increasing SMV concentration. On day 14, 600ng/ml SMV stimulated significantly higher 

calcium deposition than other groups (p=0.024). By day 21, this effect continued (p= 0.019). 

Cells cultured with 300ng/ml SMV also showed a trend to stimulate more calcium 

deposition, though not significantly higher than control group (p=0.065). Among the BMP-2 
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medium groups also there was a trend for increased calcium deposition with increase in 

SMV concentration, though none of the groups were significantly different (p>0.05). More 

calcium deposition by the 600ng/ml SMV was evident on day 14 and 21 in both media 

groups.

Since AA50 membranes showed significant toxicity from day 1, they were not included 

further for in vitro experiments. Fig. 9 shows that the ALP activity of all the groups 

increased over the period of 21 days. In regular medium group (Fig. 9(a)), on day 7, cells 

grown with HA50 membranes showed significantly higher ALP activity than the control 

(p=0.015). On day 21, though the SMV loaded membrane, HA50, appeared to stimulate 

more ALP activity than its corresponding non-loaded membranes, no groups were 

significantly different from each other and the control (p=0.81). In BMP-2 medium group 

(Fig. 9(b)), on day 14, HA0 group had significantly less ALP activity than the control 

(p=0.030), whereas the loaded membranes and control had similar activities. By day 21, all 

the membrane groups showed lowered ALP activity than the control (p=0.034).

While analyzing the SMV loaded membranes for calcium deposition, in regular medium 

groups, only the control and HA50 membrane groups showed statistically significant 

increase in calcium levels from day 14 to 21 (Fig. 10). In BMP-2 medium groups, similar to 

ALP activity, HA50 group appeared to stimulate more calcium deposition, but none of the 

groups were significantly different. All groups showed significantly higher calcium 

deposition on day 21 than day 14. All the BMP-2 medium groups showed significantly 

higher calcium deposition than regular medium groups. This was also evident with alizarin 

red S staining of the well plates (SI 3). All the BMP-2 groups stained much darker than the 

regular medium groups.

4. Discussion

ESCM modified by capping amine groups with tBOC or by grafting short chain FA to the –

OH groups on the polymer maintain their nanofiber structure in aqueous environments and 

exhibit in vitro and in vivo biocompatibility and degradation properties appropriate for GBR 

applications [17, 20, 21]. To take advantage of the increased surface area of the nanofibers 

for local drug delivery, this study showed that membrane modifications can be used to 

control the release of SMV, an anti-cholesterol drug that also exhibits osteogenic effects and 

assessed the osteogenic potential of SMV in vitro using a mouse stromal cell line.

The tBOC-modified and BA modified ESCM were prepared following previously reported 

methods [17, 21]. Protocol reported by Wu et al. to FA modify the membranes with BA was 

modified slightly by using either acetic anhydride or hexanoic anhydride to create the AA- 

and HA- modified ESCM [20, 21]. FTIR analyses and SEM examinations of membranes 

demonstrated that all the treatments were effective in removing the TFA salts without 

causing significant changes to the diameter of the nanofibers of the membranes. Relative 

changes in the intensity of – CH2 peaks in the FTIR spectra also indicated success in the 

grafting of AA and HA fatty acids to the chitosan membranes. Similar results were reported 

by Wu et al. and Su et al., where the treated membranes did not show significant changes in 

the fiber diameter and the FTIR spectra showed successful grafting of the fatty acid or tBOC 
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groups[17, 20]. Increase in the water contact angles of the membranes in proportion to the 

fatty acid chains indicated an increase in the hydrophobic nature of the membranes. In 

another work by Zhang et al., similar increase in water contact angle with increase in the 

fatty acid chain length was reported [47]. The longer chain fatty acid had larger water 

contact angle, suggesting their more hydrophobic nature [47]. Su et al., demonstrated an 

increase in water contact angle of the tBOC membranes as compared to sodium carbonate 

treated membranes [17].

Removal of TFA salts and addition of functional groups were further confirmed by 

elemental analysis, which gave an estimate of DM for each membrane modification. DM for 

the modified membranes was calculated to be close to 1. However, the values varied slightly 

based on the treatment. tBOC membranes were determined to have a DM of 0.4, whereas a 

maximum of 0.71 is possible. This may be due to the inability of the bulky tBOC groups to 

penetrate the surface of the membrane fibers to react with more chitosan molecules. The 

shorter AA and BA fatty acid modified membranes had a DM=1, whereas the longer fatty 

acid modified membranes (HA) on the other hand had a DM of more than 1, which suggests 

that fatty acid modifications might occur at both -OH groups on the chitosan monomeric 

units (DM=1 suggests the modification occurs only at one of the -OH groups). The higher 

DM of HA membranes might also contribute to the more hydrophobic behavior of these 

membranes. Zhang et al. reported a DM of more than or equal to 2, for all their fatty acid 

treated membranes, irrespective of the chain length [47]. Elemental analysis did not detect 

the presence of fluorine, confirming the removal of TFA salts. Thus, all the treatments were 

successful in removing the TFA salts and maintaining the porous nanofibrous structure of 

ESCM by increasing their hydrophobic behavior.

As the treatment procedures were able to retain the porous structure of these membranes and 

modulate their hydrophobic behavior, their ability to deliver a hydrophobic agent was 

evaluated using a hydrophobic osteogenic drug- SMV. Generally, drug release from 

polymer-based systems depends on initial drug loading amount, polymer-drug interactions, 

polymer degradability and the extent of diffusion [48]. The factors analyzed in this study are 

(1) initial drug loading amount, (2) hydrophobicity of the membranes, (3) thickness of the 

membranes and (4) polymer-drug interactions. The general concept of like dissolves like 

was reflected with fatty acid treated membranes. Hydrophobic SMV interacted more with 

hydrophobic HA and BA membranes, thereby releasing out very slowly. As the 

hydrophobicity of the membranes decreased, the rate and amount of drug released out of the 

membranes increased. However, this was not true for the tBOC membranes. Though these 

membranes were more hydrophobic than HA membranes, based on the water contact angle 

data, their release was similar to AA membranes. Molecular modeling data using Hansen 

solubility parameter [45], revealed a high δT value for tBOC modified chitosan, which 

indicated a more hydrophilic character of the polymer as compared to the low δT value of 

the HA and BA modified polymer. As the δT value for a compound decreases, it is expected 

to become more hydrophobic. High water contact angle of tBOC membranes, their high δT 

value and low DM suggest that the tBOC treatment might only be a surface phenomenon. 

The bulky tBOC groups might have attached only to the -NH2 units present on the surface 

and might not have been able to penetrate within the fibers to react throughout the 

membrane’s thickness. From the modeling data it was evident that as the fatty acid chain 
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length increased, the hydrophobic character of the polymer increased. SMV had a low δT 

indicating its hydrophobic character. Since the δT values for tBOC and AA membranes were 

large, they released SMV at a faster rate as compared to the HA and BA membranes that had 

lower δT values.

Further, the large solubility differences (A1,2) between SMV (unhydrolyzed) and polymers 

indicate minimum interaction between the drug and the membranes. Even the most 

hydrophobic HA membranes seemed to have large A1,2 values with the hydrophobic SMV. 

However, SMV quickly hydrolyzes within few hours in aqueous environment. This 

hydrolyzed form had smaller χ1,2 values with the modified polymers, indicating enhanced 

polymer-drug interaction. As the interaction parameter, χ1,2, decreases, the polymer 

increasingly becomes a better thermodynamic solvent for the drug, resulting in improved 

drug solubility. As a result, the drug tended to stay within the membranes, rather than diffuse 

out. These results indicate that our modified chitosan membranes can be used to locally 

deliver hydrophobic drugs (other than SMV, as well) in a slow and controlled manner.

The exact structures of modified chitosan could not be determined using elemental analysis, 

since there are two -OH positions available for modification on the acetylated and 

deacetylated rings of chitosan. We speculate that the fatty acid anhydride would react with 

primary -OH group faster, with the possibility of reacting with the secondary -OH group. 

The DM >1 of HA modified chitosan indicated this possibility. Thus, though elemental 

analysis gave varying DM for each treatment, a DM=1 was assumed for all cases for 

computational modeling, to purely compare the effect of modified groups on the solubility 

parameters. Since the most hydrophobic HA had the highest DM, the actual solubility 

parameter might be even closer to hydrophobic (hydrolyzed) SMV if the DM from elemental 

analysis was used for the computational analysis, therefore giving the same result. These 

results confirm our ability to control the release of SMV from chitosan membranes subjected 

to different modification reactions.

Previous attempts to develop a delivery system for SMV had little success in controlling the 

drug release as most of the drug released from different scaffolds and vehicles within the 

first one or two weeks [29, 49, 50]. SMV loaded hydroxyapatite (HAP) microspheres, 

released 20% of the loaded drug within first 2 hours and reached equilibrium within 3 days 

after which no significant SMV released out of the membranes[29]. PLGA/HAP 

microspheres and PLGA membranes loaded with 1mg SMV released maximum amount of 

the loaded drug within 8 and 4 days, respectively, before reaching equilibrium [50, 51]. In 

contrast to these studies, 500 and 250μg SMV loaded ESCM treated with AA, BA and tBOC 

were able to release significant amount of drug even after 91 days of elution without 

reaching equilibrium, whereas release from only 50μg loaded SMV membranes reached 

equilibrium close to day 12. Because of strong interaction between HA modified membranes 

and SMV, these membranes reached equilibrium early (between day 12–14) irrespective of 

the initial loading amount. These results indicate that our modified membranes can be used 

to release SMV (and other similar hydrophobic drugs) in different patterns based on the 

clinical requirement.
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Different concentrations of SMV were evaluated in direct contact with mouse bone-marrow 

stromal cells to check their cytocompatibility and osteogenic potential. Several papers report 

a maximum of ~400ng/ml (1μM) SMV as the highest drug concentration tolerated by cells 

like adipose derived stromal cells, mouse bone marrow derived mesenchymal stem cells 

(MSCs) and human bone marrow stromal cells, to name a few [26, 39, 52]. However, in our 

work W-20-17 cells showed a slightly higher tolerance to SMV (600ng/ml) as compared to 

other cell types.

In this study, the osteogenic potential of SMV with and without BMP-2 was evaluated. 

Additionally, 25ng/ml BMP-2 was added to the cell culture medium to evaluate any 

adjunctive positive interaction between SMV and BMP-2, since some amount of BMP-2 

would be anticipated in the bone healing sites in vivo. This level of BMP-2 was selected 

because 25ng/ml BMP-2 was the least concentration of BMP-2 which induced noticeably 

higher ALP activity than the control cells. Since BMP-2 was used as the positive control, 

W-20-17 cells were used for these experiments as they show a dose-dependent increase in 

ALP with increase in BMP-2 concentration [53–56]. ALP is considered to be an early 

osteogenic marker, which indicates the beginning of differentiation phase. The dose 

dependent response of ALP and calcium with increasing levels of SMV, and additional 

enhanced effect in the presence of BMP-2 is similar to previous studies by Park et al. and 

Shao et al. [57, 58]. Park et al. reported MC3T3 cells in the presence of 400ng/ml SMV and 

60ng/ml BMP-2 showed enhanced osteogenic differentiation, as compared to 400ng/ml 

SMV alone [57], which was similar to the effect shown by the W-20-17 cells. SMV is 

known to antagonize TNF-α inhibition of BMPs [30]. Since the W-20-17 cells produce ALP 

in response to BMP-2 in a dose dependent manner, prolonged presence of BMP-2 (due to 

SMV’s action on TNF-α) in addition to the BMP-2 added to the culture medium might have 

induced higher ALP activity by the cells, leading to better mineralization. In addition to 

antagonizing TNF-α, SMV may augment BMP-2 effects by stimulating the expression of 

α5-integrin and smad molecules, both of which play critical roles in stimulating 

osteogenesis [57, 58]. SMV is thought to bind to the integrin molecules and induce 

phosphorylation of FAK, which in turn mediates the BMP-2/smad pathway [59, 60]. In 

MC3T3 cells, FAK phosphorylation induces the activation of Runx2, which is a key 

regulator of osteoblast differentiation and also is important in the expression of ALP and 

OCN in the differentiation process [61]. The smad molecule is known to mediate the 

canonical signaling cascade of TGF-β superfamily growth factors, of which BMPs are a 

member [62]. Taken together these data strongly suggest that SMV does have a positive 

interaction with BMP-2 at stimulating bone differentiation and may be beneficial for bone 

healing and regeneration.

Since the adequate dosage and extent of drug release that would stimulate sufficient 

osteogenesis is not known, membranes with different release profiles were evaluated in this 

study. To avoid any cytotoxicity issues due to high drug concentrations, only low drug dose 

membranes were considered. The membranes tested in this work were selected to provide 

either fast release of low dose (AA50) or slow release of a low dose (HA50). In this study, 

with the exception of AA50 membranes, the non-loaded HA and AA and HA50 membranes 

showed a cell viability of more than 70%, indicating non-toxicity of our membranes. The 

amount of drug released out of the AA50 membranes on day 1, around 10–12μg, may have 
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been toxic to the cells. Another study where SMV- loaded chitosan nanoparticles were 

investigated, similar and higher amounts of SMV released from the particles did not show 

any toxicity to the bone marrow stromal cells tested [49]. However, the same range of SMV 

was toxic to rat bone MSCs when delivered from HAP microspheres [29].

While evaluating the osteogenic potential of SMV-loaded membranes, for regular medium 

groups, ALP activity increased over time. HA50 membranes showed a trend for increased 

ALP activity over non-loaded membrane groups, starting on day 7, indicating the osteogenic 

potential of SMV, similar to the results obtained when SMV was directly added to the cells 

dispersed in cell culture medium. When membranes were combined with medium 

containing BMP-2 to explore any adjunctive effects, the results showed that there was a 

trend of higher ALP activity in the presence of HA50 membranes as compared to HA0, 

again similar to when SMV and BMP-2 were added directly to the cells together. 

Interestingly in the BMP-2 medium groups, all the membrane groups showed lower ALP 

activity than the control. This was thought to be because of chitosan’s ability to chelate 

BMP-2, thereby lowering its activity [63].

In case of calcium-phosphate deposition as measured by the OCP assay, the HA50 

membranes showed higher mineralization as compared to HA0 membranes (with no 

significant difference between control and HA50 membranes) in regular and BMP-2 

supplemented media groups. Overall, cells grown with BMP-2 supplemented medium 

showed higher mineralization than those grown in regular medium. Yu et al. reported an 

increased ALP and OCN expression in rat bone marrow MSCs by day 7 when they were 

incubated with SMV-loaded HAP microspheres (as compared to non-loaded spheres groups 

and cells alone control). The amount of SMV released from these particles was 1–2μg/ml till 

day 3, [29] which was similar to the amount of SMV released from the HA50 membranes. 

In another study, Xue et al. reported SMV loaded chitosan nanoparticles to stimulate 

significantly higher ALP activity in bone marrow stromal cells, than non-loaded particles 

only by day 14, since the daily release of SMV was close to only 0.2μg/ml [49]. However, 

such low levels of SMV released from HAP-PLGA particles triggered a higher ALP activity, 

OCN expression and calcium deposition in mouse MSCs within 3 days of culture [50]. 

Nonetheless, the results from our experiments suggest that the ESCMs are able to release 

SMV in a slow and sustained manner and the released SMV has a positive effect on 

osteogenesis on its own and in conjunction with BMP-2, thereby highlighting our 

membranes’ potential to locally deliver drugs to the defect site.

Because of the wide range of effective SMV dose in vitro, the ideal release profile of the 

drug is still not clear. It is speculated that a sustained release may be appropriate. The 

inability of HA50 membranes to stimulate significantly higher mineralization than the 

controls could be due to the strong interaction between hydrophobic HA modified chitosan 

and hydrophobic SMV, which might have prevented higher amounts of SMV from releasing 

out of the membranes. However, the long sustained release may be advantageous in a 

clinical setting, where the bone healing process will start only after 2–3 weeks of injury. 

Thus, having a drug delivery system which can retain and release the drug for prolonged 

time frames might be useful in promoting better bone regeneration. The modifications used 

in this work provide a means for investigating these types of SMV release profiles from 
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ESCM for determining effective dosing strategies for stimulating bone regeneration. Further, 

evaluating these SMV-loaded membranes with other commonly used bone cell types, like 

MC3T3 or Saos-2, might provide a better insight into their osteogenic potential.

5. Conclusion

Release of SMV from ESCM was controlled by subjecting the membranes to different fatty 

acid or amine-capping treatments and by loading different initial drug amounts. Since these 

membranes have already shown to support and guide bone regeneration, our ability to 

control the release of a potential osteogenic drug from these membranes would enable us to 

customize the membranes based on the clinical need. In vitro release and cell culture studies 

with SMV-loaded membranes highlight the unique ability of our membranes to locally 

deliver hydrophobic drugs in a sustained manner for up to 90 days that has not been 

achieved by other methods and that the released SMV positively impacts osteogenic 

differentiation of the W-20-17 bone cells alone and in presence of BMP-2. Next, these drug-

loaded membranes need to be evaluated with other bone cell types and in an in vivo model, 

to better understand their osteogenic potential. Further, these membranes can also be used as 

a platform to deliver hydrophobic drugs, such as cancer therapeutics, that are difficult to 

deliver locally in a sustained manner.
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Fig. 1. 
Images show micrographs of (A) as spun membrane (B) AA-treated membrane (C) BA-

treated membrane (D) HA-treated membrane and (E) TEA-tBOC-treated membrane.
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Fig. 2. 
ATR spectra of chitosan powder, as spun chitosan, showing the TFA peaks and modified 

chitosan showing the disappearance of TFA peaks and addition of methyl groups.
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Fig. 3. 
Graphs show cumulative release over time for thick membranes treated with either fatty 

acids or tBOC and loaded with (a) 500μg, (b) 250μg, (c) 100μg and (d) 50μg. The AA and 

tBOC membranes released higher amounts of drug than BA and HA treated membranes. 

Each value represents the mean ± SD (n=6). * indicates statistically significant difference 

with p< 0.05.
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Fig. 4. 
Schematic of unmodified and modified chitosan after tBOC and fatty acid treatments. The 

degree of modification was assumed to be 1 for all the modifications. The tBOC groups 

attached to amine group of the polymer and the fatty acids reacted with hydroxyl group.
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Fig. 5. 
Graph shows cell viability expressed as a percentage of control (0ng/ml SMV in medium) 

for increasing doses of SMV. Each value represents the mean ± SD (n=4). The horizontal 

line represents 70% cell viability, which is the minimum viability required to be supported 

by a device to be cytocompatible, according to ISO standard [46].
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Fig. 6. 
Cell viability of W-20-17 cells grown in the presence of different membranes and expressed 

as % viability as compared to cells grown on tissue culture plastic. Each value represents the 

mean ± SD (n= 4 per each group). * denotes significant difference among groups at a given 

time point (p<0.05). The bar indicates 70% viability level.
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Fig. 7. 
The effect of SMV on induction of alkaline phosphatase (ALP) activity in W-20-17 cells in 

regular media (a) and BMP-2 media (b). Each value represents the mean ± SD (n=4). * 

indicates significant difference between the experimental group and the TCP (tissue culture 

plastic) group for that time point (p<0.05)
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Fig. 8. 
Calcium assay to determine the amount of calcium deposited by the cells in the presence of 

different concentrations of SMV in regular media (a) and BMP-2 media (b). Each value 

represents the mean ± SD (n=4). * indicates significant difference between the experimental 

group and the control group for that time point (p<0.05)
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Fig. 9: 
ALP activity by W-20-17 cells in regular medium (a) and 25ng/ml BMP-2 medium (b). HA0 

and HA50 membranes were evaluated for their osteogenic potential and compared with 

controls. Each value represents the mean ± SD (n= 4 per each group) *represents significant 

difference between membrane group and control. p<0.05 was considered to be statistically 

significant.
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Fig. 10: 
Calcium assay to quantify the amount of calcium deposited on W-20-17 cells in regular 

osteogenic media (a) and 25ng/ml BMP-2 supplemented osteogenic media (b). HA0 and 

HA50 membranes were evaluated for their osteogenic potential and compared with controls. 

Each value represents the mean ± SD (n= 4 per each group). $ represents significant 

difference between day 21 vs day 14 for corresponding groups. p<0.05 was considered to be 

statistically significant.
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Table 1:

Water contact angle measurement of differently modified membranes. Each value represents mean ± standard 

deviation (n=4)

Membrane modification Water contact angle (°)

AA 59.3 ± 8.2a

BA 73.3 ± 5.4b

HA 94.3 ± 8.5c

tBOC 119.3 ±17.4d

Superscripts indicate statistically different groups, p<0.05
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Table 2:

Elemental analysis of original chitosan, as spun chitosan and modified chitosan.

Elements Original chitosan As spun tBOC AA BA HA

Atomic wt%

C 39.8 33.38 42.3 42.11 48 56.56

H 6.99 5.42 6.93 6.84 7.07 7.87

N 6.95 4.68 5.7 5.58 5.27 4.12

F 0 14.5 0 0 0 0

Atomic number ratio C/N
6.68

a 8.32 8.65 8.80 10.62 16.01

DM
0.82

b 0.40 1.06 0.99 1.56

a.
theoretical n0(C)/n0(N) is 6.58 for DDA 71% chitosan.

b.
as spun membrane includes TFA salt.
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Table 3:

Percentage cumulative release of SMV from thick membranes after 28 and 91 days of elution.

After 28 days After 91 days

500μg 250μg 100μg 50μg 500μg 250μg 100μg 50μg

AA 17.8 ± 3.2 29.5 ± 2.4 48.2 ± 4.8 73 ± 33.2 32.9 ± 5.5 42.5 ± 4.1 53.6 ± 4.8 104.6 ± 14

BA 8.5 ± 1.6 11.7 ± 2.0 21.1 ± 0.7 45.0 ± 3.5 12.3 ± 1.8 16.8 ± 1.7 29.6 ± 1.4 58.5 ± 4.3

HA 4.8 ± 0.8 8.9 ± 0.5 19.9 ± 0.6 43.0 ± 3.5 6.8 ± 1.0 12.0 ± 0.6 26.8 ± 1.3 56.5 ± 3.3

tBOC 15.8 ±1.3 29.4 ± 3.9 53.9 ± 9.8 88.8 ± 17.7 27.8 ± 5.2 43.7 ± 10.7 60.2 ± 10.9 102.9± 9.3
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Table 4:

Estimated Hansen Solubility Parameters for SMV, hydrolyzed SMV and chitosan with different modifications

δD δP δH ΔδT
2 (MPa0.5)

Chitosan 17.77 11.29 15.16 25.94

AA-Chitosan 17.40 9.58 11.33 22.87

BA-Chitosan 17.00 8.67 9.71 21.41

HA-Chitosan 16.89 8.05 9.70 21.07

tBOC-Chitosan 17.21 11.74 12.14 24.11

SMV 16.80 0.42 4.26 17.34

Hydrolyzed SMV 16.99 3.26 7.10 18.70
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Table 5:

Hansen solubility differences and polymer-drug interaction parameters at 310K (37°)

A1,2 χ1,2(310K)

SMV Hydrolyzed SMV SMV Hydrolyzed SMV

Chitosan 60.19 32.97 9.55 5.19

AA-Chitosan 33.85 14.64 5.37 2.31

BA-Chitosan 24.46 9.01 3.88 1.42

HA-Chitosan 21.96 7.44 3.49 1.17

tBOC-Chitosan 47.73 24.38 7.58 3.84

Int J Pharm. Author manuscript; available in PMC 2021 June 30.


	Abstract
	Graphical Abstract
	Introduction
	Materials & Methods
	Materials
	Electrospinning
	Post-spinning treatment
	Scanning Electron Microscopy (SEM)
	ATR-FTIR
	Water contact angle measurement
	Elemental analysis
	In vitro SMV loading & release study
	Computation of Hansen solubility and Flory-Huggins parameter (X1,2) of SMV with chitosan and differently modified chitosan
	Cell culture
	Cell viability
	Cell mineralization studies
	Statistical analysis

	RESULTS
	SEM
	ATR-FTIR
	Water contact angle measurements
	Elemental analysis
	In vitro SMV release study
	Determination of solubility and Flory-Huggins parameter (X1,2) of SMV with chitosan and differently modified chitosan
	Cytotoxicity evaluation of SMV
	Cell responses to SMV and SMV loaded membranes

	Discussion
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9:
	Fig. 10:
	Table 1:
	Table 2:
	Table 3:
	Table 4:
	Table 5:

