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ABSTRACT 
 

In bone tissue engineering, the intrinsic hydrophobicity and surface smoothness of 3D-printed 

poly(ɛ-caprolactone) scaffolds hamper cell attachment, proliferation, and differentiation. This 

intrinsic hydrophobicity of poly(ɛ-caprolactone) can be overcome by surface modifications such 

as surface chemical modification or immobilization of biologically active molecules on the surface. 

Moreover, surface chemical modification may alter surface smoothness. Whether surface 

chemical modification or immobilization of a biologically active molecule on the surface is more 

effective to enhance pre-osteoblast proliferation and differentiation is currently unknown. 

Therefore, we aimed to investigate the osteogenic response of MC3T3-E1 pre-osteoblasts to 

chemically surface-modified and RGD-immobilized 3D-printed poly(ɛ-caprolactone) scaffolds. 

Poly(ɛ-caprolactone) scaffolds were 3D-printed consisting of strands deposited layer by layer with 

alternating 0°/90° lay-down pattern. 3D-printed poly(ɛ-caprolactone) scaffolds were surface-

modified by either chemical modification using 3 M sodium hydroxide (NaOH) for 24 or 72 h, or 

by RGD-immobilization. Strands were visualized by scanning electron microscopy. MC3T3-E1 

pre-osteoblasts were seeded onto the scaffolds and cultured up to 14 days. The strands of the 

unmodified scaffold had a smooth surface. NaOH treatment changed the scaffold surface 

topography from smooth to a honeycomb-like surface pattern, while RGD immobilization did not 

alter the surface topography. Pre-osteoblast seeding efficiency was similar (44-54%) on all 

scaffolds after 12 h. Cell proliferation increased from day 1 to day 14 in unmodified controls (1.9-

fold), 24 h NaOH-treated scaffolds (3-fold), 72 h NaOH-treated scaffolds (2.2-fold), and RGD-

immobilized scaffolds (4.5-fold). At day 14, increased collagenous matrix deposition was achieved 

only on 24 h NaOH-treated (1.8-fold) and RGD-immobilized (2.2-fold) scaffolds compared to 

unmodified controls. Moreover, 24 h, but not 72 h, NaOH-treated scaffolds, increased alkaline 

phosphatase activity by 5-fold, while the increase by RGD immobilization was only 2.5-fold. Only 

24 h NaOH-treated scaffolds enhanced mineralization (2.0-fold) compared to unmodified controls. 

In conclusion, RGD immobilization (0.011 µg/mg scaffold) on the surface and 24 h NaOH 

treatment of the surface of 3D-printed PCL scaffold both enhance pre-osteoblast proliferation and 

matrix deposition while only 24 h NaOH treatment results in increased osteogenic activity, making 

it the treatment of choice to promote bone formation by osteogenic cells. 

 

Keywords 

Poly(ɛ-caprolactone), chemical surface modification, RGD immobilization, MC3T3-E1 pre-

osteoblasts, proliferation, osteogenic differentiation, osteogenic activity 
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INTRODUCTION 
 

Large bone defects caused by trauma or tumor resection often cannot heal by the natural process 

of bone regeneration. The golden standard treatment for such defects is still considered 

autologous bone, i.e. bone harvested from the same patient at a different surgical site and 

transplanted to the defect site [1]. However, autografts are associated with several disadvantages 

such as limited supply, extended healing time, and need for multiple surgeries [2]. Bone tissue 

engineering is rapidly becoming a promising alternative, eliminating the need for additional 

surgeries. For bone tissue engineering, a scaffold is required to temporarily substitute the 

extracellular matrix. Traditionally, bone tissue engineering scaffolds have been fabricated using 

techniques such as freeze drying, solvent casting-porogen leaching, and gas foaming. However, 

with these techniques one cannot  control the porosity, internal architecture, and geometry of the 

scaffold [3]. Currently, three-dimensional (3D) printing technology is extensively used for the 

fabrication of various tissue engineering scaffolds with controlled shape and internal structure 

[4,5]. 

The most commonly used polymers to fabricate scaffolds for bone tissue engineering are 

poly(α-hydroxy esters), such as poly(ɛ-caprolactone) (PCL), polylactic acid (PLA), and poly(lactic-

co-glycolic) acid (PLGA). The major advantage of these polymers is their tailorable degradation 

rate and that their degradation products are removed by natural pathways without adverse effects 

[6]. These polymers also have excellent mechanical properties suitable for bone replacement, 

and have already been approved by the US Food and Drug Administration [7]. PCL is the most 

widely used polymer for 3D-printing of bone scaffolds, since it has low melting and glass transition 

temperatures which makes it easy to process [8,9]. However, PCL is hydrophobic in nature and 

lacks biological recognition sites, and therefore needs surface modification for enhanced cellular 

attachment, proliferation, and differentiation [10-12]. Moreover, when PCL is 3D-printed, the 

produced strands are smooth and contain no features or cues for cell attachment [13,14]. 

Therefore, a surface modification step prior to cell seeding is required to overcome these 

obstacles. 

There are numerous surface modification methods including physical (e.g. ɣ-radiation, 

plasma treatment), chemical (e.g. hydrolysis, aminolysis) or biological methods (e.g. coating, 

immobilization of biologically active molecules such as proteins and/or ligands on the surface). 

Hydrolysis of PCL by sodium hydroxide (NaOH) has been extensively used to increase PCL 

hydrophilicity by creation of carboxyl and hydroxyl groups [15-18]. Immobilization of RGD peptide 

(R: arginine; G: glycine; D: aspartic acid) on the surface of PCL has also been used to facilitate 
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cell attachment and proliferation [19,20]. Cell surface integrins, a group of cell surface proteins 

that mediate cell bonding to certain adhesion molecules, can recognize the RGD sequence on a 

substrate surface and facilitate attachment to the substrate [21,22]. The effect of these surface 

modifications on scaffold properties and cellular responses have been extensively studied [23,24]. 

However, these results are not generalizable for all types of scaffolds (i.e. film, electrospun mesh, 

spongy scaffold, 3D-printed scaffold). More importantly, it is currently unknown which of these 

surface modifications is more effective for pre-osteoblast proliferation and osteogenic activity in a 

3D-structure. Therefore, in this study, we modified the surface of 3D-printed PCL scaffolds by 

alkaline treatment with NaOH for different time periods or by RGD immobilization, and 

investigated the response of MC3T3-E1 pre-osteoblasts to these  surface modifications. Our 

objective was to determine which method is more effective in promoting MC3T3-E1 pre-osteoblast 

responses (i.e. seeding efficiency, proliferation, matrix production, ALP activity, and 

mineralization) in the whole 3D-printed structure for bone tissue engineering. 

 

 

MATERIALS AND METHODS 
 
Fabrication of scaffolds by 3D-printing 
A 3D Discovery® bioprinter (RegenHU, Villaz-St-Pierre, Switzerland) was used to print the 

scaffolds. All scaffolds were printed using the HM-300H thermo polymer extruder (RegenHU 

Villaz-St-Pierre, Switzerland) at 25 revs/min, equipped with a needle with an inner diameter of 

300 µm. Medical grade PCL (Purasorb® PC 12, Purac Biomaterials, the Netherlands) with 

inherent viscosity of 1.2 dl/g was melted at 85°C in the heating tank. The PCL was extruded 

through a pre-heated needle at 0.2 MPa (2 Bar), and the strands of PCL were plotted layer-by-

layer  with alternating 0°/90° lay-down pattern. Thirty six cubic scaffolds with dimensions of 

0.8×0.8×0.8 cm (total volume 512×10-3 cm3) were produced. 

 

Chemical surface modification by introduction of carboxyl and hydroxyl groups 
To produce carboxyl and hydroxyl groups on the surface, PCL scaffolds were treated with NaOH 

solution (Merck, Darmstadt, Germany). The optimal NaOH concentration for cell proliferation and 

matrix deposition was determined prior to start of experiments as described below. PCL scaffolds 

were treated with 1, 3, or 5 M NaOH for 24 h.  3 M NaOH was chosen for treatment of PCL 

scaffolds since it resulted in higher cell proliferation and matrix deposition. PCL scaffolds were 

treated with 3 M NaOH for 24 or 72 h. Each scaffold was submerged in an individual tube 
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containing 10 ml NaOH solution with moderate shaking to ensure uniform contact between NaOH 

solution and the surface of PCL strands everywhere in the scaffold. Scaffolds were subsequently 

washed extensively with deionized water until the pH of the washing water was neutral. Finally, 

the scaffolds were air-dried and stored at room temperature until further experimentation. 

Scaffolds were UV sterilized for 30 min, and immersed in 70% ethanol for 1 h prior to cell seeding 

[25-27]. Scaffolds were treated in triplicate. 
 

RGD-immobilization on the surface  

For RGD immobilization, scaffolds were immersed in 10% w/v solution of 1,6-hexanediamine in 

isopropanol at 37°C for 1 h to create amine groups on the surface, followed by washing in 

deionized water. The aminated PCL scaffolds were then washed 3 times with activation buffer 

(0.1 M phosphate buffer containing 0.15 M NaCl, pH 7.2). Subsequently, 600 µl of hetero-

bifunctional crosslinker sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate 

(sulfo-SMCC) was pipetted on the aminated PCL scaffolds and incubated at room temperature 

for 1 h. Scaffolds were then washed with conjugation buffer (activation buffer with 0.1 M EDTA, 

pH 7). Finally, 600 µl RGD at a concentration of 0.125 mg/ml of conjugation buffer was added to 

each scaffold and incubated overnight at 4°C with moderate shaking [28]. Scaffolds were then 

washed with deionized water, air-dried, and stored at room temperature until further 

experimentation. Scaffolds were UV sterilized for 30 min, and immersed in 70% ethanol for 1 h 

prior to cell seeding. Scaffolds were treated in triplicate. 
 

Scaffold characterization 
The surface composition of the scaffolds was studied using a Shimadzu FTIR-8400s 

spectrophotometer (Shimadzu, Kyoto, Japan). Scanning electron microscopy (SEM) was used to 

study the surface morphology and measure strand and pore dimensions. Scaffolds were coated 

with a layer of gold using an Edwards Sputter Coater S150B (Edwards, Burgess Hill, UK) and 

observed  using a Zeiss EVO LS-15 scanning electron microscope (Zeiss, Oberkochen, 

Germany) with an accelerating voltage of 10 kV. Five measurements in total were carried out 

randomly from the three replicates of scaffolds and data were expressed as mean ± SD. To study 

cell morphology on different PCL scaffolds using SEM, cell seeded scaffolds were first fixed using 

4% glutaraldehyde and subsequently dehydrated in graded ethanol series (50, 70, 80, 90, 100%). 

The amount of RGD peptide on the scaffold surface was quantified using Fluorescein 

isothiocyanate (FITC, Molecular Probes, Eugen, OR). PCL scaffolds with or without immobilized 

RGD on the surface were immersed in FITC solution (2 mg/ml in DMF) at room temperature for 
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6 h and then washed three times with PBS to remove unreacted FITC. The fluorescence intensity 

was measured using a Synergy HT® spectrophotometer (490 nm excitation and 520 nm 

emission). A standard calibration curve was obtained from the intensity of known concentrations 

of BSA (Life technologies, Carlsbad, CA) [29]. 

 

Cell culture and seeding onto the scaffolds 
MC3T3-E1 pre-osteoblasts were obtained from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). Cells were grown and maintained in α-Minimum Essential Medium (α-MEM; 

Gibco, Life Technologies, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; 

BioWest SAS, Nuaille, France) and 1% PSF (antibiotic antimycotic solution, Sigma-Aldrich®, St. 

Louis, MO, USA) in a humidified incubator with 5% CO2 in air at 37°C. After reaching ~75% 

confluency, cells were detached using 0.25% trypsin (Gibco, Invitrogen, Waltham, MA, USA) and 

0.1% ethylenediaminetetraacetic acid (Merck, Darmstadt, Germany) in phosphate-buffered saline 

(PBS) at 37°C. Cells were then re-suspended in α-MEM with 10% FBS, 1% PSF, 50 µg/ml 

ascorbic acid, and 10 mM ß-glycerophosphate (osteogenic medium).  Five 40 µl drops of the cell 

suspension were carefully spread all over the scaffolds surface at 5×105 cells/cm3 scaffold in 24-

well culture plates. Attachment was allowed for 30 min, and osteogenic medium was added to 

cell/scaffold constructs. For determination of the optimum NaOH concentration for surface 

modification that enhances cell proliferation and matrix production, cells were cultured up to 8 

days on unmodified control, 1 M NaOH-treated, 3 M NaOH-treated, and 5 M NaOH-treated 3D-

printed PCL scaffolds. Thereafter, cell proliferation was determined as described below. 

Moreover, cell extracellular matrix deposition was visualized by picrosirius red staining (see 

below). For further experimentation, cells were cultured up to 14 days on unmodified control, 24 

h NaOH-treated, 72 h NaOH-treated, and RGD-immobilized scaffolds in a humidified incubator 

with 5% CO2 in air at 37°C. Seeding efficiency and cell proliferation were determined as described 

below. At day 14, scaffolds were collected and cut longitudinally into 3 equal parts (volume: 

171×10-3 cm3) since cell distribution pattern from top to bottom of scaffolds was relatively 

homogeneous (see also under “Collagenous matrix deposition”). Left parts of all scaffold groups 

(part 1 construct) were compared with respect to collagenous matrix deposition, middle parts of 

all scaffold groups (part 2 construct) were compared with respect to ALP activity, and right parts 

of all scaffold groups (part 3 construct) were compared with respect to calcium deposition, as 

described below. Our experimental set up was in such a way that we always used parts from the 

same location in the scaffolds for comparison between groups. 
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Seeding efficiency 
Twelve hours after cell seeding, cell/scaffold constructs in a 24-well culture plate (“old plate”) were 

washed twice with PBS, and transferred to a new 24-well culture plate. Seeding efficiency was 

assessed by determining the number of cells attached to the wells of the old plate as well as the 

number of cells attached to the scaffolds, using AlamarBlue® fluorescent assay (Invitrogen, 

Frederick, MD, USA), according to the manufacturer’s instructions. We found a linear relationship 

between AlamarBlue® fluorescence and cell number (data not shown). Ten percent AlamarBlue® 

solution in fresh osteogenic medium was added to the wells of the old plate and to each scaffold 

until it completely covered the top of the scaffolds. Scaffolds and old plate were incubated in 

AlamarBlue® solution for 4 h in a humidified incubator with 5% CO2 at 37°C. The solution was 

harvested from the scaffolds and the old plate, and the fluorescence measured at 530 nm with a 

Synergy HT® spectrophotometer. Scaffolds were washed twice with PBS, and incubated in a 

humidified incubator with 5% CO2 at 37°C. Seeding efficiency was calculated according to the 
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assay, as described above under “seeding efficiency”. We found a linear relationship between 

AlamarBlue® fluorescence and cell number (data not shown). At each time point, scaffolds were 
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measured. Therefore, cells attached to the old plates were not included in the measurements. 

After performing the AlamarBlue® assay at each day, scaffolds were washed twice with PBS, and 
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Collagenous matrix deposition 

Picrosirius red stain kit (Chondrex, Inc., Redmond, WA, USA) was used to visualize and quantify 

total collagen deposition and to obtain an indication of cell distribution inside scaffolds [30]. After 
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6 h and then washed three times with PBS to remove unreacted FITC. The fluorescence intensity 

was measured using a Synergy HT® spectrophotometer (490 nm excitation and 520 nm 

emission). A standard calibration curve was obtained from the intensity of known concentrations 

of BSA (Life technologies, Carlsbad, CA) [29]. 
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BioWest SAS, Nuaille, France) and 1% PSF (antibiotic antimycotic solution, Sigma-Aldrich®, St. 

Louis, MO, USA) in a humidified incubator with 5% CO2 in air at 37°C. After reaching ~75% 
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well culture plates. Attachment was allowed for 30 min, and osteogenic medium was added to 

cell/scaffold constructs. For determination of the optimum NaOH concentration for surface 

modification that enhances cell proliferation and matrix production, cells were cultured up to 8 

days on unmodified control, 1 M NaOH-treated, 3 M NaOH-treated, and 5 M NaOH-treated 3D-

printed PCL scaffolds. Thereafter, cell proliferation was determined as described below. 
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(part 1 construct) were compared with respect to collagenous matrix deposition, middle parts of 

all scaffold groups (part 2 construct) were compared with respect to ALP activity, and right parts 

of all scaffold groups (part 3 construct) were compared with respect to calcium deposition, as 

described below. Our experimental set up was in such a way that we always used parts from the 

same location in the scaffolds for comparison between groups. 
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Seeding efficiency 
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were washed thoroughly with PBS and fixed in 4% formaldehyde. Fixed constructs were stained 

for 2 h with picrosirius red at room temperature. Then, constructs were washed twice with acidified 

water (5 ml acetic acid/L distilled water) and visualized using a Nikon SMZ-10 stereo microscope 

(Nikon, Tokyo, Japan) and a Leica inverted microscope (Leica Microsystems, Wetzlar, Germany). 

For collagen quantification, picrosirius red stain was eluted from the constructs using 0.2 M 

NaOH/methanol (1:1, v/v) for 30 min under shaking. Hundred µl of this solution per well of a 96-

well plate (Greiner, Bio-One, Alphen a/d Rijn, The Netherlands) was used to measure absorbance 

at 490 nm with a microplate reader (BioRad Laboratories Inc., Veenendaal, The Netherlands) 

[31]. Constructs were air-dried at room temperature for 24 h and weighed. Data were normalized 

to the weight of the dried construct and expressed as absorbance/g of construct. Constructs were 

assayed in triplicate. 
 

Alkaline phosphatase activity and protein assay 
Alkaline phosphate (ALP) activity was measured to assess the osteoblastic phenotype of MC3T3-

E1 pre-osteoblasts in surface-modified and unmodified 3D-printed PCL scaffolds. At day 14 of 

cell culture on the scaffolds, one part (part 2 construct; volume: 171×10-3 cm3) of the cell/scaffold 

constructs was subjected to cell lysis. Cells were lysed with the CyQuant® lysis buffer (Molecular 

Probes/Invitrogen, Carlsbad, CA, USA) and freeze-thawed 3 times to determine ALP activity and 

protein content. P-nitrophenyl-phosphate (Merck, Darmstadt, Germany) at pH 10.3 was used as 

substrate for ALP as described earlier [32]. The absorbance was read at 410 nm. ALP activity 

was expressed as nM/µg cellular protein. The amount of protein was determined by using a BCA 

Protein Assay reagent Kit (PierceTM, Rockford, lll, USA), and the absorbance was read at 540 nm 

with a Synergy HT® spectrophotometer. Constructs were assayed in triplicate. 

 

Calcium deposition 
Calcium deposition by MC3T3-E1 pre-osteoblasts on surface-modified and unmodified PCL 

scaffolds was analyzed at day 14. To determine calcium deposition, one part (part 3 construct; 

volume: 171×10-3 cm3) of the cell/scaffold constructs was washed with PBS and fixed in 4% 

formaldehyde. Fixed constructs were incubated with 40 mM alizarin red staining solution, pH 4.3, 

at room temperature for 30 min, and washed extensively with deionized water to remove the 

unreacted dye. Optical images were taken using a stereo microscope. For quantification of 

calcium deposition, constructs were immersed in 0.5 ml of 5% sodium dodecyl sulfate (SDS) in 

0.5 N HCL at room temperature for 1 h under shaking. Hundred µl of this solution per well of a 

96-well plate was used to measure absorbance at 405 nm with a microplate reader [33] (BioRad 
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Laboratories Inc., Veenendaal, The Netherlands). Constructs were air-dried at room temperature 

for 24 h and weighed. Data were normalized to the weight of the dried constructs and expressed 

as absorbance/g of construct. Constructs were assayed in triplicate. 

 
Statistical analysis 

Data are expressed as mean ± standard deviation (SD). Differences in mean values were 

analyzed by one-way ANOVA with Tukey’s multiple comparison test using GraphPad Prism® 7.0 

(GraphPad Software Inc., La Jolla, CA, USA). Differences were considered significant if p<0.05. 

 

 

RESULTS 

 
Optimum NaOH concentration for surface modification of 3D-printed PCL scaffolds 
Proliferation of cells on PCL scaffolds treated with 1, 3, or 5 M NaOH was significantly increased 

compared to unmodified controls (Fig. 1a). After 7 days of culture, cell proliferation reached a 

maximum on PCL scaffold treated with 5 M NaOH, while proliferation still continued on scaffolds 

treated with 1 and 3 M NaOH (Fig. 1a). 

 

 
Figure 1. Concentration-dependent effect of NaOH surface treatment of 3D-printed PCL scaffolds on MC3T3-E1 

proliferation and collagenous matrix deposition after 8 days of culture. (a) Surface treatment of PCL scaffold with 1, 3, 

and 5 M NaOH significantly increased proliferation of cells after 8 days of culture. Cell number started to decrease on 

PCL scaffold treated with 5 M NaOH after 7 days of culture. (b) Collagenous matrix deposition by MC3T3-E1 on PCL 

scaffolds treated with 1, 3, or 5 M NaOH visualized by picrosirius red staining after 8 days of culture. More collagen 

(red) was observed on PCL scaffold treated with 3 M NaOH compared to scaffolds treated with 1 or 5 M NaOH. Scale 

bar, 500 µm. Black arrows, collagen. 
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Surface modification using 3 M NaOH resulted in visibly more collagenous matrix 

deposition compared to modification with 1 or 5 M NaOH (Fig. 1b). For further experiments, we 

used 3 M NaOH for chemical surface modification, since it provided highest cell proliferation and 

matrix deposition compared to other concentrations tested. 

 

Characterization of surface-modified and unmodified PCL scaffolds 
In this study, 3D-printed poly(ɛ-caprolactone) scaffolds were surface-modified by either chemical 

modification using 3 M sodium hydroxide (NaOH) for 24 or 72 h, or by RGD-immobilization. The 

chemical reaction mechanism of RGD immobilization is presented in figure 2a. RGD was 

immobilized on the surface of aminated PCL scaffold using  sulfo-SMCC crosslinker. Density of 

immobilized RGD on the surface was 0.011 ± 0.001 µg/mg scaffold (Fig. 2b). To study the surface 

composition changes as a result of both NaOH treatment and RGD immobilization, FTIR analysis 

was performed (Fig. 3). Representative peaks of PCL were observed at 2939 cm-1 (asymmetric 

CH2 stretching), 2865 cm-1 (symmetric CH2), 1718 cm-1 (carbonyl C=O stretching), 1188 cm-1 (C-

O-H stretching), and 1163 cm-1 (C-O-C stretching). Treatment of PCL scaffolds with 3 M NaOH 

for 24 and 72 h increased the intensity of the C-O-H (carboxyl and hydroxyl) peak compared to 

the intensity of the C-O-C (ester) peak. This intensity increase was more significant for 72 h 

NaOH-treated than 24 h NaOH-treated scaffolds. For the RGD-immobilized scaffolds, three 

additional peaks at 3338 cm-1 (N-H stretching), 1635 cm-1 (amide I) and 1588 cm-1 (amide II) were 

observed.  These peaks are major bands that appear in the FTIR spectrum of proteins [34]. 
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Figure 2. Chemical reaction mechanism and density of RGD immobilization on PCL scaffold. (a) RGD was immobilized 

on the surface of aminated PCL scaffold using heterobifunctional crosslinker  sulfosuccinimidyl 4-(N- maleimidomethyl) 

cyclohexane-1-carboxylate (sulfo-SMCC). (b) Density of immobilized RGD on the surface was 0.011 ± 0.001 µg/mg 

scaffold. 
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Figure 3. FTIR spectra of control PCL, NaOH-treated, and RGD-immobilized scaffolds. Representative peaks of PCL 

were observed at 2939 cm-1 (asymmetric CH2 stretching), 2865 cm-1 (symmetric CH2), 1718 cm-1 (carbonyl C=O 

stretching), 1188 cm-1 (C-O-H stretching) and 1163 cm-1 (C-O-C stretching). An increase in the intensity of C-O-H peak 

(1188 cm-1) compared to C-O-C peak (1163 cm-1) was observed for the scaffolds treated with NaOH. Three additional 

peaks at 3338 cm-1 (N-H stretching), 1635 cm-1 (amide I), and 1558 cm-1 (amide II) were observed for the RGD 

immobilized scaffold  These peaks are major bands that appear in the FTIR spectrum of proteins. 

 

Strand size and topography of the NaOH-treated, RGD-immobilized, and unmodified 3D-

printed PCL scaffolds were studied using SEM images (Fig. 4a). The diameter of the strands in 

all scaffolds was 298 ± 65 μm (mean ± SD; n=5). Strands of the unmodified PCL scaffold had a 

smooth surface with slight ruffling visible at higher magnifications. Both 24 h and 72 h NaOH-

treated scaffolds, but not RGD-immobilized scaffolds, displayed a honeycomb-like surface pattern 

(Fig. 4a). RGD immobilization did not change the topography of PCL strands. The honeycomb-

like surface pattern consisted of oval pores. 24 h NaOH-treated scaffolds displayed pores of 0.7 

± 0.2 µm (mean ± SD; n=5) width and 2.5 ± 1.0 µm (mean ± SD; n=5) length. 72 h NaOH-treated 

scaffolds displayed pores of 2.2 ± 0.2 µm (mean ± SD; n=5) width and 7.0 ± 2.0 µm (mean ± SD; 

n=5) length.  

MC3T3-E1 pre-osteoblasts had slightly spherical morphology on the surface of unmodified 

PCL scaffold. Well spread cells were only observed on the surface of 24 h NaOH-treated and 

RGD-immobilized PCL scaffolds (Fig. 4b). 
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Figure 4. Scanning electron microscopy images of control PCL, NaOH-treated, and RGD-immobilized scaffolds. (a) 

Scaffolds had strands with diameter of 298 ± 65 μm (mean ± SD). NaOH-treated scaffolds displayed a honeycomb-like 

surface pattern. The honeycomb-like structure consisted of oval pores. 24 h NaOH-treated scaffold displayed pores of 

0.7 ± 0.2 µm width and 2.5 ± 1.0 µm length. 72 h NaOH-treated scaffold displayed pores of 2.2 ± 0.2 µm width and 7.0 

± 2.0 µm length. RGD immobilization did not change the topography of PCL strands. (b) MC3T3-E1 pre-osteoblasts 

had slightly spherical morphology on the surface of unmodified PCL scaffold. Well spread cells were only observed on 

the surface of 24 h NaOH-treated and RGD-immobilized PCL scaffolds. 

 

MC3T3-E1 pre-osteoblast seeding efficiency on surface-modified and unmodified PCL 
scaffolds 
Seeding efficiency was measured 12 h after seeding (Fig. 5a). Seeding efficiency was between 

44% (unmodified controls) and 54% (72 h NaOH-treated scaffolds). No statistically significant 

difference in seeding efficiency between the groups was observed.  
 

MC3T3-E1 pre-osteoblast proliferation on surface-modified and unmodified PCL scaffolds 
Cell proliferation on unmodified control, 24 h NaOH-treated, 72 h NaOH-treated, and RGD-

immobilized 3D-printed PCL scaffolds was assessed after 3, 7, and 14 days of culture, and 

compared relative to day 1 (Fig. 5b). After 3 days, cell proliferation was similar on all scaffolds 
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and slightly increased compared to day 1. After 7 days, the increase in cell proliferation was more 

pronounced in RGD-immobilized scaffolds (2.7-fold) and 24 h NaOH-treated scaffolds (2.2-fold) 

compared to the unmodified controls. After 14 days, cell proliferation significantly increased 

compared to day 1 on RGD-immobilized scaffolds (4.5-fold) which was higher than on other 

scaffolds (1.9-fold on unmodified controls, 3-fold on 24 h NaOH-treated scaffolds, and 2.2-fold on 

72 h NaOH-treated scaffolds). Cell proliferation on 72 h NaOH-treated scaffolds was not 

significantly different from the unmodified controls at all time points. 
 

 
Figure 5. MC3T3-E1 seeding efficiency and proliferation on control PCL, NaOH-treated, and RGD-immobilized 

scaffolds. (a) Seeding efficiency measured 12 h post seeding on different surface-modified scaffolds was not statistically 

different. (b) MC3T3-E1 proliferation on scaffolds was measured after 3, 7, and 14 days of culture. The proliferation of 

cells on the scaffolds were compared relative to day 1. Cell proliferation was significantly higher on RGD-immobilized 

scaffold compared to all other groups after 7 and 14 days of culture. Cell proliferation was significantly higher on 24 h 

NaOH-treated compared to 72 h NaOH-treated and control PCL scaffolds after 7 and 14 days of culture. Values are 

mean ± SD (n=3). **Significantly different from other groups, p<0.01, ***p<0.001, ##significantly different from 72 h 

NaOH-treated and control PCL, p<0.01. 

 

Collagenous matrix deposition by MC3T3-E1 pre-osteoblast on surface-modified and 
unmodified PCL scaffolds 
Collagen deposition by MC3T3-E1 pre-osteoblasts on surface-modified and unmodified PCL 

scaffolds was visualized by picrosirius red staining using light microscopy, and quantified at day 

14 (Fig. 6). More collagen deposition (red) was seen by more intense red color on 24 h NaOH-

treated and RGD-immobilized scaffolds compared to 72 h NaOH-treated and control PCL 

scaffolds (Fig. 6a). Collagen fibers filled the voids between strands and were seen all over the 

strands of RGD-immobilized and 24 h NaOH-treated scaffolds (Fig. 6a). On the unmodified control 
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and 72 h NaOH-treated scaffolds, some collagen was observed on the strands and in the voids 

between strands, but it was not as abundant as in the RGD-immobilized and 24 h NaOH-treated 

scaffolds (Fig. 6a). In the cross-sectional view of control PCL, a relatively homogeneous red color 

indirectly indicating cell distribution was observed in the upper quarter of the scaffold. For 72 h 

NaOH-treated scaffold, less intense and less homogeneous red color was observed in the upper 

half of the scaffold. For 24 h NaOH-treated and RGD-immobilized scaffolds, relatively 

homogeneous cell distribution throughout the scaffold was observed (Fig. 6b). Collagen 

deposition on 24 h NaOH-treated and RGD-immobilized scaffolds was significantly increased 

compared to unmodified controls (24 h NaOH-treated scaffolds, 1.6-fold; RGD-immobilized 

scaffolds, 2.1-fold increase; Fig. 6c). Moreover, collagen deposition on the RGD-immobilized 

scaffolds was significantly higher compared to 24 h NaOH-treated scaffolds (Fig. 6c).  
 

 
Figure 6. Collagenous matrix deposition by MC3T3-E1 on control PCL, 24 and 72 h NaOH-treated, and RGD-

immobilized scaffolds after 14 days of culture. (a) Collagenous matrix deposition visualized by picrosirius red staining. 

More collagen (red) was observed on 24 h NaOH-treated and RGD-immobilized compared to 72 h NaOH-treated and 

control PCL scaffolds. (b) Cross sectional view of scaffolds demonstrating cell distribution. For the control PCL, a 

relatively homogeneous red color indirectly indicating cell distribution was observed in the upper quarter of the scaffold. 

For 72 h NaOH-treated scaffold, less intense and less homogeneous red color was observed in the upper half of the 

scaffold. For 24 h NaOH-treated and RGD-immobilized scaffolds, relatively homogeneous cell distribution throughout 

the scaffold was observed (c) Quantification of the staining. Collagen deposition was significantly higher on RGD-

immobilized scaffold compared to all other groups. Collagen deposition was significantly higher on 24 h NaOH-treated 

compared to 72 h NaOH-treated and control PCL scaffolds.  Scale bar, 500 µm. Values are mean ± SD (n=3). 

*Significantly different from other groups, p<0.05, #significantly different from 72 h NaOH-treated and control PCL, 

p<0.05. 
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and slightly increased compared to day 1. After 7 days, the increase in cell proliferation was more 

pronounced in RGD-immobilized scaffolds (2.7-fold) and 24 h NaOH-treated scaffolds (2.2-fold) 

compared to the unmodified controls. After 14 days, cell proliferation significantly increased 

compared to day 1 on RGD-immobilized scaffolds (4.5-fold) which was higher than on other 

scaffolds (1.9-fold on unmodified controls, 3-fold on 24 h NaOH-treated scaffolds, and 2.2-fold on 

72 h NaOH-treated scaffolds). Cell proliferation on 72 h NaOH-treated scaffolds was not 

significantly different from the unmodified controls at all time points. 
 

 
Figure 5. MC3T3-E1 seeding efficiency and proliferation on control PCL, NaOH-treated, and RGD-immobilized 

scaffolds. (a) Seeding efficiency measured 12 h post seeding on different surface-modified scaffolds was not statistically 

different. (b) MC3T3-E1 proliferation on scaffolds was measured after 3, 7, and 14 days of culture. The proliferation of 

cells on the scaffolds were compared relative to day 1. Cell proliferation was significantly higher on RGD-immobilized 

scaffold compared to all other groups after 7 and 14 days of culture. Cell proliferation was significantly higher on 24 h 

NaOH-treated compared to 72 h NaOH-treated and control PCL scaffolds after 7 and 14 days of culture. Values are 

mean ± SD (n=3). **Significantly different from other groups, p<0.01, ***p<0.001, ##significantly different from 72 h 

NaOH-treated and control PCL, p<0.01. 
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and 72 h NaOH-treated scaffolds, some collagen was observed on the strands and in the voids 

between strands, but it was not as abundant as in the RGD-immobilized and 24 h NaOH-treated 
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deposition on 24 h NaOH-treated and RGD-immobilized scaffolds was significantly increased 

compared to unmodified controls (24 h NaOH-treated scaffolds, 1.6-fold; RGD-immobilized 

scaffolds, 2.1-fold increase; Fig. 6c). Moreover, collagen deposition on the RGD-immobilized 

scaffolds was significantly higher compared to 24 h NaOH-treated scaffolds (Fig. 6c).  
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Calcium deposition and ALP activity by MC3T3-E1 pre-osteoblasts on surface-modified 
and unmodified PCL scaffolds 
Optical images of the alizarin red stained cell/scaffold construct showed cellular calcium 

deposition (Fig. 7a). The red stain represents areas with calcium minerals. More red stain was 

observed on 24 h NaOH-treated scaffolds indicating more calcium deposition on this scaffold 

compared to other scaffolds tested. Scarce calcium deposition was observed on unmodified 

controls, 72 h NaOH-treated scaffolds, and RGD-immobilized scaffolds. Optical density of the 

extracted stain from 24 h NaOH-treated scaffolds was increased by 1.9-fold compared to 

unmodified controls (p<0.001; Fig. 7b). This quantitatively verified the higher levels of calcium 

deposition observed in figure 7a. No significant difference in calcium deposition was observed 

between unmodified control, 72 h NaOH-treated, and RGD-immobilized scaffolds. ALP activity of 

MC3T3-E1 pre-osteoblasts on NaOH-treated, RGD-immobilized, and unmodified PCL scaffolds 

was measured at day 14 and normalized to total protein content (Fig. 7c). ALP activity on the 24 

h NaOH-treated scaffolds was increased by 4.9-fold compared to unmodified controls (p<0.0001). 

Moreover, ALP activity on the RGD-immobilized scaffolds was increased by 2.0-fold compared to 

unmodified controls (p<0.01). NaOH treatment for 72 h did not increase the ALP activity compared 

to unmodified controls. 
 

 

DISCUSSION 
 

Surface modification of tissue engineering scaffolds plays a key role in improving the performance 

of scaffolds since cell-scaffold interactions are strongly influenced by the physicochemical 

properties of the scaffold surface [35]. PCL is widely used for fabrication of bone tissue 

engineering scaffolds, but it does not support cell attachment and/or proliferation due to its surface 

hydrophobicity and inertness [36]. Chemical surface modification of PCL with NaOH to introduce 

functional carboxyl and hydroxyl groups has received much attention [16,23,37,38]. 

Immobilization of RGD peptide on the surface of PCL has also been used to facilitate cell 

attachment and subsequent proliferation [19,20]. The cellular response to the same surface 

modification may be different when the scaffold is a film, a porous spongy structure, or when the 

scaffold consists of 3D-printed strands. This study aimed to test the proliferation and osteogenic 

differentiation potential of chemically surface-modified versus RGD-immobilized 3D-printed PCL 

scaffolds containing MC3T3-E1 pre-osteoblasts. We found that (i) NaOH-treated scaffolds, but 

not RGD-immobilized scaffolds, displayed a honeycomb-like surface pattern; (ii) seeding 
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efficiency of scaffold groups was similar; (iii) proliferation and collagenous matrix deposition was 

highest in the RGD-immobilized scaffolds; (iv) ALP activity was higher in NaOH-treated scaffolds 

compared to RGD-immobilized scaffolds; (v) NaOH-treated scaffolds, but not RGD-immobilized 

scaffolds, increased calcium deposition. Therefore, our results showed enhanced osteogenic 

differentiation potential in 24 h NaOH-treated scaffolds compared to RGD-immobilized scaffolds 

in vitro, suggesting that chemical treatment of 3D-printed PCL scaffolds by 3 M NaOH for 24 h 

might be more promising for in vivo bone regeneration than RGD immobilization. 
 

 

 

 
Figure 7. Osteogenic activity of MC3T3-E1 on control PCL, NaOH-treated, and RGD-immobilized scaffolds after 14 

days of culture. (a) Calcium mineralization visualized by alizarin red staining. More red stain was observed on 24 h 

NaOH-treated scaffolds indicating more calcium deposition on this scaffold compared to other scaffolds tested. Scarce 

calcium deposition was observed on unmodified controls, 72 h NaOH-treated scaffolds, and RGD-immobilized 

scaffolds. (b) Quantification of the staining. Higher optical density was obtained for 24 h NaOH-treated scaffold 

compared to all other groups which indicates higher levels of calcium deposition. (c) ALP activity was significantly 

higher on 24 h NaOH-treated scaffold compared to all other groups. ALP activity was significantly higher on RGD-

immobilized compared to 72 h NaOH-treated and control PCL scaffolds. Scale bar, 500 µm. Black arrows, areas with 

calcium minerals. Values are mean ± SD (n=3). ***Significantly different from other groups, p<0.001, #significantly 

different from 72 h NaOH-treated and control PCL, p<0.05. 
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Calcium deposition and ALP activity by MC3T3-E1 pre-osteoblasts on surface-modified 
and unmodified PCL scaffolds 
Optical images of the alizarin red stained cell/scaffold construct showed cellular calcium 

deposition (Fig. 7a). The red stain represents areas with calcium minerals. More red stain was 

observed on 24 h NaOH-treated scaffolds indicating more calcium deposition on this scaffold 

compared to other scaffolds tested. Scarce calcium deposition was observed on unmodified 

controls, 72 h NaOH-treated scaffolds, and RGD-immobilized scaffolds. Optical density of the 

extracted stain from 24 h NaOH-treated scaffolds was increased by 1.9-fold compared to 

unmodified controls (p<0.001; Fig. 7b). This quantitatively verified the higher levels of calcium 

deposition observed in figure 7a. No significant difference in calcium deposition was observed 
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MC3T3-E1 pre-osteoblasts on NaOH-treated, RGD-immobilized, and unmodified PCL scaffolds 

was measured at day 14 and normalized to total protein content (Fig. 7c). ALP activity on the 24 

h NaOH-treated scaffolds was increased by 4.9-fold compared to unmodified controls (p<0.0001). 

Moreover, ALP activity on the RGD-immobilized scaffolds was increased by 2.0-fold compared to 

unmodified controls (p<0.01). NaOH treatment for 72 h did not increase the ALP activity compared 

to unmodified controls. 
 

 

DISCUSSION 
 

Surface modification of tissue engineering scaffolds plays a key role in improving the performance 

of scaffolds since cell-scaffold interactions are strongly influenced by the physicochemical 

properties of the scaffold surface [35]. PCL is widely used for fabrication of bone tissue 

engineering scaffolds, but it does not support cell attachment and/or proliferation due to its surface 

hydrophobicity and inertness [36]. Chemical surface modification of PCL with NaOH to introduce 

functional carboxyl and hydroxyl groups has received much attention [16,23,37,38]. 

Immobilization of RGD peptide on the surface of PCL has also been used to facilitate cell 

attachment and subsequent proliferation [19,20]. The cellular response to the same surface 

modification may be different when the scaffold is a film, a porous spongy structure, or when the 

scaffold consists of 3D-printed strands. This study aimed to test the proliferation and osteogenic 

differentiation potential of chemically surface-modified versus RGD-immobilized 3D-printed PCL 

scaffolds containing MC3T3-E1 pre-osteoblasts. We found that (i) NaOH-treated scaffolds, but 

not RGD-immobilized scaffolds, displayed a honeycomb-like surface pattern; (ii) seeding 
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efficiency of scaffold groups was similar; (iii) proliferation and collagenous matrix deposition was 

highest in the RGD-immobilized scaffolds; (iv) ALP activity was higher in NaOH-treated scaffolds 

compared to RGD-immobilized scaffolds; (v) NaOH-treated scaffolds, but not RGD-immobilized 

scaffolds, increased calcium deposition. Therefore, our results showed enhanced osteogenic 

differentiation potential in 24 h NaOH-treated scaffolds compared to RGD-immobilized scaffolds 

in vitro, suggesting that chemical treatment of 3D-printed PCL scaffolds by 3 M NaOH for 24 h 

might be more promising for in vivo bone regeneration than RGD immobilization. 
 

 

 

 
Figure 7. Osteogenic activity of MC3T3-E1 on control PCL, NaOH-treated, and RGD-immobilized scaffolds after 14 

days of culture. (a) Calcium mineralization visualized by alizarin red staining. More red stain was observed on 24 h 

NaOH-treated scaffolds indicating more calcium deposition on this scaffold compared to other scaffolds tested. Scarce 

calcium deposition was observed on unmodified controls, 72 h NaOH-treated scaffolds, and RGD-immobilized 

scaffolds. (b) Quantification of the staining. Higher optical density was obtained for 24 h NaOH-treated scaffold 

compared to all other groups which indicates higher levels of calcium deposition. (c) ALP activity was significantly 

higher on 24 h NaOH-treated scaffold compared to all other groups. ALP activity was significantly higher on RGD-

immobilized compared to 72 h NaOH-treated and control PCL scaffolds. Scale bar, 500 µm. Black arrows, areas with 

calcium minerals. Values are mean ± SD (n=3). ***Significantly different from other groups, p<0.001, #significantly 

different from 72 h NaOH-treated and control PCL, p<0.05. 
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Introduction of functional hydroxyl and carboxyl groups to a material surface results in 

increased hydrophilicity [39]. Treatment of the PCL surface with NaOH results in the scission of 

PCL ester bonds and therefore, more hydroxyl and carboxyl groups are created on the surface 

[40]. Moreover, since the degradation of PCL occurs by ester bond hydrolysis, treatment of the 

PCL surface with NaOH accelerates PCL degradation [41]. It has been reported that PCL with 

Mw 66000-80000 fully degrades in about 3-4 years in vivo [42]. When PCL surface is treated with 

NaOH, depending on the treatment time and NaOH concentration used, the polymer chains at 

the surface are cleaved while the bulk of the polymer remains intact. Therefore, accelerated 

surface degradation occurs in vivo until the surface layer that was treated with NaOH fully 

degrades and the bulk of the polymer is exposed [40]. From this point on, degradation of the 

scaffold occurs with the same rate as an unmodified PCL scaffold. We found an increase in the 

intensity of C-O-H (hydroxyl and carboxyl) compared to C-O-C (ester) bonds in NaOH-treated 

scaffolds. Moreover, a higher density of hydrophilic functional groups (hydroxyl and carboxyl) 

were introduced to the surface of 72 h NaOH-treated scaffolds compared to 24 h NaOH-treated 

scaffolds. It is well known that super hydrophilic and super hydrophobic surfaces inhibit cell 

attachment and moderately hydrophilic surfaces (water contact angel measurements averaging 

40°) optimally promote cell attachment [39,43,44]. On the other hand, immobilization of RGD on 

the surface of PCL facilitates cell attachment and subsequent proliferation. Therefore, both 24 h 

NaOH-treated scaffolds, having moderate hydrophilicity, and RGD-immobilized scaffolds, having 

cell recognition sites, might be favorable for pre-osteoblast attachment and proliferation. 

Surface topography of scaffolds strongly affects cell behavior [45,46]. In the current study, 

RGD immobilization on the surface of 3D-printed PCL scaffolds did not change the smooth 

surface topography of PCL, while NaOH-treated scaffolds displayed a honeycomb-like surface 

pattern consisting of oval pores. An increase in pore dimensions with increasing treatment time 

from 24 to 72 h was expected since it has been reported that the longer PCL strands are subjected 

to NaOH, the more surface degradation occurs [40,47]. Our results agree with data by others who 

observed a rougher topography on PCL surface after NaOH treatment, with larger pores for longer 

immersion times [46,48,48]. It has been shown that surfaces with relatively high roughness (high 

Ra values) and smooth surfaces with no roughness (low Ra values) are neither suitable for cell 

activities [50-52]. If the surface has increased micrometer-scale roughness, it is possible that cells 

cannot establish effective cell-cell and/or cell-matrix interactions because it is difficult to bridge 

the irregularities of the surface. Very deep valleys in the surface with high roughness might also 

interfere with osteoblast migration [53]. On the other hand, surface roughness and stiffness play 

an important role in directing osteogenic differentiation [54]. Therefore, it can be speculated that 
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24 h NaOH-treated scaffolds having strands with sub-micron pores, might be favorable for pre-

osteoblast osteogenic differentiation. 

We found that surface modification of scaffolds using 3 M NaOH for 24 h resulted in more 

extracellular matrix deposition compared to modification with 1 or 5 M NaOH for 24 h. This 

relatively high NaOH concentration (3 M) and long treatment time (24 h) is in contrast to treatment 

regimes for electrospun and porous PCL scaffolds, which are normally immersed in lower 

concentrations of NaOH (0.5 or 1 M) or for shorter times (2 or 1 h) to prevent degradation and 

loss of mechanical integrity of the scaffold [16,23,55,56]. However, in our study using 3D printing, 

solid PCL strands with no porosity or feature were obtained and therefore, NaOH concentrations 

lower than 3 M and treatment times shorter than 24 h did not effectively change scaffold 

hydrophilicity as was evident by semi-spherical shape of water drop on top of the scaffold. 

We found that seeding efficiency of both NaOH-treated and RGD-immobilized scaffolds 

was similar to the seeding efficiency of unmodified PCL indicating that the same number of cells 

attached to the scaffolds in the first 12 h after cell seeding. This could be explained by the same 

large 3D architecture of all scaffolds enabling cell entrapment within the structure. Upon continued 

culturing, cell proliferation was almost the same on all scaffolds after 3 days but diverged at later 

time points. This suggests that our modifications show their effect on cell proliferation only in later 

stages and not within 12 h of cell seeding. This is in agreement with published data showing that 

seeding efficiency is similar on unmodified PCL scaffolds and PCL scaffolds functionalized with 

hyaluronic acid and β-TCP, while proliferation and osteogenic activity is different in the following 

days [57]. After 14 days of culture, cell proliferation and collagenous matrix deposition was higher 

on 24 h NaOH-treated and RGD-immobilized scaffolds compared with unmodified controls, 

indicating that both 24 h NaOH-treated scaffolds and RGD-immobilized scaffolds are favorable 

for the enhancement of pre-osteoblast proliferation and matrix deposition. 

We found higher ALP activity and calcium deposition, indicating enhanced osteogenic 

differentiation on 24 h NaOH-treated scaffolds compared to all other groups. Interestingly, the 24 

h NaOH-treated scaffolds outperformed the RGD-immobilized counterparts in both osteogenic 

markers (i.e. ALP activity and calcium deposition), while proliferation was higher on RGD-

immobilized compared with 24 h NaOH-treated scaffolds. We speculate that the lower rate of cell 

proliferation on 24 h NaOH-treated scaffolds compared to RGD-immobilized scaffolds after 7 days 

reflects an earlier and more efficient induction of osteogenic cell differentiation on 24 h NaOH-

treated scaffolds with a concomitant later and decreased osteogenic response on the RGD-

immobilized scaffolds. This is in agreement with published data by others showing that cell 

proliferation and differentiation show a remarkable inverse relationship [58]. This is also consistent 
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24 h NaOH-treated scaffolds having strands with sub-micron pores, might be favorable for pre-

osteoblast osteogenic differentiation. 

We found that surface modification of scaffolds using 3 M NaOH for 24 h resulted in more 

extracellular matrix deposition compared to modification with 1 or 5 M NaOH for 24 h. This 

relatively high NaOH concentration (3 M) and long treatment time (24 h) is in contrast to treatment 

regimes for electrospun and porous PCL scaffolds, which are normally immersed in lower 

concentrations of NaOH (0.5 or 1 M) or for shorter times (2 or 1 h) to prevent degradation and 

loss of mechanical integrity of the scaffold [16,23,55,56]. However, in our study using 3D printing, 

solid PCL strands with no porosity or feature were obtained and therefore, NaOH concentrations 

lower than 3 M and treatment times shorter than 24 h did not effectively change scaffold 

hydrophilicity as was evident by semi-spherical shape of water drop on top of the scaffold. 

We found that seeding efficiency of both NaOH-treated and RGD-immobilized scaffolds 

was similar to the seeding efficiency of unmodified PCL indicating that the same number of cells 

attached to the scaffolds in the first 12 h after cell seeding. This could be explained by the same 

large 3D architecture of all scaffolds enabling cell entrapment within the structure. Upon continued 

culturing, cell proliferation was almost the same on all scaffolds after 3 days but diverged at later 

time points. This suggests that our modifications show their effect on cell proliferation only in later 

stages and not within 12 h of cell seeding. This is in agreement with published data showing that 

seeding efficiency is similar on unmodified PCL scaffolds and PCL scaffolds functionalized with 

hyaluronic acid and β-TCP, while proliferation and osteogenic activity is different in the following 

days [57]. After 14 days of culture, cell proliferation and collagenous matrix deposition was higher 

on 24 h NaOH-treated and RGD-immobilized scaffolds compared with unmodified controls, 

indicating that both 24 h NaOH-treated scaffolds and RGD-immobilized scaffolds are favorable 
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treated scaffolds with a concomitant later and decreased osteogenic response on the RGD-

immobilized scaffolds. This is in agreement with published data by others showing that cell 

proliferation and differentiation show a remarkable inverse relationship [58]. This is also consistent 
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with data by Fu et.al. showing that MC3T3-E1 pre-osteoblast proliferation on graphene 

oxide/PLGA/hydroxyapatite/bone morphogenic protein-2 (BMP-2) scaffolds stops while 

osteogenic differentiation follows after 7 days of culture [59]. On the other hand, similar ALP 

activity and calcium deposition on unmodified controls and 72 h NaOH-treated scaffolds indicate 

that the surface of the 72 h NaOH-treated scaffolds hampers not only proliferation, but also 

osteogenic activities. Therefore, 24 h NaOH-treated scaffolds seem more promising in enhancing 

bone formation. 

 

 

CONCLUSION 
 

In summary, proliferation, matrix deposition, and differentiation of MC3T3-E1 pre-osteoblasts in 

3D-printed PCL scaffolds modified with NaOH treatment or RGD immobilization were investigated 

in the present study. Our data demonstrate that RGD immobilization (0.011 µg/mg scaffold) on 

the surface and 24 h NaOH treatment of the surface of 3D-printed PCL scaffold both enhance 

pre-osteoblast proliferation and matrix deposition while only 24 h NaOH treatment results in 

increased osteogenic activity, making it the treatment of choice to promote bone formation by 

osteogenic cells. 
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11. Lin CH, Chang MC, Hung SC, Lee SY, Lin YM. Bioactive surface modification of polycaprolactone using 

MG63-conditioned medium can induce osteogenic differentiation of mesenchymal stem cells. J Mater 

Sci 2017;52:3967-3978. 

12. Chen CH, Lee MY, Shyu VBH, Chen YC, Chen CT, Chen JP. Surface modification of polycaprolactone 

scaffolds fabricated via selective laser sintering for cartilage tissue engineering. Mater Sci Eng C 

2014;40:389-397. 

13. Li J, Chen M, Wei X, Hao Y, Wang J. Evaluation of 3D-printed polycaprolactone scaffolds coated with 

freeze-dried platelet-rich plasma for bone regeneration. Materials 2017;10:831-847. 
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with data by Fu et.al. showing that MC3T3-E1 pre-osteoblast proliferation on graphene 

oxide/PLGA/hydroxyapatite/bone morphogenic protein-2 (BMP-2) scaffolds stops while 

osteogenic differentiation follows after 7 days of culture [59]. On the other hand, similar ALP 

activity and calcium deposition on unmodified controls and 72 h NaOH-treated scaffolds indicate 

that the surface of the 72 h NaOH-treated scaffolds hampers not only proliferation, but also 

osteogenic activities. Therefore, 24 h NaOH-treated scaffolds seem more promising in enhancing 

bone formation. 

 

 

CONCLUSION 
 

In summary, proliferation, matrix deposition, and differentiation of MC3T3-E1 pre-osteoblasts in 

3D-printed PCL scaffolds modified with NaOH treatment or RGD immobilization were investigated 

in the present study. Our data demonstrate that RGD immobilization (0.011 µg/mg scaffold) on 

the surface and 24 h NaOH treatment of the surface of 3D-printed PCL scaffold both enhance 

pre-osteoblast proliferation and matrix deposition while only 24 h NaOH treatment results in 

increased osteogenic activity, making it the treatment of choice to promote bone formation by 

osteogenic cells. 
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