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Abstract

In this study, 3D macroporous bioscaffolds were developed from poly(dimethylsiloxane) (PDMS) 

which is inert, biocompatible, non-biodegradable, retrievable and easily manufactured at low cost. 

PDMS bioscaffolds were synthesized using a solvent casting and particulate leaching (SCPL) 

technique and exhibited a macroporous interconnected architecture with 86 ± 3% porosity and 300 

± 100 μm pore size. As PDMS intrinsically has a hydrophobic surface, mainly due to the existence 

of methyl groups, its surface was modified by oxygen plasma treatment which, in turn, enabled us 

to apply a novel polydopamine coating onto the surface of the bioscaffold. The addition of a 

polydopamine coating to bioscaffolds was confirmed using composition analysis. Characterization 

of oxygen plasma treated-PDMS bioscaffolds coated with polydopamine (polydopamine coated-

PDMS bioscaffolds) showed the presence of hydroxyl and secondary amines on their surface 

which resulted in a significant decrease in water contact angle when compared to uncoated-PDMS 

bioscaffolds (35 ± 3%, P < 0.05). Seeding adipose tissue-derived mesenchymal stem cells (AD-

MSCs) into polydopamine coated-PDMS bioscaffolds resulted in cells demonstrating a 70 ± 6% 

increase in viability and 40 ± 5% increase in proliferation when compared to AD-MSCs seeded 

into uncoated-PDMS bioscaffolds (P < 0.05). In summary, this two-step method of oxygen plasma 

treatment followed by polydopamine coating improves the biocompatibility of PDMS bioscaffolds 

and only requires the use of simple reagents and mild reaction conditions. Hence, our novel 

polydopamine coated-PDMS bioscaffolds can represent an efficient and low-cost bioscaffold 

platform to support MSC therapies.

1 Introduction

Regenerative medicine offers the potential to significantly impact a wide spectrum of 

healthcare issues from diabetes to cardiovascular disease [1]. One area which has attracted 

significant attention is the development of novel 3D porous bioscaffolds which can 

accommodate different types of cellular therapy. Bioscaffolds can be created from a plethora 

of biomaterials which can be specifically chosen based on their (i) intrinsic properties, (ii) 

ability to integrate into the host tissue and (iii) ability to create an optimal micro-

environment to nourish and support cells.
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Recently poly(dimethylsiloxane), abbreviated as PDMS (molecular structure 1) [2], has 

generated considerable attention in numerous biomedical applications including implantable 

devices, soft tissue implants (i.e. contact lenses), laboratory equipment (i.e., dishes, flasks 

and well-plates), diagnostic chips (i.e., microarrays for DNA analysis) and microfluidic 

components [3–8]. PDMS has such a diverse array of application due to its multi-faceted 

properties which include it being inert, non-toxic, biocompatible, gas permeable, flexible, 

optically transparent and easily manufactured at low cost [9–13]. These attributes also make 

it a promising bioscaffold for applications in regenerative medicine.

Molecular structure 1

However, the use of unmodified PDMS for cellular therapy is challenging given its intrinsic 

high surface hydrophobicity due to multiple methyl groups. Indeed, this has been identified 

as the primary factor for poor cell adhesion on PDMS bioscaffolds with the creation of 

dissociating islands of cell aggregates. In turn, this renders the surface of PDMS 

incompatible for cell adhesion and proliferation [14–16].

The surface hydrophilicity of PDMS is often modified when it has to be used for cellular 

studies [17]. Although different methods have been used to make the surface of PDMS 

hydrophilic, their implementation have proved to be time-consuming. Moreover, these 

processes are usually limited by numerous preparation steps and rigorous reaction 

conditions, which are thereby restrained to a limited number of material categories [18]. For 

example, one strategy is to coat the surface with extracellular matrix proteins, which has 

been shown to improve cell adhesion and proliferation. However, cell detachment is 

typically seen following prolonged culture due to protein dissociation [16, 19]. To overcome 

this problem, studies have chemically modified the surface of PDMS with (3-

aminopropyl)triethoxy silane (APTES) and then used glutaraldehyde to cross-link a protein 

coating onto the surface of PDMS. Although this surface treatment approach is very 

effective with improved cell adhesion and proliferation [16, 17], the process is time-

consuming with numerous intermediate steps. Moreover, the use of toxic chemicals, such as 

APTES and glutaraldehyde, poses potential health hazards and creates chemical wastes 

which are toxic to the environment. Hence, a simple, environmentally safe and effective 

surface functionalization technique is needed to render the surface of PDMS biocompatible 

if these bioscaffolds are to be used for cellular therapy. Polydopamine coating has recently 

become a safe way to satisfy these requirements, especially given that there is no need to use 

toxic chemicals [20]. Inspired by the composition of adhesive proteins in mussels, thin 

surface-adherent polydopamine films can be easily formed and strongly adhered onto a wide 

range of inorganic and organic materials, including noble metals, oxides, polymers, 
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semiconductors, and ceramics [21]. Polydopamine coating is formed through a simple dip-

coating of objects for 0.5–2 h in an aqueous solution of dopamine which is an inexpensive 

material compared to the abovementioned coating materials, thus reducing both the coating 
time and procedural cost [18]. Oxygen plasma treatment has also been extensively used for 

the surface modification of PDMS devices [22, 23]. During oxygen plasma treatment, polar 

functional groups include silanol groups (SiOH) are introduced on the surface of PDMS 

[23]. These groups change the surface properties of PDMS from being hydrophobic to 

hydrophilic [22], thereby providing a better surface for cells to attach to which is highly 

desirable for cellular therapy.

The interaction between mesenchymal stem cells and biomaterials has received considerable 

interest in regenerative medicine [24]. In particular, adipose tissue derived mesenchymal 

stem cells (AD-MSCs) have been shown to secrete a large spectrum of bioactive molecules 

which create a unique microenvironment for the regeneration of injured tissues [25]. As AD-

MSCs are also immuno-protective and can facilitate cellular survival through the release of 

trophic factors, several studies are investigating their ability to be co-transplanted with 

different organs to improve cell engraftment and survival (i.e. the co-transplantation of AD-

MSCs and pancreatic islets for the treatment of type 1 diabetes) [26–28].

Hence, in this study the surface of our PDMS bioscaf-folds will be first treated using oxygen 

plasma treatment and then coated with polydopamine. The latter coating will improve the 

surface adhesive properties of our bioscaffold as well as reduce any associated in vivo 
toxicity of the bioscaffold following its implantation [29–32]. The structural and physical 

properties of our polydopamine coated-oxygen plasma treated PDMS bioscaffolds (herein 

referred to as polydopamine coated-PDMS bioscaffolds) will be evaluated along with their 

ability to create an environment for the survival and growth of AD-MSCs.

2 Materials and methods

2.1 Bioscaffold synthesis

PDMS bioscaffolds were synthesized using a solvent casting and particulate leaching 

(SCPL) technique with PDMS (RTV 615 A&B, GE Silicone, USA) as the solvent and 

sodium chloride (NaCl) crystals (Fisher Scientific, USA) as the particulate. PDMS 

substrates were prepared by mixing ten parts of the silicone elastomer base (RTV 615 A) 

with four parts of the curing agent (RTV 615B). Salt particles were sifted through sieves of 

varying mesh sizes to obtain a specific range of crystal diameters (275–350 μm) before 

being dried in an oven to remove residual air moisture. We aimed to obtain a 90% porosity 

in our PDMS bioscaffolds by varying the ratio of PDMS substrate to salt crystal based on 

the volumetric percentage of salt to the total volume of bioscaffold. The mixture of PDMS 

substrate and salt particles were then poured and compressed on a microscopic glass slide 

followed by heat-curing at 130 °C for 24 h to permit cross-linking of the PDMS. The salt 

particles were then leached by immersing bioscaffolds in deionized water for 72 h on a 

shaker with a rotational speed of 200 rpm at 37 °C; the water was exchanged twice daily. All 

bioscaffolds were then washed three times with distilled water to ensure removal of all the 

chemicals before being sectioned in their wet state. A Kimwipe was then used to wick away 

any residual water before leaving bioscaffolds to dry at room temperature for 24 h. The 
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bioscaffolds were then sectioned to obtain dimensions of 5 mm length by 5 mm width 

followed by being dried in an oven at 50 °C for 24 h (Fig. 1a).

2.2 Bioscaffold coating

The surface of synthesized PDMS bioscaffolds were then treated with oxygen plasma using 

an Oxygen Plasma Cleaner (Gala Prep 5, USA) for 3 min at an oxygen pressure of 0.3 mbar 

(Fig. 1b). Oxygen plasma treated-PDMS bioscaffolds were then immersed in a dopamine 

solution (2 mg/ml in 10 mM Tris) at pH 8.5 to self-polymerize the dopa-mine before being 

placed on a tube rotisserie at 18 rpm for 24 h at 25 °C (Fig. 1b,c). Polydopamine coated-

PDMS bioscaffolds (Polydopamine coated-oxygen plasma treated-PDMS bioscaffolds) were 

then washed three times with distilled water to remove any deposited polydopamine micro-

particles and/or excess Tris.

All analyses were then performed on the same size (cubes measuring 5 mm length × 5 mm 

width × 2 mm thick) and weight (70 mg) of uncoated- and polydopamine coated-PDMS 

bioscaffolds in their dry state.

2.3 Bioscaffold porosity and density measurement

i. Porosity: The porosity of each bioscaffold was calculated in their dry state using the 

modified liquid replacement method [11]. Following permeation of bioscaffolds in water for 

1 h, the percentage of porosity (P) was determined by calculating the difference between the 

dry (Wdry) and wet (Wwet) weights of the bioscaffold according to the equation below (Eq. 

1):

P =
Wwet − Wdry /ρwater

Vapp
× 100 (1)

where ρwater is the density of water and Vapp is the apparent volume (cm3) which was 

obtained by measuring the dimensions of PDMS bioscaffold. It is assumed that the volume 

of pores is equal to the volume occupied by the absorbed water, while the amount of water 

absorbed by the PDMS substrate is negligible.

ii. Density: The volume of each bioscaffold was calculated using the height and diameter 

of sectioned samples. The volume to weight ratio was then used to obtain each bioscaffold’s 

density (g cm−3) using the equation below (Eq. 2):

ρ = W

π × D2
4 × H

(2)

where ρ is the apparent density, W is the weight in g, D is the diameter in cm, and H is the 

thickness of a bioscaffold in cm.
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Bioscaffold porosity and density measurements were performed on three separate samples 

from each of the following experimental groups: (1) uncoated and (2) polydopamine coated-

PDMS bioscaffolds.

2.4 Bioscaffold structural and chemical analysis

i. Scanning electron microscopy (SEM): Bioscaffolds were dehydrated using 10 min 

sequential immersions through a standard sequence of 50, 70, 90% and finally 100% 

absolute ethanol solutions. A Kimwipe was then used to wick away any ethanol solution 

before allowing bioscaffolds to dry overnight at room temperature to prevent bioscaffolds 

from cracking during the SEM preparation process. Bioscaffolds were finally coated with 

Au–Pd using a sputter coater and their morphology was analyzed by a SEM (XL30 Sirion, 

FEI, USA). SEM was performed on three separate samples from each of the following 

experimental groups: (1) uncoated and (2) polydopamine coated-PDMS bioscaffolds. At five 

random locations within each sample, the pore size and wall thickness were measured.

ii. Micro-computed tomography (μ-CT): Bioscaffolds were scanned in a consecutive 

manner using a high-resolution μ-CT (VivaCT 40, Switzerland) to analyze their 3D 

architecture and porosity. μ-CT was performed on one sample from each of the following 

experimental groups: (1) uncoated and (2) polydopa-mine coated-PDMS bioscaffolds.

iii. X-ray photoelectron spectroscopy (XPS): Both qualitative and quantitative 

information about the presence of different elements on the surface of bioscaffolds were 

scanned using a VersaProbe 1 Scanning XPS Microprobe with a monochromatic Al K alpha 

X-ray source (ULVAC-PHI, Physical Electronics, USA) in both survey and high-resolution 

modes. The survey scan was performed with the pass energy of 117.4 eV, the range of 0–

1400 eV, energy step of 1 eV, time/step of 20 ms for three cycles. The high-resolution scan 

of C1s, N1s and O1s was performed with the pass energy of 23.5 eV, energy step of 0.1 eV 

and time/step of 50 ms for three cycles. All spectra were collected with the charge 

neutralization flood gun turned on. Data were processed using the MultiPak program XPS 

software package. XPS was performed on three separate samples from each of the following 

experimental groups: (1) uncoated, (2) oxygen plasma treated and (3) polydopamine coated-

PDMS bioscaf-folds.

iv. Attenuated total reflection-Fourier transform infrared (ATR-
FTIR): Bioscaffolds were scanned over a frequency region of 400–4000 cm−1 using an 

ATRFTIR (Nicolet iS50 FT/IR, USA) spectrometer and the characteristic peaks of infrared 

transmission spectra recorded. ATR-FTIR was performed on three separate samples from 

each of the following experimental groups: (1) uncoated, (2) oxygen plasma treated and (3) 

polydopamine coated-PDMS bioscaffolds.

v. Raman spectroscopy: The Raman spectra of bioscaf-folds were acquired over a 

Raman shift region of 0–3500 cm−1 using a micro-Raman confocal scanning microscope 

(WiTec 500, USA). Raman spectroscopy was performed on three separate samples from 

each of the following experimental groups: (1) uncoated, (2) oxygen plasma treated and (3) 

polydopamine coated-PDMS bioscaffolds.
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vi. Contact angle: Water contact angles were measured with a Contact Angle Analyzer 

(Rame-Hart 290, USA) to characterize the wetting properties of the surface of bioscaffolds. 

A 5 μL drop of de-ionized water was delivered onto the bioscaffold surface by a calibrated 

syringe. The droplet was then imaged using a video camera to measure the water contact 

angle. Contact angle analysis was performed on three separate samples from each of the 

following experimental groups: (1) uncoated, (2) oxygen plasma treated and (3) 

polydopamine coated-PDMS bioscaffolds.

2.5 Bioscaffold interactions with adipose tissue-derived mesenchymal stem cells (AD-
MSCs)

i. AD-MSCs isolation: Mouse adipose tissue was obtained from the lower abdomen in 

male C57BL6 mice at 6–8 weeks of age. Harvested adipose tissue was then washed with 

sterile PBS, minced with scissors and then digested with 1 mg/mL type I collagenase 

(Sigma-Aldrich, USA) in serum-free medium at 37 °C for 3 h. The digestion was then 

inactivated with an equal volume of Dulbecco’s Modified Eagle’s medium (DMEM; Gibco, 

USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, USA). All samples 

were then filtered through a 100 μm mesh filter to remove any debris. The cellular pellets 

were collected and then re-suspended in DMEM-10%FBS-50 U/mL penicillin-50 μg/mL 

streptomycin in a humidified incubator at 37 °C with 5% carbon dioxide. AD-MSCs from 

passage number 3–5 were used in our studies.

ii. AD-MSCs Flow Cytometric Characterization: Surface marker expression was 

analyzed by flow cytometry (Guava® easyCyte system; Millipore, USA) using the 

Phycoerythrin (PE) conjugated mouse monoclonal antibody against CD105, CD90 and 

CD34 (Biolegend, USA). Adherent cells were detached by treatment with 0.25%trypsin-

EDTA, neutralized with DMEM-10%FBS-50 U/mL penicillin-50 μg/mL streptomycin 

culture medium and disaggregated into single cells by pipetting. The cells were then 

incubated with the above antibodies for 40 min at room temperature in the dark, washed 

twice with PBS, re-suspended with 0.5 mL flow cytometry (FACS) buffer (PBS, 2% FBS, 

1%P/S) and then immediately characterized using the Guava® easyCyte system.

iii. AD-MSCs Culture: All assays were carried out on AD-MSCs that were either seeded 

directly into bioscaffolds (direct contact) or incubated with “bioscaffold medium” (indirect 

contact). For direct contact, bioscaffolds were sterilized by soaking them in 70% ethanol for 

0.5 h after which time they were then rinsed three times in sterilized PBS and placed at the 

bottom of 96-well plates. AD-MSCs were then seeded into bioscaffolds, achieving a cell 

density of 5 × 104 cells/well. For indirect contact, AD-MSCs were incubated in complete 

medium (5 × 104 cells/well) for 24 h to allow attachment. “Bioscaffold medium” was then 

prepared by incubating a bioscaffold with 2 mL culture medium for 5 days at 37 °C; this 

medium was then added (50 μl/well) to AD-MSCs which were then left to incubate for a 

further 10 days.

iv. AD-MSCs Viability and Proliferation: The viability of AD-MSCs was determined 

using an MTT (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Here, 50 

μL of MTT solution (0.5 mg/mL) was added to the complete medium in each well and left to 
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incubate at 37 °C for 4 h. Water-soluble MTT is taken up by viable cells and converted to an 

insoluble formazan. Next, 200 μL of DMSO (to dissolve the formazan) was added to each 

well and left at 37 °C for a further 10 min before the absorbance was measured at 570 nm 

using a microplate spectrophotometer system —the absorbance directly relates to the 

number of viable cells present [33, 34]. Cell viability was determined using the following 

equation (Eq. 3):

Cell viability =
ODsample
ODcontrol

(3)

where ODsample is the optical density (absorbance) of AD MSCs (from either direct or 

indirect contact experiments) and ODcontrol is the optical density (absorbance) of AD MSCs 

that were not exposed to any bioscaffolds. MTT assay was performed on three separate 

samples from each of the following experimental groups: (1) control (AD-MSCs that were 

cultured in culture plates and not exposed to any bioscaffolds), (2) uncoated, and (3) 

polydopamine coated-PDMS bioscaffolds.

AD-MSCs were labeled using Hoechst 33342 (for cell nuclei; Thermofisher Scientific, 

USA), fluorescein diacetate (FDA; for live cells, Thermofisher Scientific, USA) and 

propidium iodide (PI; for dead cells, Thermofisher Scientific, USA) as the Live/Dead 

staining solution. The culture medium was removed and the Live/Dead staining solution 

[Hoechst 33342 (50 μL/well), FDA (75 μL/well) and PI (75 μL/well)] was added and 

incubated with AD-MSCs for 20 min at 37 °C. At the end of the incubation time, the 

staining solution was removed and cells were washed three times with PBS. The live cell 

imaging solution (Thermo-fisher Scientific, USA) was then added to each well before 

imaging. Images were acquired with a Zeiss LSM710 Confocal Microscope at a 

magnification of ×20 and figures were created with the FIJI software (ImageJ, GNU General 

Public License). Confocal imaging was performed on three separate samples from each of 

the following experimental groups: (1) control (AD-MSCs that were cultured in culture 

plates and not exposed to any bioscaffolds), (2) uncoated, and (3) polydopamine coated-

PDMS bioscaffolds. Live/Dead assay was performed on three separate samples from each of 

the following experimental groups: (1) control (ADMSCs that were cultured in culture plates 

and not exposed to any bioscaffolds), (2) uncoated, and (3) polydopamine coated-PDMS 

bioscaffolds.

Cell adhesion was visualized with SEM by acquiring images from 3–5 random locations 

within each bioscaffold. Sectioned bioscaffolds were washed three times with PBS, fixed 

using 4% paraformaldehyde for 0.5 h at room temperature and then dehydrated in graded 

ethanol solutions (50, 70, 90% and finally 100% absolute ethanol). All bioscaffolds were 

then dried at room temperature, sectioned, sputter coated with Au–Pd and then analyzed 

with SEM. Cell adhesion was visualized with SEM on three separate samples from each of 

the following experimental groups: (1) uncoated, and (2) polydopamine coated-PDMS 

bioscaffolds. SEM images were acquired from five random locations within each sample.
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To measure the AD-MSCs number, cells were seeded either into the uncoated and 

polydopamine coated-PDMS bioscaffolds or in a 24-well plate to permit cell attachment. On 

day 1 and 10, the media was removed and AD-MSCs were rinsed using PBS, lifted with 

0.25% trypsin-EDTA solution and then quantified using a hemocytometer. Measurement of 

AD-MSCs number with a hemocytometer was performed on three separate samples from 

each of the following experimental groups: (1) control (AD-MSCs that were cultured in 

culture plates and not exposed to any bioscaffolds), (2) uncoated, and (3) polydopamine 

coated-PDMS bioscaffolds.

2.6 Statistical analysis

Results were expressed as mean ± standard error of the mean. Statistical analysis of all 

quantitative data was performed by One-way ANOVA (Analysis of variance) with post-hoc 

Tukey test (Astatsa.com; Online Web Statistical Calculators, USA) with any differences 

considered statistically significant when P < 0.05.

3 Results

3.1 Bioscaffold porosity and density measurement

Synthesized bioscaffolds measured 60 mm (length) × 20 mm (width) × 2 mm (thickness) 

correlating to a volume of 3.6 ± 0.35 cm3, porosity of 86 ± 3% and density of 0.18 ±0.06 

mg/mm3.

3.2 Bioscaffold structural, chemical and physical analysis

Micro (μ)-CT images demonstrated the shape and distribution of pores within the 3D porous 

structure of bioscaffolds. The pore size and wall thickness were measured as 250 ± 50 μm 

and 75 ± 25 μm, respectively (Fig. 2a, c, e, g). Uncoated-PDMS bioscaffolds were white in 

color and retained a 3D architecture throughout their processing. Following the immersion 

of bioscaffolds into a polydopamine solution, a thin adherent polymer layer of dopa-mine 

was noted which changed the color of each bioscaffold from white to brown (Fig. 2b, d, f, 

h).

Using XPS, both types of bioscaffold (i.e., uncoated and polydopamine coated) showed 

peaks corresponding to elements of silicon (Si), carbon (C), nitrogen (N) and oxygen (O). A 

high-resolution scan of the C1s, O1s and Si2p binding energy depicted the photoemission 

peaks appearing at 288.5, 536.5 and 106.5 eV, respectively. The C1s, O1s, Si2s and Si2p 

peaks correspond to the molecular formula of PDMS and the detection of a N1s peak from 

polydopamine coated-PDMS bioscaffold confirming the existence of amine groups within 

the polydopamine coating layer. Coating bioscaffolds with polydopamine also changed their 

surface chemical composition resulting in an increase in C and O and a decrease in Si 

content. The XPS spectra of the PDMS bioscaffold exhibited an O1s/C1s ratio of 1.3, 1.65 

and 1.25 for the uncoated, oxygen plasma treated and polydopamine coated-PDMS 

bioscaffold, respectively (Fig. 3a, b).

The ATR-FTIR spectra of PDMS bioscaffolds indicated a doublet at 1100 and 1020 cm−1 

that corresponds to asymmetric (ʋass) and symmetric (ʋs) stretching vibrations of the two 
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neighbor siloxane bonds, respectively. The absorptions at 1259 and 800 cm−1 are assigned to 

the in-plane bending or scissoring and out-of-plane oscillations of the Si–CH3 bonding, 

respectively. A spectral change was noticeable with an absorption peak at 1722 cm−1 and a 

broad peak in 3100–3600 cm−1 upon oxygen plasma treatment related to C = O and –OH 

functional groups, respectively. An increase in the oxygen-containing peaks also revealed 

the oxygen insertion into the matrix of PDMS bioscaffold by the oxygen plasma treatment. 

In the spectrum of polydopamine coated-PDMS bioscaffold, the peaks in the range of 1500–

1600 cm−1 are assigned to the N−H vibrations and the broad peak spanning 3200–3500 cm
−1 corresponds to the hydroxyl structures as well as water. The expected signal from 

carbonyl group (C = O) was also observed at 1700 cm−1 (Fig. 3c).

Raman spectroscopy demonstrated methyl group stretching vibrations at 2965 and 2907 cm
−1, methyl bending vibrations at 1412 and 1262 cm−1, Si–CH3 rocking vibrations at 862, 

787 and 687 cm−1 and Si–O–Si stretching vibrations at 488 cm−1. Two broad peaks also 

appeared at ~1370 and 1630 cm−1 corresponding to vibrations of catechol moieties 

following polydopamine coating of our bioscaffolds (Fig. 3d).

Contact angle analysis showed that uncoated PDMS-bioscaffolds exhibited a high contact 

angle of 110.5 ± 3°; however, surface treatments significantly decreased the hydrophobicity 

of bioscaffolds resulting in a decrease in contact angle to 84.2 ± 4° and 54.7 ± 4° following 

the oxygen plasma treatment and polydopamine coating, respectively (P < 0.05, Fig. 3e, f).

3.3 Bioscaffold interactions with adipose tissue-derived mesenchymal stem cells (AD-
MSCs)

AD-MSCs expressed CD105 and CD90 surface antigen markers (positive, Fig. 4a, b) with 

no expression of the CD34 marker (negative, Fig. 4c). Relative to the control group (AD-

MSCs cultured in traditional cell culture plates), there was a significantly greater viability of 

AD-MSCs when they were seeded into bioscaffolds. The results of MTT (Fig. 5a, c) and 

Live/Dead assays (Fig. 5b, d) from both direct (Fig. 5a, b) and indirect (Fig. 5c, d) cell 

culture methods at day 10 indicated that AD-MSCs seeded into the polydopamine coated-

PDMS bioscaffolds had a higher viability compared to uncoated-PDMS bioscaffolds and the 

control group. For example, from the results of the MTT assay at day 10, AD-MSCs seeded 

into uncoated-PDMS bioscaffolds demonstrated a 0.76 ± 0.36-fold increase in cell viability 

compared to the control group. The addition of a polydopamine coating to bioscaffolds 

resulted in a 70 ± 6% increase in cell viability (2.55 ± 0.16 vs. 0.76 ± 0.36; Fig. 5a, P < 

0.05) with the Live/Dead assay also demonstrating an increase in the percentage of live AD-

MSCs from 85 ± 4% to 96 ± 4% (Fig. 5b, P < 0.05).

Confocal images showed that AD-MSCs seeded into bioscaffolds were higher in number 

(Fig. 6b, c, e, f, h, i) compared to AD-MSCs cultured alone in traditional cell culture plates 

(control group; Figure 9a,d,g, P < 0.05). These results suggest that AD-MSCs were able to 

proliferate into bioscaffolds, with a significantly higher degree of proliferation demonstrated 

in polydopamine coated-PDMS bioscaffolds (Fig. 6c, f) at day 1 (Fig. 6c) and day 10 (Fig. 

6f) compared to AD-MSCs cultured in uncoated-PDMS bioscaffolds (Fig. 6b, e, P < 0.05). 

Moreover, ADMSCs were distributed evenly throughout the pores of the bioscaffolds (Fig. 

6b, c, e, f; white arrows). SEM images showed the morphology of seeded AD-MSCs within 
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all PDMS bioscaffolds as having a long and thin morphology with widely dispersed 

filopodia and flattened polygonal extensions (Fig. 6j–m).

AD-MSCs counting using a hemocytometer at day 1 and 10 showed that AD-MSCs seeded 

into bioscaffolds resulted in a higher proliferation compared to cells cultured alone in a 

traditional cell culture plate (control group). However, AD-MSCs proliferated more when 

seeded into polydopamine coated-PDMS bioscaffolds when compared to AD-MSCs seeded 

into uncoated-PDMS bioscaffolds (Fig. 6n, P < 0.05). For example, at day 1, AD-MSCs with 

same number (50,000) were seeded in each group and at day 10, the number of AD-MSCs 

seeded into polydopamine coated-PDMS bioscaffolds showed a 40 ± 5% increase when 

compared to uncoated-PDMS bioscaffolds (500,000 ± 70,000 vs. 300,000 ± 50,000, P < 

0.05) which was significantly higher than the control group (i.e., 270,000 ± 30,000, P < 

0.05). Together, these results suggested that AD-MSCs were capable of proliferating more in 

bioscaf-folds, and especially in polydopamine coated-PDMS bioscaffolds, when compared 

to the control group.

4 Discussion

PDMS is a polymer that has been utilized for numerous biomaterial and tissue engineering 

applications. The salient characteristics of PDMS include its tunable elastomeric properties, 

low cost, gas permeability, optical transparency, low auto-fluorescence, nano-scale precision 

and easy moldability [17, 35–37]. Hence, PDMS provides a suitable “base-biomaterial” for 

the fabrication of porous 3D bioscaffolds. Studies have shown that the pore size of 3D 

bioscaffolds is crucial for determining their function—small pores provide better nutrient 

and oxygen transfer to facilitate cell growth and proliferation and large pores (i.e., ≥ 300 

μm) provide a high surface area to accommodate cells while also facilitating their viability 

and rate of proliferation [38, 39]. Structural analysis of our PDMS bioscaffold demonstrated 

it to have a mean pore size of 300 ± 100 μm with a corresponding increase in AD-MSC 

viability and proliferation compared to AD-MSCs cultured on conventional 2D culture 

plates. Our bioscaffold also has a high degree of porosity (86 ± 3%) and interconnected 

macro-pores which creates a physical space to facilitate cell movement and distribution 

throughout the bioscaffold. In turn, this helps with nutrient and oxygen transfer to cells 

seeded into the bioscaffold, preventing cell loss from cellular overcrowding as well as 

providing a substrate for cells to adhere to, and proliferate on, while also interacting with 

their surrounding environment in all three dimensions [40, 41]. In addition, our results show 

that our bioscaffolds are soft, compliable and elastic since they can be compressed to a 

fraction of their original volume before returning to their original shape—properties which 

have also been shown to promote cell proliferation [42].

Many surface coating strategies have been reported for modifying the hydrophobic surface 

of PDMS [43–45]. One promising technique is oxygen plasma treatment which has been 

shown to enhance the hydrophilicity of PDMS bioscaffolds by introducing polar functional 

groups, especially the silanol group (SiOH), at the expense of methyl groups [46, 47]. This 

is supported by our data which shows a significant decrease in contact angle from 110.5 ± 3° 

to 84.2 ± 4° indicating a significant decrease in surface hydrophobicity following oxygen 

plasma treatment. Plasma is commonly employed because treatments are fast (in the order of 
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minutes) and the chemical modifications are consistent and reproducible. In addition, no 

special chemicals or waste removal are needed since gaseous byproducts are removed under 

vacuum. The generation of high energy oxygen species (including electrons, ions, and 

radicals) within the oxygen plasma will oxidize the organic species on the surface of PDMS 

bioscaffolds to form H2O, CO, CO2 and lower molecular weight hydrocarbons [22, 48]. The 

spectral change in our ATR-FTIR spectra in our bioscaffold after oxygen plasma treatment 

was noticeable with two absorption peaks at 1722 cm−1 and a broad noticeable absorption 

peak at 3100–3600 cm−1; these represent the presence of C=O and –OH groups within the 

surface of our bioscaffold following oxygen plasma treatment [46, 47].

Oxygen plasma treated surfaces do however undergo hydrophobic recovery within minutes 

[49], mainly due to reorientation of polar groups on the treated surface [50], diffusion of pre-

existing low-molecular-weight species from the substrate to the treated surface [12] and 

condensation of hydroxyl groups [51]. The recovery time is also affected by the conditions 

in which PDMS bioscaffolds are stored in which include temperature [52], humidity [53] 

and the presence of aqueous fluid [54] and surfactants [55]. Previous research has shown 

that storing oxygen plasma treated-PDMS devices in de-ionized water enables them to 

maintain their hydrophilicity for weeks [22]. Hence, we stored our PDMS bioscaffolds in 

de-ionized water immediately after oxygen plasma treatment. As oxygen plasma treatment 

makes the PDMS surface rough [22] and brittle [56], it has the advantage of increasing the 

bonding strength between a coating layer and the underling PDMS bioscaf-fold [57]. 

Furthermore, the addition of another layer on top of the oxygen plasma treated PDMS 

surface has also been shown to prevent its hydrophobic recovery by mechanically stabilizing 

the surface [56]. Hence, we coated our oxygen plasma treated-PDMS bioscaffolds with 

polydopamine.

PDMS is a widely-used biomaterial for the investigation of cell substrate interactions and 

biochip fabrication [58]. Regardless of the application of PDMS, the intrinsic PDMS surface 

hydrophobicity usually inhibits cell adhesion on the PDMS surface, and PDMS surface 

modification is required for effective cell adhesion [58]. Many surface coating strategies 

have been previously reported for the improvement of cell function on PDMS substrates [17, 

58–60]. For example, Gomathi and colleagues [60] showed that oxygen plasma treatment on 

PDMS could enhance adhesion and viability of 3T3 fibroblast cells. However, polydopamine 

coating has aroused great interest as a new route to the coating of biomaterials, due to its 

simplicity and material independency in deposition, favorable interactions with cells, and 

strong reactivity for secondary functionalization [61]. Dopamine undergoes oxidative 

polymerization in alkaline conditions and has a strong adsorption onto a wide variety of 

substrates through covalent bonding and strong intermolecular interactions from its 

repeating 3,4-dihydroxy-L-phenylalanine-lysine (DOPA-K) motif [21, 29, 62]. Interestingly, 

polydopamine has been shown to reduce the in vivo toxicity of bioscaffolds and has been 

shown to improve cell behavior on various substrates [43–45, 63]. For these reasons, we 

coated our PDMS bioscaffold with polydopamine which resulted in a further significant 

decrease in the water contact angle of our bioscaffolds. In addition, the surface chemistry 

profile of our bioscaffolds demonstrated C = O and –OH functional groups and N1s peak 

following oxygen plasma treatment and polydopamine coating [59]. Together, this translated 

to an increase in ADMSC viability and proliferation in the polydopamine coated PDMS 
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bioscaffolds. Polydopamine coating has also been shown to increase the surface adhesive 

properties of bioscaffolds by acting as a strong anchor between cells and substrates [21, 30–

32]. The free amine groups of polydopamine has been shown to enhance cell adhesion and 

growth given that they confer hydrophilicity and positive charge to substrates [64, 65]. These 

attributes will therefore enable cells to spread and grow more efficiently in polydopamine 

coated-PDMS bioscaffolds [17], which was evident in our study with a higher number of 

AD-MSCs remaining on polydopamine coated bioscaffolds after 10 days when compared to 

the uncoated bioscaffolds and traditional cell culture plates.

In our study we used a double layer coating (i.e., oxygen plasma treatment and 

polydopamine coating) as a novel surface modification technique for PDMS-based 

bioscaffolds. The adhesion of fibroblasts and megakaryocytes (bone marrow cells) to 

polydopamine coated surfaces has been previously highlighted by Lee and colleagues [21]. 

Fibroblast cell adhesion was supported on polydopamine coated surface as well as on 

unmodified controls, while limited megakaryocytic adhesion was observed on polydopamine 

coated surfaces. These observations indicate that the cytocompatibility of polydopamine 

coated surfaces appear to be cell type-dependent. In our study we used AD-MSCs and our 

results demonstrated an increase in AD-MSCs viability and proliferation in the 

polydopamine coated oxygen plasma treated-PDMS bioscaffolds compared to uncoated 

PDMS bioscaffolds. This improvement in AD-MSCs function can be due to the 

polydopamine coating resulting in better biocompatibility and improved surface wett-ability 

compared to uncoated PDMS. Chuah and colleagues [17] have also reported that the surface 

of PDMS changes following polydopamine coating as demonstrated by changes in surface 

wettability as well as the addition of hydroxyl and secondary amines. Our results support 

this, with data also showing a reduction in the contact angle of PDMS following 

polydopamine coating which we believe contributes to the improved adhesion and 

proliferation of AD-MSCs within our polydopamine coated PDMS bioscaffolds. Similar 

beneficial effects of polydopamine on MSCs have also been reported by Rim and colleagues 

who analyzed the effect of polydopamine coated-poly(L-lactide) electrospun fibers on 

human MSCs (hMSCs). These studies concluded that the relative viability of cells cultured 

on polydopamine coated-fibers was double that of the uncoated fibers and that the coated 

fibers also supported the proliferation of hMSCs [59].

PDMS has been extensively exploited to study stem cell physiology in the field of 

mechanobiology and microfluidic chips due to their transparency, low cost and ease of 

fabrication [17]. However, the use of PDMS as a bioscaffold for regenerative medicine has 

been less investigated. In this study we developed a PDMS bioscaffold; however, the 

intrinsic high hydrophobicity of PDMS rendered its surface incompatible for prolonged cell 

adhesion and proliferation. We therefore introduced a simple coating technology (i.e., 

oxygen plasma treatment and polydopamine coating) which significantly enhanced the 

biocompatibility of our PDMS bioscaffolds. Our modified PDMS bioscaffold can now be 

used as a platform for MSC based therapies within regenerative medicine studies. Moreover, 

this coating technology can be applied to other PDMS-based biomaterials for 

mechanobiology and microfluidic chips applications.
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Future studies using our bioscaffold will investigate the beneficial effect of our 3D 

bioscaffold with other cells lines including human MSCs. Given the highly reactive amine 

groups in polydopamine, we will also investigate secondary conjugation reactions with 

various functional groups, including vascular endothelial growth factor (VEGF). Previous 

studies have also shown that VEGF can be immobilized on the surface of polydopamine 

using relatively simple techniques [66], which, in turn, demonstrates the robustness of 

polydopamine as an intermediate layer for the attachment of growth factors. Hence, our next 

series of experiments will explore the addition of VEGF onto our polydopamine coated-

PDMS bioscaffolds; we hypothesize that this will help promote angiogenesis and blood 

vessel growth into our bioscaffold thereby opening up possibilities for the engraftment of 

our bioscaffold into living subjects.

5 Conclusion

PDMS bioscaffolds with 86 ± 3% porosity and 300 ± 100 μm pore size were synthesized 

using a SCPL technique and coated with polydopamine. The results from the present study 

demonstrate that coating the macroporous PDMS bioscaffolds with polydopamine decreases 

their water contact angle (35 ± 3%), when compared to uncoated-PDMS bioscaffolds. 

Seeding AD-MSCs into polydopamine coated-PDMS bioscaffolds increased their viability 

(70 ± 6%) and proliferation (40 ± 5%) when compared to AD-MSCs seeded into uncoated-

PDMS bioscaffolds. In summary, our results show the potential for polydopamine coated-

PDMS bioscaffolds in regenerative medicine as an efficient, low-cost matrix which can 

protect and support AD-MSCs.
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Fig. 1. 
Schematic illustrations of the preparation of uncoated-, oxygen plasma treated- and 

polydopamine coated-PDMS bioscaffolds: a PDMS bioscaffolds were prepared using a 

SCPL technique with PDMS as the solvent and salt crystals as the particulate: salt was sifted 

through the sieves in order to obtain particles with a diameter of 275–350 μm. The salt 

particles were then mixed with a PDMS solution which was then poured and compressed on 

a microscopic glass slide for bioscaffold fabrication, followed by heat-curing at 130 °C for 

24 h to permit cross-linking of the PDMS. The salt was finally leached by immersing the 
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bioscaffold in deionized water for 72 h on a shaker with rotational speed of 200 rpm at 

37 °C, with exchange of water two times a day. b The surface of PDMS bioscaffolds was 

modified by oxygen plasma treatment for 3 min at oxygen pressure of 0.3 mbar. 

Polydopamine was then coated by immersion of bioscaffolds into a dopamine solution (2 

mg/ml in 10 mM Tris, pH 8.5) on a tube rotisserie. c Schematic illustration of the 

polydopamine formation mechanism which involves the oxidation of catechol in dopamine 

to quinone by alkaline pH-induced oxidation

Razavi and Thakor Page 18

J Mater Sci Mater Med. Author manuscript; available in PMC 2018 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Photographs of the top-view (a,b) and cross-sectional view (c,d) of uncoated- (a,c) and 

polydopamine coated-(b,d) PDMS bioscaffolds showing the macrostructure and the color 

change from white to brown with polydopamine coating. The reconstructed μ-CT (e,f) and 

SEM images (g,h) of uncoated-(a,c,e,g) and polydopamine coated- (b,d,f,h) PDMS 

bioscaffolds
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Fig. 3. 
Survey (a) and high-resolution (b) scan XPS spectra showing qualitative XPS spectra of 

uncoated- and polydopamine coated-PDMS bioscaffolds. The survey spectrum and high-

resolution spectra shows four elements of Si, C, N and O corresponding to the molecular 

formula of PDMS and polydopamine; c ATR-FTIR spectra validating the functional group 

transformation after the oxygen plasma treatment and polydopamine coating processes 

which was noticeable with the presence of C = O, –OH and N−H vibrations; d Raman 

spectra showing the intense stretching vibrations of the methyl group, Si–CH3 and Si–O–Si 

corresponding to the PDMS and vibrations of catechol moieties in the polydopamine 
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coating; e,f Water contact angle analysis showing the oxygen plasma treatment and 

polydopamine coating significantly decreased the hydrophobicity of uncoated-PDMS 

bioscaffold (P < 0.05). Significant differences: *P = 0.000005, difference between uncoated- 

and oxygen plasma treated- or polydopamine coated-PDMS bioscaffolds. #P = 0.0008, 

difference between oxygen plasma treated- and polydopamine coated-PDMS bioscaffolds. 

(Oneway ANOVA post hoc Tukey Test)
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Fig. 4. 
Cell surface expression of various AD-MSCs markers were detected by staining with 

specific monoclonal antibodies and analyzed by flow cytometry. AD-MSCs are CD105 a 
and CD90 b positive and CD34 c negative
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Fig. 5. 
MTT a,c and Live/Dead b,d assays from both direct a,b and indirect c,d cell culture 

methods at day 10. Significant differences: MTT assay (direct contact): *P = 0.0004, 

difference between control group and uncoated- or polydopamine coated-PDMS 

bioscaffolds. #P= 0.002, difference between uncoated- and polydopamine coated-PDMS 

bioscaffolds. MTT assay (indirect contact): *P = 0.0000004, difference between control 

group and uncoated- or polydopamine coated-PDMS bioscaffolds. #P = 0.00003, difference 

between uncoated- and polydopamine coated-PDMS bioscaffolds. Live/Dead assay (direct 

contact): *P = 0.0001, difference between control group and uncoated- or polydopamine 

coated-PDMS bioscaffolds. #P = 0.04, difference between uncoated- and polydopamine 

coated-PDMS bioscaffolds. Live/Dead assay (indirect contact): *P = 0.0002, difference 

between control group and uncoated- or polydopamine coated-PDMS bioscaffolds. #P = 

0.03, difference between uncoated- and polydopamine coated-PDMS bioscaffolds. (One-

way ANOVA post hoc Tukey Test)
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Fig. 6. 
Confocal images of ADMSCs after 1 (a–c) and 10 (d–i) days seeding into uncoated- (b, e) 

and polydopamine coated- (c, f) PDMS bioscaffolds (direct contact: a–f) and culturing with 

the extracts of uncoated h and polydopamine coated- i PDMS bioscaffolds (indirect contact: 

g– i); SEM images of AD-MSCs (indicated by the white arrows) within the center of the 

uncoated (j,l) and polydopamine coated (k,m) PDMS bioscaffolds at day 1 (j,k) and 10 

(l,m); and the results of AD-MSCs counting at day 0, 1 and 10 n. Significant differences: 

Day 1: *P = 0.0003, difference between control group and uncoated- or polydopamine 
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coated-PDMS bioscaffolds. #P = 0.009, difference between uncoatedand polydopamine 

coated-PDMS bioscaffolds. Day 10: *P = 0.003, difference between control group and 

uncoated- or polydopamine coated-PDMS bioscaffolds. #P = 0.01, difference between 

uncoatedand polydopamine coated-PDMS bioscaffolds. (One-way ANOVA post hoc Tukey 

Test)
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