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ABSTRACT. For bone tissue engineering applications, scaffolds that mimic the porous structure 

of the extracellular matrix are highly desirable. Herein, we employ a PCL/HA-based scaffold 
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with a double-scaled architecture of small pores coupled to larger ones. To improve the 

osteoinductivity of the scaffold, we incorporate two different growth factors via polydopamine 

(PDA) coating. As a first step, we identify the maximum amount of PDA that can be deposited 

onto the scaffold. Next, to allow for the deposition of a second PDA layer which, in turn, will 

allow to increase the loading of growth factors, we incorporate a dithiol connecting layer. The 

thiol groups covalently react with the first PDA coating through Michael addition while also 

allowing for the incorporation of a second PDA layer. We load the first and second PDA layers 

with bone morphogenic protein-2 (BMP2) and vascular endothelial growth factor (VEGF), 

respectively, and evaluate the osteogenic potential of the functionalised scaffold by cell viability, 

alkaline phosphatase activity and the expression of three different osteogenesis-related genes of 

pre-seeded human mesenchymal stem cells. Through these studies, we demonstrate that the 

osteogenic activity of the scaffolds loaded with both BMP2 and VEGF is greater than scaffolds 

loaded only with BMP2. Importantly, the osteoinductivity is higher when the scaffolds are 

loaded with BMP2 and VEGF in two different PDA layers. Taken together, these results indicate 

that the as-prepared scaffolds could be a useful construct for bone-tissue applications. 

1. INTRODUCTION 

Despite the tremendous regenerative capacity of bone tissue, large bone defects resulting from 

trauma, infection or tumour resection require therapeutic intervention to promote bone repair and 

regeneration. So far, autologous bone grafting is the “gold standard” treatment strategy. 

However, transplanting bone from a different part of the body into the defect site, requires 

additional surgery which may lead to pain, morbidity and risk of infection.[1,2] Additionally, 

autologous bone grafting materials have particularly limited availability and poor quality in 
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patients suffering from osteoporosis.[3,4] To overcome these drawbacks, novel approaches in the 

form of synthetic scaffolds have emerged as a powerful alternative. Such synthetic constructs 

consisting of three-dimensional (3D) biomaterials are expected to provide a suitable environment 

for cells by eliciting specific cellular responses, which will then lead to tissue and organ 

regeneration. Being hydroxyapatite (HA) the major inorganic component of bones, a large 

number of HA-based scaffolds have been developed.[5] However, HA on its own displays poor 

mechanical strength, lack of flexibility, fragility and slow degradation rates which hinder the 

process of bone remodelling.[6] Therefore, the scaffolds are usually fabricated using HA in 

combination with polymers. While both natural (e.g., collagen, chitosan or alginate) and 

biodegradable synthetic polymers have been considered; the latter are preferred since they render 

scaffolds with enhanced mechanical properties.[7,8] Amongst them, poly(ε-caprolactone) (PCL), 

a non-toxic biodegradable semi-crystalline polymer, has been employed in combination with HA 

to provide composite scaffolds with well-defined porous structures.[9–12] This is an important 

aspect, since within biological tissues the cells together with the extracellular matrix (ECM) are 

arranged to create interconnected macro- and microporous 3D architectures.[2] While 

macropores of a few hundred microns are needed to promote cell growth, proliferation and 

migration; a small network of pores with sizes ranging from 1 to 80 microns allows for cell 

attachment.[13,14] Importantly, the small diameter pore network also allows for the diffusion of 

necessary oxygen, nutrients and metabolic waste removal within the scaffold.[2] 

Amongst the different reported techniques used to fabricate porous polymers, supercritical (sc) 

CO2 foaming has received a great amount of interest in tissue engineering, since it renders 

scaffolds where the pore size can be fine-tuned by the selection of the right conditions (e.g., 

temperature, pressure drop, etc.).[15–18] Moreover, it has been shown that by conducting a two-
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step depressurization process, the fabrication of scaffolds with a pore size distribution 

(mesopores and/or small macropores and large macropores) becomes feasible.[19,20] Finally, 

the use of plasticizers together with sc CO2 has proven to be a powerful approach to increase 

pore network interconnectivity.[21] This is an important aspect since cell migration, as well as 

transport of nutrients and waste removal, are constrained if the pores are not interconnected.[22] 

In this work, PCL/HA based composite scaffolds with a double-scaled architecture of small 

pores (60–80 μm) coupled to larger ones (250–350 μm) have been fabricated using a reported sc 

CO2 foaming technique that uses ethyl acetate as the plasticizing additive.[18] Nonetheless, 

despite the potential of PCL/HA scaffolds with such distribution of pore sizes, their applicability 

in bone tissue engineering (BTE) is still currently hindered due to the restricted osteoinductive 

ability of HA together with the hydrophobic nature of PCL, which does not favour cell adhesion 

and proliferation. An approach to overcome this limitation is the functionalisation of scaffolds 

with growth factors (GFs). Within our organism, bone fracture healing relies on the action of a 

spatiotemporal cascade of GFs at the injure site which, by specific binding to transmembrane 

receptors, instructs the behaviour of several cell types including osteocytes but also 

inflammatory, vascular or mesenchymal cells.[23] Thus, in addition to mimicking the porous 

architecture of the ECM, the scaffolds should also be equipped with functional biomolecules 

such as GFs.[2] Furthermore, scaffolds functionalization with multiple GFs, which better mimics 

the in vivo situation, results in enhanced bone-healing process.[24] 

Hence, the main objective of this work is to fabricate a PCL/HA composite scaffold with a 

bimodal distribution of pore sizes, which is subsequently functionalized with GFs. Bone 

morphogenetic protein-2 (BMP2) and vascular endothelial growth factor (VEGF) are the chosen 

GFs. While BMP2 is a very well characterized osteoinductive GF already approved by the FDA 
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for clinical use;[25] recent studies have demonstrated augmented bone regeneration when using 

the combination of VEGF and BMP2 as compared to BMP2 alone.[26,27] As a method to 

immobilize the two GFs within the scaffold, we make use of the self-polymerization of 

dopamine (DA) into polydopamine (PDA) at slightly alkaline conditions. Since its discovery, 

PDA has received a great deal of attention as a result of its ability to adhere into virtually any 

type of substrate independently of material or shape.[28,29] Additionally, PDA can also act as an 

intermediate allowing for the conjugation of biomolecules onto surfaces without the need of a 

surface pre-treatment,[30–33] which results on a straightforward and efficient way for the 

immobilization of GFs.[30–33] Furthermore, PDA coatings by themselves significantly enhance 

cell adhesion and proliferation of various cell types including osteoblasts.[34] 

Thus, herein, i) a PCL/HA-based scaffold with an interconnected porous architecture with 

different pore size ranges was fabricated; ii) different PDA-coating conditions to allow for 

maximum BMP2 immobilization were evaluated; iii) the way in which surface coating with 

BMP2 enhances the osteogenic differentiation of human mesenchymal stem cells (hMSCs) was 

investigated; iv) thiol-containing linkers were introduced to covalently react with the first PDA 

layer by Michael addition reaction and the conditions allowing for the deposition of a second 

PDA layer were identified and, finally, v) VEGF was incorporated together with BMP2 and the 

osteogenic potential of the surface coating when both GFs are immobilized within the same or in 

separated PDA layers was evaluated (Scheme 1). 

2. MATERIALS AND METHODS 

2.1. Materials.  
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Poly(ɛ-caprolactone) (PCL) (Mw = 80 kDa, Tm = 59 – 64 °C), hydroxyapatite nanoparticles 

(HA-NPs) (< 200 nm), ethyl acetate (EA), ethyl lactate (EL), 1,9-nonanedithiol, 

Tris(hydroxymethyl)amino-methane (TRIS), phosphate buffered saline (PBS), sodium chloride 

(NaCl), dopamine hydrochloride (DA), Triton X-100, bovine serum albumin (BSA), TRITC-

phalloidin, paraformaldehyde (PFA), ethanol (EtOH), fetal bovine serum (FBS), trypsin and 

PrestoBlue® cell viability reagent kit were purchased from Sigma-Aldrich (Saint Louis, 

MO,USA). Mesenchymal stem cell growth medium BulletKit
TM 

(MSCGM
TM

), mesenchymal 

stem cell basal medium (MSCBM
TM

) and MSCGM
TM

 SingleQuots Supplement Kit were 

purchased from Lonza (Basel, Switzerland). RNeasy Mini Kit was purchased from Qiagen. 

Recombinant human BMP-2 (BMP2), VEGF recombinant human protein (VEGF), BMP2 

human ELISA Kit, 4′,6-diamidino-2-phenylindole (DAPI), iTaq universal SYBR Green One-

Step kit and mammalian protein extraction reagent (M-PER®) were purchased from 

ThermoFisher Scientific (Waltham, MA, USA). SensoLyte® pNPP Alkaline Phosphatase Assay 

Kit was purchased from Anaspec (Fremont, CA, USA). The human mesenchymal stem cells 

(hMSCs) were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA).  

Runt-related transcription factor 2 (RUNX2, Unique Assay ID: qHsaCID0006726), alkaline 

phosphatase (ALP, Unique Assay ID: qHsaCED0045991), osteocalcin (OCN, Unique Assay 

ID: qHsaCED0038437) and β-actin (ACTB, Unique Assay ID: qHsaCED0036269) primers were 

purchased from Bio-Rad (Bio-Rad, Denmark).  

Two types of buffers were used throughout all of the experiments: TRIS1 buffer (10 mM TRIS, 

pH 7.4), TRIS2 buffer (10 mM TRIS and 150 mM NaCl, pH 7.4). The buffer solutions were 

made with ultrapure water (Milli-Q (MQ) gradient A 10 system, resistance 18 MV cm, TOC <4 

ppb, EMDMillipore, USA). 
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2.2. Cell Culture.  

hMSCs were grown MSCGM
TM

 BulletKit
TM

 consisting MSCBM
TM 

basal media supplemented 

with MSCGM
TM

 SingleQuots Supplement Kit and 10% FBS. All experiments were performed at 

a seeding density of 20 × 10
3
 cells per scaffold (with a size of 5 mm × 5mm × 5mm) using 

hMSC at passages between 2 to 5. 

2.3. Scaffolds Fabrication.  

Composite scaffolds containing 10% HA were fabricated following a previously reported 

protocol.[18] First, a PCL/HA powdered mixture was prepared by dispersing HA-NPs (0.06 g) in 

EL (2 mL), which rendered a homogeneous suspension following magnetic stirring (30 min) and 

sonication (30 min). Next, the temperature of the suspension was increased up to 60 °C and PCL 

(0.6 g) was added to the mixture under magnetic stirring. The suspension was maintained at 

these conditions for 12 h until complete dissolution of the polymer. Next, the white suspension 

was then placed in the freezer at -20 ℃ for 3 h to induce gelation and the EL was extracted from 

the resulting gel by adding cold MQ water followed by sonication for 15 min. The obtained 

precipitate, consisting of a polymeric powder containing HA-NPs, was then filtered out and the 

remaining EL was extracted again with fresh cold MQ water followed by sonication. This 

process of EL extraction was repeated for at least three times. The obtained PCL/HA-based 

pellet was next dehydrated in EtOH. For that, cold EtOH was added to the precipitate followed 

by sonication (15 min). The precipitate was then filtered out and the process was repeated two 

more times. Finally, the PCL/HA-based precipitate was dried out at room temperature (RT) and 

ambient pressure.  
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Prior foaming with sc CO2, the PCL/HA-based precipitate (0.3 g) was compressed to form disc-

shaped tablets of 13 mm in diameter and 2 mm in thickness. The tablets were prepared 

employing a hydraulic press working at 3.7 MPa. Next, the sc CO2 foaming process was 

conducted in a 100 mL high-pressure vessel that had been previously cooled down to 5 °C. The 

PCL/HA tablet was placed on the top of a metallic support and 100 mL of EA were incorporated 

at the bottom of the vessel, together with a magnetic stirrer used to improve the CO2/EA mixing 

and to reduce the equilibrium time. The temperature was then raised up to 45 °C and liquid CO2 

was pumped into the vessel employing a high-pressure pump (500D Syringe Pump, Teledyne 

ISCO, NE, USA) up to 20 MPa to ensure achievement of supercritical conditions.[35] After 12 

h, the foaming was induced by damping the pressure to ambient conditions following a two-step 

depressurization profile to control the final pore structure. Thus, on a first step, the pressure was 

slowly released (over 60 min) to an intermediate pressure value of 7 MPa. After re-equilibration 

of the temperature to 45 °C, the second depressurization step was conducted by further releasing 

the pressure to ambient conditions within 5 min. Considering that decreasing the 

depressurization rate reduces the pore nucleation rate promoting pore growth;[19] such an 

approach is expected to promote the formation of large pores in the first and slow 

depressurization step and small pores during the second and fast depressurization step. Finally, 

the tablets were frozen in liquid nitrogen and cut employing a razor blade in several samples for 

analysis of 5 mm × 5 mm × 5 mm. 

2.4. Scaffolds Characterization.  

2.4.1. Mechanical Properties. To evaluate the mechanical behaviour of PCL/HA scaffolds, 

compression tests were performed at a constant compression rate of 0.5 mm min
-1

 using an 

Instron (model 5967, U.K.) mechanical tester with a 5 kN load cell. The scaffold samples were 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

 9 

cut into circular pieces with 5 mm diameter and around 5 mm thickness. All specimens were 

prepared and left to swell in PBS at 37 °C overnight prior to mechanical testing and subsequently 

compressed at ambient temperature. The elastic compression modulus (E) was defined as the 

slope of the initial linear portion of the stress (σ) vs. strain (ε) plots (between range 0% and 1%) 

while the compression yield strength (σY) was calculated with the modulus slope at 10% strain 

offset. Five cylindrical samples were tested. 

2.4.2. Morphology and Porosity. The surface morphology of the scaffolds was analysed by 

scanning electron microscopy (SEM) using a FEI Quanta 200 ESEM FEG (FEI-Company, 

USA). To assess the pore architecture, the samples were cross-sectioned and gold-sputtered (10 

nm thickness) employing Q150T ES Turbo-Pumped Sputter (Quorum Technologies, UK). 

Several images were taken at a working distance of 10 mm and a potential of 5 kV.  

The porosity of the samples was evaluated by the following equation (1): 

Porosity (%) =  [1 − (
ρscaffold

ρmaterial
)] × 100 

(1) 

Where ρscaffold is the density of the scaffold sample as determined by measuring the mass and the 

volume. ρmaterial is the density of the bulk material and is determined by the theoretical densities 

of both PCL and HA. The mass and volume of the scaffold samples was evaluated employing a 

high accuracy balance (X105 Dual range, Mettler Toledo, Denmark) and a high precision caliper, 

respectively. Three independent measurements were conducted. The pore size distribution of the 

scaffold was evaluated by analysing several SEM images by ImageJ software according to 

ASTM D3576.[19] At least three different scaffold samples were analysed and 100 pores were 

measured for each scaffold.  
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2.5. Optimization of the First Coating Layer.  

The different scaffold samples were weighted with a high accuracy balance (Mettler Toledo) and 

placed in individual vials. 300 µL of DA per 50 mg of scaffold sample at different concentrations 

(10, 20, 40 or 60 mg mL
-1

)
 
in 100 mM TRIS were added to each vial. Three different pHs (pH 

7.4, 8.0, 8.5) were also evaluated. The different samples were incubated for 1, 2 or 4 h at either 4 

℃ or at RT. After the incubation times, the scaffold samples were rinsed in TRIS2 (3×) in order 

to remove both the PDA excess and the unreacted DA. The PDA-coated scaffold samples were 

dried under vacuum overnight. Two samples were studied for each working condition.  

2.5.1. Thermogravimetric Analysis (TGA). The amount of PDA deposited onto the scaffolds 

depending on the studied condition was determined by TGA (Q500 TGA, TA Instrument, USA). 

TGA was carried out under constant nitrogen flow at a rate of 60 mL min
-1

. The samples were 

heated from 30 to 800 °C at a rate of 10 °C min
-1

 and the mass loss as a function of temperature 

was monitored.  

2.5.2. BMP2 Incorporation and Characterization. The scaffold samples (with a size of 5 mm 

× 5 mm × 5 mm) where coated as previously described but incorporating BMP2 (1 µg mL
-1

) into 

the DA solution. The reaction was conducted only at pH 7.4 in TRIS1 buffer.  

2.5.2.1. Cell Proliferation. The biocompatibility the BMP2-loaded scaffolds was evaluated by a 

cell proliferation assay for hMSCs after 1, 7, 14 and 21 days of cell culture. Prior seeding the 

cells, the scaffolds were sterilized with 70% ethanol, rinsed in PBS and pre-incubated for 6 h in 

complete MSCGM
 
medium at 37 °C and 5% CO2. Next, the scaffolds were transferred to a new 

well and hMSCs were seeded onto them. Briefly, the 80% confluent hMSC were detached from 

the culture flask by incubation in trypsin for 5 min. The hMSC suspension was then centrifuged 
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at 200 g for 5 min and re-suspended in new culture medium at a concentration of 20 × 10
3
 cells 

in 15 µL. Then, the cell suspension was slowly loaded onto the top surface of the scaffold as 

uniformly as possible, covering around 80 - 90% of the scaffolds surface. The well plates were 

placed into the incubator at 37 °C and 5% CO2 and, every 30 min, fresh medium (10 µL) was 

added onto the scaffolds to prevent the cells from drying out. After 4 h, fresh medium (300 µL) 

was added to the well and incubated at 37 °C and 5% CO2. In all assays the medium was 

refreshed every other day throughout the whole culture period. After the different time periods, 

the number of cells in each substrate was evaluated. The wells were first washed 2× in PBS and a 

mixture of MSGM medium (90 µL) and PrestoBlue cell viability reagent (10 µL) was added to 

each well and incubated for 1 h at 37 °C in the dark. Finally, the fluorescence intensity of the 

reduced resazurin product was measured at excitation/emission wavelengths of 535/615 nm, 

respectively, using a multimodal plate reader (Tecan Spark, TECAN, Switzerland). In order to 

correlate the measured absorbance values to the number of cells, calibration curves were 

prepared by seeding decreasing number of cells and measuring the fluorescence intensity at 615 

nm (excitation wavelength of 535 nm) after 24 h employing the microplate reader. 

2.5.2.2. Alkaline Phosphatase (ALP) Activity. The bioactivity of the BMP2 scaffolds was 

evaluated by quantifying the ALP activity of hMSCs at 1, 7, 14 and 21 days after seeding. For 

that, the same procedure as for the cell proliferation assay was conducted (see section 2.5.2.1). 

After the different incubation times, the cells were rinsed 3× in PBS and lysed with M-PER® 

(Mammalian Protein Extraction Reagent, Thermo Scientific, Waltham, USA). If ALP activity 

could not be quantified immediately, the cell lysates were collected and stored at -80 ℃. 

Otherwise, the supernatants were collected and incubated with p-nitrophenol phosphate (pNPP) 

using a SensoLyte® pNPP Alkaline Phosphatase Assay Kit (AnSpec, Inc., Canada). Next, the 
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solutions were incubated at RT in the dark for 30 min. A calibration curve was generated using 

standard p-nitrophenol solutions. The quantity of total p-nitrophenol produced by the cultured 

cells was obtained by comparing the absorption results against a calibration curve. The 

enzymatic ALP activity was represented as pg of reaction product (p-nitrophenol) per minute (30 

min in total) and normalized to the number of cells obtained in the cell proliferation assay. 

2.5.2.3. X-ray Photoelectron Spectroscopy (XPS). Surface atomic composition of scaffolds 

assembled using a 40 mg mL
-1

 DA concentration for 2 h at RT, was evaluated by XPS using an 

XPS fitting software (Avantage Software, ThermoFisher Scientific, Denmark). The XPS spectra 

were acquired with a Thermo Scientific K-Alpha XPS system (ThermoFisher Scientific, 

Denmark) operating with an EX06 ion source and a hemispheric analyser with 180° double focus 

and a 128 channel detector. High-resolution spectra were recorded with a pass energy of 25 eV at 

0.1 steps at a pressure below 6.3943 mbar. Two samples were studied for each working 

condition. 

2.6. Optimization of the Second Coating Layer.  

2.6.1. Dithiol Incorporation. Following incubation with DA to create the first PDA layer, the 

scaffolds were rinsed 3× in TRIS2 and immersed in a solution of 1,9-nonanedithiol in TRIS1 

buffer. Four different concentrations of 1,9-nonanedithiol were studied (i.e., 1, 5 or 10 mg mL
-1

) 

for two different incubation times (1 or 2 h) at RT. The samples were then rinsed 3× in TRIS2 to 

remove the dithiol excess and the second PDA layer was deposited by incubating the scaffolds in 

a 40 mg mL
-1

 DA solution in TRIS1 for 2 h. Next, the samples were rinsed 3× in TRIS2 and 

dried under vacuum overnight. To identify the amount of deposited PDA depending on the 
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dithiol concentration and incubation time, the different scaffold samples were analysed by TGA, 

as previously described (see section 2.5.1.). Two samples per condition were evaluated. 

2.6.2. VEGF Incorporation. VEGF was incorporated into the scaffolds (5 mm × 5 mm × 5 mm 

in size) either together with BMP2 within the first PDA layer (i.e., PDA-B:V) or alone within the 

second PDA coating layer (i.e., PDA-B/PDA-V). For the PDA-B:V scaffolds, the samples were 

prepared by incorporating VEGF (0.5 µg mL
-1

 in TRIS1) into the DA solution (40 mg mL
-1

 in 

TRIS1) containing also BMP2 (1 µg mL
-1

 in TRIS1) and incubated for 2 h at RT. For the 

sequential deposition of BMP2 and VEGF (i.e., PDA-B/PDA-V), the scaffolds were first 

incubated in a DA solution (40 mg mL
-1

 in TRIS1) containing BMP2 (1 µg mL
-1

 in TRIS1) for 2 

h at RT. Following 3× washes in TRIS2, the scaffolds were incubated in a dithiol solution (1 mg 

mL
-1

 in TRIS2) for 1 h at RT. Following 3× washes in TRIS1, the scaffolds were incubated in a 

DA solution (40 mg mL
-1

 in TRIS1) containing VEGF (0.5 µg mL
-1

 in TRIS1). The 

biocompatibility and bioactivity of the different scaffolds was evaluated by assessing the cell 

viability and quantifying the ALP activity of hMSCs cultured for different time intervals (i.e., 1, 

7, 14 and 21 days) as described previously (see sections 2.5.2.1 and 2.5.2.2). 

2.7. Osteogenic Gene Expression by qRT-PCR.  

Runt-related transcription factor 2 (RUNX2), ALP and osteocalcin (OCN) osteogenic-related 

genes and their expression levels were evaluated at 1, 3, 7 and 14 days by RT-qPCR. The mRNA 

of hMSC cells was extracted and collected at different time points using the RNeasy Mini Kit 

(Qiagen, Hilden, Germany) as described by the manufacturer’s protocol. Total RNA 

concentration and purity were quantified by Nanodrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Montchanin, DE, USA) and then samples were stored at -80 °C until RT-qPCR 

procedure. The RT-qPCR of the RNA targets (0.1 µg) was then performed using a iTaq universal 
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SYBR Green One-Step kit (Biorrad, Denmark) in a Chromo4
TM

 Detector (Bio-Rad). Specific 

primers were selected from Bio-Rad Laboratories (Bio-Rad) to amplify specific genes of 

osteoblast differentiation. The conditions included an initial heating at 50 °C for 10 min, a 

second heating of 95 °C for 1 min, followed by 40 cycles at 95 °C for 15 s and 55 °C for 30 s. 

No-RNA control and melting curve analysis were performed to measure the reliability of primers 

used in the RT-qPCR and the absence of contaminants or interferences. All samples were 

normalized by the expression levels of β-actin (ACTB, reference gene) and relative fold changes 

were related to PCL/HA at 1 day gene expression as follows: 

𝐹𝐶 =  
𝐸𝑡𝑎𝑟𝑔𝑒𝑡

𝛥𝐶𝑞,𝑡𝑎𝑟𝑔𝑒𝑡[𝑃𝐶𝐿/𝐻𝐴,1𝑑]

𝐸𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝛥𝐶𝑞,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒[𝑃𝐶𝐿/𝐻𝐴,1𝑑]

 
(5) 

Where Cq is the median value for the quantification cycle of the triplicate of each sample. E is 

the efficiency amplification and it is determined from the slope of the log-linear portion of the 

calibration curve, as: 

𝐸 =  101 𝑠𝑙𝑜𝑝𝑒⁄  (6) 

2.8. Cell Adhesion. 

Pre-seeded hMSCs onto the scaffolds were stained for nuclei and actin filaments following 1, 7 

and 14 days of cell culture. After the incubation times, the wells were rinsed 3× in PBS and 

fixated using 4% (v/v) PFA solution in PBS for 20 min followed by several washing steps in 

PBS. The cells were then permeabilized using a 0.1% Triton X solution in PBS for 15 min and 

then incubated in a 1% BSA solution in PBS for 1 h at RT to block the non-specific points. After 

thorough washing in PBS, the cells were incubated in a phalloidin-TRITC solution (3 µg mL
-1

 in 

PBS) for 1 h at RT in order to stain the actin filaments. Following several PBS washes, the cells 

were then incubated in a DAPI solution (20 µg mL
-1

) for 5 min also at RT for nuclei stainin.. The 
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stained cells onto the different scaffold samples were visualized by confocal laser scanning 

microscopy (CLSM) employing a Yokogawa CSU-W1 spinning disk confocal microscope 

(Nikon, Japan). 

2.9. BMP2 and VEGF Quantification and Release Kinetics.  

2.9.1. Enzyme-linked Immunosorbent Assay (ELISA). The amount of BMP2 and VEGF 

immobilized onto the scaffolds (50 mg of 5 mm × 5 mm × 5 mm in size) was calculated as the 

difference in the total amount of GFs of the starting and final solutions. The amount of BMP2 

and VEGF in the different solutions was evaluated making use of an ELISA kit following the 

manufacturer’s instructions (For BMP-2: Human BMP-2 ELISA Kit, Invitrogen, CA, USA and 

for VEGF: VEGF Human ELISA Kit, Invitrogen, CA, USA). Two standard curves were 

generated using known concentrations of BMP-2 and VEGF, respectively. The experiments were 

conducted in triplicate.  

2.9.2. BMP2 and VEGF Release Kinetics. The BMP2 and VEGF released from the scaffolds 

was assessed by incubating around 50 mg, weighted precisely, of the different prepared samples 

in 220 µL of PBS under shaking at 37 °C. At different time points (i.e., 1, 3, 7, 14 and 21 days) 

the supernatant was collected and stored at −80 °C and replaced by 220 µL of fresh PBS. The 

amounts of BMP-2 and VEGF in the collected supernatants were measured employing the 

ELISA kits and the previously obtained calibration curves. These experiments were conducted in 

triplicates.  

3. RESULTS AND DISCUSSION 

3.1. Scaffolds Fabrication and Characterization. 
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Since HA is part of the inorganic content of natural bones, HA-NPs have been widely employed 

for the bioengineering of bone tissues.[14] However, due to the brittleness of bioceramics, 

composite scaffolds constituted by HA-NPs together with synthetic polymers have been 

proposed.[36,37] In particular, several recent studies have focused on the fabrication of hybrid 

scaffolds of HA-NPs and PCL,[36,37] which is a biocompatible and biodegradable aliphatic 

polyester that has already been FDA approved for craniofacial indications.[38] Such studies have 

demonstrated successful attachment, proliferation and osteogenic differentiation of various cell 

types.[39,40]  

As a first step, the PCL/HA-based composite scaffold was evaluated in terms of its mechanical 

properties since, providing adequate mechanical support, is a central aspect for scaffolds in BTE. 

Figure 1a shows a representative σ vs. ε curve of the scaffold showing an initial linear-

characteristic region followed by a slight plateau and by a steeper increase of the σ values, which 

is characteristic of porous materials.[40] E and σY of the scaffolds were calculated as 4.2 ± 1.2 

MPa and 0.27 ± 0.04 MPa, respectively. While E was obtained from the slope of 0 to 1% strain 

(Figure 1a, red dashed box), σY was calculated at a 10% strain offset. While these values do not 

match the ones for natural bone, probably due to the lower amount of the inorganic HA 

component, they are in agreement with previous studies that reported E values for PCL/HA-

based scaffolds ranging from 0.24 to 32 MPa.[10,40,43,44]  

As previously mentioned, the scaffolds were prepared following a reported two-step 

depressurization sc CO2 foaming method, which results in materials displaying a 3D architecture 

with micro- and macropores. Upon applying the foaming procedure, the use of binary fluid 

mixtures of CO2 and a small amount of organic solvent as plasticizer (e.g., ethyl lactate) 

facilitates the plasticization/melting of the semi-crystalline PCL polymer when subjected to sc 
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conditions. As a direct consequence, foams with a homogeneous morphology and large and 

interconnected pores can be prepared at relatively low operating temperatures.[21] The measured 

pore size distribution is shown in Figure 1b. The scaffolds display small macropores in the range 

60-80 µm combined with larger ones in the range 80-300 µm. Extra-large pores of 300-550 µm, 

which are believed to promote angiogenesis thereby enhancing bone regeneration,[2] are also 

observed. The SEM images in Figure 1c and Figure S1 (Supporting Information) indicate the 

apparent high interconnectivity occurring in the pore network, in which the small pores grow 

inside the large ones. The porosity of the scaffold, determined by calculating the ratio of pore 

volume to total volume, was evaluated as 74.0 ± 5.0 %. This porosity is well within the range of 

bone (in particular cancellous spongy bone) thus highlighting the scaffolds potential in BTE.[14] 

3.2. Scaffolds Functionalization. 

3.2.1. Optimization of the First Coating Layer. 3.2.1.1. PDA Coating. While PCL scaffolds 

are promising bone substitute materials, their lack of functional groups results on poor 

bioactivity.[41] Approaches to render functional PCL scaffolds include chemical grafting of 

integrin-binding peptide,[42] or the deposition of polyelectrolytes by the layer-by-layer 

technique.[43] Herein, as an alternative approach, we make use of PDA, which is an efficient 

adhesive material able to spontaneously form a continuous coating layer on a variety of 

surfaces.[28,44,45] The self-polymerization of DA into PDA is a simple one-step process that 

does not involve organic solvents thus showing great potential for the immobilization of 

bioactive substances such as GFs. Furthermore, PDA coatings have recently also been employed 

to promote the regenerative capacity of cells for bone regeneration both in vitro and in 

vivo.[30,46] As such, the scaffold samples were incubated in a DA solution overnight and the 

PDA deposition was corroborated by the change from white to a dark-brown colour which is 
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characteristic of PDA (Figure 2a).[47] Photographic images of the scaffolds surface and a cross-

section reveal that the PDA coating takes place mainly on the scaffold’s edges, being rather 

limited within its core. Achieving homogeneous PDA coatings throughout the whole surface, an 

important requirement for further biomedical applications, could be achieved by increasing the 

interconnectivity of the scaffold pores. Follow up studies to improve the coating with PDA will 

involve incorporation of microparticulate silica[48] and/or using PCL of lower molecular 

weight[49] since both approaches have reported the ability to enhance the interconnectivity of 

scaffolds prepared by sc CO2.  

With the goal to load the highest amount of GFs, we first assessed different conditions that 

promoted the highest PDA deposition. The initial DA concentration, incubation time, pH or 

temperature have been reported to have an effect on the surface characteristics of the final PDA 

coatings.[50,51] Thus, the amount of deposited PDA per scaffold (expressed in volume) for 

different DA concentrations, incubation times, pHs and temperatures was determined by TGA. 

Figure S2a (Supporting Information) shows the thermal degradation of the PDA-coated 

scaffolds which underwent several steps beginning at ~200 ℃ and leaving ~15 wt% residue after 

the temperature reached ~400 ℃. Figure S2bi shows the TGA curve of PDA powder with a main 

degradation starting at ~300 ℃. After the temperature reached ~800 ℃, 41 wt% residue 

containing both PDA and char remained in the sample. The control experiments of bare PCL/HA 

scaffold samples indicated that ~90 wt% decomposed upon reaching a temperature of ~400 ℃ 

(Figure S1bii, Supporting Information). Previous studies have demonstrated that TGA curves for 

pure PCL display a main degradation step at the temperature range of 300 - 500 °C, but without 

carbonaceous residue.[52,53] Also, [52,53][51,52]Salerno et al. [19][19] demonstrated that HA 

alone produces a residue at 650 °C close to its nominal amount,[19] we can conclude that the 
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10% of residue corresponds to HA. Therefore, taking into account the complete degradation of 

PCL above 400 ℃, it is suggested that the 15 wt% residue left from the TGA data of the PDA-

coated scaffolds corresponds to both PDA and HA. 

To assess the amount of PDA deposited onto the PCL/HA scaffolds, several TGA thermograms 

for PDA only and bare PCL/HA scaffolds employing different amounts of starting material were 

conducted and, the initial weights of the sample against the residual weights at 800 °C, were 

plotted as shown in Figure S2b. The amount of PDA deposited (MPDA) onto the scaffold was 

calculated with the following equations: 

𝑀PCL/HA  = 0.1596 ∗ 𝑚PCL/HA + 0.03454  (2) 

𝑚PCL/HA−PDA = 𝑚PDA + 𝑚PCL/HA  (3) 

 𝑀PDA = 2.2796 ∗ 𝑚PDA + 0.03253         (4) 

Where mPDA, mPCL/HA and mPCL/HA_PDA are the residual weights for PDA, PCL/HA and PDA-

coated scaffolds, respectively, as assessed by the TGA thermograms at 800 °C. MPDA and 

MPCL/HA correspond to the weights of PDA and the uncoated scaffolds prior starting the TGA 

experiment. Figure 2b shows the amount of deposited PDA depending on the studied conditions. 

As expected, upon increasing the initial DA concentration, an increase in amount of deposited 

PDA is observed until a saturation point is reached. While a DA concentration of 10 mg mL
-1

 

results on the deposition of 15 × 10
-3

 mg of PDA for the longest incubation time at RT (Figure 

2bi); the amount of deposited PDA increases up to ~20 × 10
-3

 mg upon increasing the DA 

concentration to 20 mg mL
-1 

for the longest incubation time at RT (Figure 2bii). A slight increase 

in PDA deposition (to ~22 × 10
-3

 mg) is observed when increasing the DA concentration to 40 
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mg mL
-1 

(Figure 2biii). However, no further increase can be seen for a DA concentration of 60 

mg mL
-1

, thus indicating saturation of the scaffold (Figure 2biv). In general, it can also be 

observed that longer incubation times also lead to increased PDA deposition. For example, a 10 

mg mL
-1 

DA concentration for 1 h results on the deposition of ~9 × 10
-3

 mg of PDA; an amount 

that increases to ~15 × 10
-3

 mg upon increasing the incubation time to 4 h (Figure 2bi). Since the 

kinetics of self-polymerization of DA into PDA are also dependent on the pH of the aqueous 

solution,[54] the amount of deposited PDA was evaluated at three different pH values (i.e., pH 

8.5, 8.0 and 7.4). While slightly basic conditions of pH 8.5 have been reported as optimal for the 

self-polymerization kinetics, a pH value of 7.4 was chosen as the most favourable pH in order to 

preserve the GFs functionality during assembly. A pH value of 8.0 was selected as an 

intermediate option. Interestingly, no appreciable differences could be observed depending on 

the pH value. Thus, the GFs immobilization in the following experiments will be conducted in 

TRIS1 buffer at pH 7.4. Since higher temperatures accelerate the deposition of PDA on 

substrates,[50] incubation at RT resulted in higher PDA deposition as compared to incubation at 

4 ℃ for all the tested conditions. It should be noted that incubation temperature of 4 ℃ was 

chosen to preserve the GFs functionality during assembly in the following experiments. Thus, 

following experiments for the optimization of the scaffolds surface coating will be conducted at 

initial DA concentrations of both 40 and 60 mg mL
-1

, incubation times of both 2 and 4 h and at 

both RT and 4 ℃. However, since no difference in PDA deposition could be observed depending 

on the pH, only pH of 7.4 will be considered. 

3.2.1.2. BMP2 Incorporation. To accelerate the osteogenic activity of the PDA-coated scaffolds, 

we immobilized BMP2 within the PDA coating. BMP2 was chosen since multiple reports have 

demonstrated its ability to mediate osteogenic differentiation in vitro as shown by the enhanced 
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expression of osteogenic markers (i.e., ALP or osteocalcin).[33,51] Additionally, BMP2 has also 

received approval by the FDA to be used in orthopaedic surgery.[25]  

Thus, BMP2 was incorporated within the DA solution at a concentration 1 µg mL
-1

. Following 

incubation to generate BMP2-loaded scaffolds, their ability to induce osteogenic differentiation 

was evaluated by measuring the ALP activity of pre-seeded hMSCs. ALP was chosen due to the 

central role that this enzyme plays in the initiation of the mineralization process by cell 

differentiation.[55] hMSCs were employed due to their key role in fracture repair since they are 

able to differentiate into either chondrocytes or osteoblasts.[56] 

We compared the osteogenic potential of the bare scaffolds, PDA-coated or loaded with BMP2 

(PDA-B). With the aim to identify the conditions that promote the highest osteogenic 

differentiation, we studied two different DA concentrations (40 and 60 mg mL
-1

), incubation 

times (2 and 4 h) and temperatures (RT and 4 ℃). Prior assessing the ALP activity, the 

biocompatibility of the scaffolds as a result of the different coatings was evaluated by cell 

viability assays performed for up to 21 days for all the tested conditions. Figure 3a shows the 

normalized cell viability readings for bare and PDA-coated scaffolds for the two studied initial 

DA concentrations (40 and 60 mg mL
-1

), incubation times (2 and 4 h) and temperatures (RT and 

4 ℃) with or without the incorporation of BMP2. Interestingly, a significant increase in cell 

viability (up to 50%) was observed following coating by PDA for the two initial DA 

concentrations independently of the presence of BMP2. Such an increase was more pronounced 

for the shortest incubation times (i.e., 1 and 7 days). These results are not surprising since, PDA 

coatings, display a large amount of amine and hydroxyl groups. Many studies have demonstrated 

the ability of these functional groups on the surface of the scaffold in enhancing cell adhesion 

and growth.[57,58] Importantly, these cell viability experiments ensure that neither the PDA 
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coating nor the incorporation of BMP2 resulted on cytotoxic effects for all the studied 

conditions. 

Following on, the ALP activity, a strong indicator for early stage osteogenesis, was evaluated. 

Figure 3b shows, for all the studied conditions, an increase in the ALP activity of hMSCs 

following 7 and 14 days of cell culture. A sharp decrease in ALP activity was observed after 21 

days of cell culture. This is not surprising, since it is well known that HA/PCL scaffolds[59] as 

well as PDA coatings[50] play a role on early cell differentiation facilitating the mineralization 

and osteogenic differentiation of several cell lines. Importantly, incorporation of BMP2 onto the 

scaffolds (PDA-B) resulted on considerably higher ALP activity than in the other culture groups 

(e.g., almost ~2 fold increase as compared to the bare scaffold for day 14 for both DA 

concentrations). Interestingly, although as shown in Figure 2b, incubation of DA at RT resulted 

in much higher PDA deposition as compared to 4 ℃, no differences in ALP activity could be 

observed depending on the DA concentration, incubation time or temperature. These results 

indicate that thin PDA coatings may be sufficient to elicit an osteogenic response by hMSCs. 

Thus, for the following experiments, we chose the more convenient assembly conditions, 

namely, the lowest DA concentration (i.e., 40 mg mL
-1

) incubated for 2 h at RT. The amount of 

immobilized BMP2 was determined by quantifying the amount of BMP2 remaining in the 

soaking solution immediately after completing the incubation process. The results showed that 

71.4% of the added BMP2 was immobilized (resulting on 714 ± 120 ng of BMP2 per 5 mm × 5 

mm × 5 mm scaffold sample).  

To draw a stronger conclusion over the PDA coating and the immobilization of BMP2, we 

analysed the coated scaffolds by XPS. Figure 4a shows representative XPS spectra for the bare, 

PDA-, and PDA-B-coated scaffolds. While both carbon (C 1s, 288 eV) and oxygen (O 1s, 533 
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eV) peaks can be detected for the three studied scaffolds; the nitrogen peak (N 1s, 399 eV) could 

only be detected for PDA-coated scaffolds and scaffolds with immobilized BMP2 (PDA-B). The 

deconvolutions of the C 1s high-resolution spectra for the three different scaffolds showed the 

presence of two peaks at binding energies of ~284 and ~288 eV, corresponding to C-H and C=O, 

respectively (Figure 4b). However, C-N spectra was only detected for the PDA-modified 

surfaces (i.e., 285.7 and 285.4 eV for PDA and PDA-B coatings, respectively).[51] Furthermore, 

the intensity of the C-N spectra was higher for scaffolds incorporating BMP2 (PDA-B) as 

compared to PDA only. This fact can be attributed to the amine groups present in the PDA 

coating while, the further increase in the intensity of the C-N spectra for PDA-B coatings is 

attributed to the primary amines and amide bonds of the immobilized BMP2. Additionally, a 

small C-S spectrum peak at 286.4 was observed only for PDA-B scaffolds, which can be 

attributed to the cysteine amino acids of BMP2. Quantification of the atomic constitution by XPS 

showed no N 1s content for the bare scaffolds (Figure 4c). In contrast, PDA coating resulted on 

7.0 ± 0.1% N 1s content while BMP2 immobilization resulted on a very slight further increase to 

7.4 ± 0.1% in N 1s content. Importantly, only the scaffold with immobilized BMP2 showed an S 

2p content (up to 1.2 ± 0.1%) which can be unequivocally attributed to the sulphur-containing 

amino acids of BMP2.  

Taken together, the ALP activity, XPS spectra and the quantification results suggest efficient 

modification of the scaffold by the PDA coating and successful incorporation of BMP2. 

3.2.2. Optimization of the Second Coating Layer. 3.2.2.1. Introduction of a Dithiol Linker. To 

allow for the deposition of an additional PDA layer and, thus, be able to increase the GFs 

loading; first, a dithiol linking coating needs to be deposited. Such a molecule will react with the 

first PDA layer by Michael addition reaction while providing thiol groups that will allow for the 
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deposition of a second PDA layer.[60] Thus, we first identified the conditions that will promote 

an excess of thiol groups allowing for the formation of a subsequent PDA layer. To do so, PDA-

coated scaffolds were incubated in a 1,9-nonanedithiol solution at different concentrations (i.e., 

1, 5 and 10 mg mL
-1

) for 1 and 2 h. Next, a second PDA layer was deposited following 

incubation in a DA solution (40 mg mL
-1

) in TRIS1 for 2 h. Figure 5a shows the amount of PDA 

deposited onto the scaffolds as assessed by TGA. The dark grey bars show the amount of PDA as 

the first layer while the light grey bars show the deposited PDA amount during the second 

deposition step for different dithiol concentrations and incubation times. In the absence of 

dithiol, no increase in the PDA amount could be detected, thus demonstrating the importance of 

introducing a “connecting linker”. Upon incubation of the scaffold with the different dithiol 

solutions, a ~1.5 fold increase in the amount of deposited PDA could be observed for all the 

tested conditions. Thus, these results indicate that a 1 mg mL
-1

 dithiol concentration incubated 

for 1 h, provided enough free thiol groups to allow for the deposition of a second PDA layer. We 

further corroborated the deposition of dithiols as a connective linker by quantifying the atomic 

constitution by XPS. Figure 5b shows how only the scaffolds were a dithiol linker had been 

deposited showed an S 2p content (up to 1.2 ± 0.1%) which can be attributed to the thiol groups. 

Although, the coating with PDA of several biomaterials scaffolds such as fibres,[51] PCL-[61] or 

HA-based scaffolds,[33,62] has been previously reported, the deposition of subsequent PDA 

layers has never been considered before. We envision that such an approach will allow to 

increment the amount and type of immobilized GFs by increasing the number of PDA deposition 

steps (and the associated coating with dithiols as the “connecting” layer). 

3.2.2.2. VEGF Incorporation and Characterization. To better mimic the in vivo situation and to 

enhance the regenerative potential of BMP2-based bone implants, BMP2 is used in combination 
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with other GFs. This strategy generally results in enhanced bone healing and tissue 

regeneration.[33] VEGF, which is a powerful angiogenic GF, is usually administered in 

combination with BMP2. Although VEGF plays a crucial role in the development of blood 

vessels,[25] it also has the ability of promoting bone healing by enhancing the recruitment of 

osteoblastic cells.[27] As such, the combination of VEGF with BMP2 has led to augmented bone 

regeneration, suggesting a potential synergistic effect.[26,63] Additionally, VEGF signalling has 

also been reported to have an influence in the osteogenic differentiation in hMSCs.[64] 

We evaluated the osteogenic potential of our PDA-coated scaffold upon co-encapsulation of 

BMP2 and VEGF by monitoring the ALP activity. Since such a double-layered scaffold allows 

for the encapsulation of several compounds within different layers, we compared the ALP 

activity upon immobilization of BMP2 and VEGF within the same layer (PDA-B:V) or in 

separated ones (PDA-B/PDA-V). As a first step, we assessed the biocompatibility of the 

scaffolds by conducting cell proliferation assays. hMSCs were seeded and cultured onto the 

different scaffolds (i.e., bare, PDA, PDA-B, PDA-B:V and PDA-B/PDA-V) and the proliferation 

of the cells was evaluated at days 1, 7, 14 and 21. As shown in Figure 6a, hMSCs progressively 

increased their numbers independently of the scaffolds surface coating. However, slightly 

increased numbers of cells were observed for the coated scaffolds (i.e., PDA, PDA-B, PDA-B:V, 

PDA-B/PDA-V) as compared to the uncoated ones. Next, the osteogenic differentiation of 

hMSCs depending on the surface coating of the scaffold was evaluated by monitoring the ALP 

activity (Figure 6b). ALP activity, as an early osteogenic marker, peaked at day 14 of cell 

culture. As expected, ALP activity could be already detected for hMSCs seeded onto the bare 

scaffolds since, as the primary mineral component of bone, HA-based scaffolds can induce cell 

osteogenic differentiation.[33] Following PDA coating, a significant increase in ALP activity 
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could be observed suggesting, as already reported by other groups,[46,51,61,62,65] that PDA 

also plays a role on cells early osteogenic differentiation. In contrast, a more pronounced 

increase in ALP activity (~2 fold increase as compared to the bare scaffolds), was observed for 

cells seeded onto the BMP2-immobilized scaffolds (PDA-B) at day 14. More importantly, the 

combination of BMP2- and VEGF- within the scaffolds (both PDA-B:V and PDA-B/PDA-V) 

exhibited higher ALP activity than BMP2 alone, but only the scaffold immobilizing the two GFs 

within different PDA layers (i.e., PDA-B/PDA-V) was significantly higher.  

Next, to draw a stronger conclusion on the osteogenic differentiation of hMSCs depending on 

whether BMP2 and VEGF were immobilized within the same (PDA-B:V) or different (PDA-

B/PDA-V) PDA layers, we quantified the expression of osteogenic genes including RUNX2, 

ALP and OCN, by RT-qPCR at 1, 3, 7 and 14 days. While RUNX2 is an early differentiation 

marker observed at early stage of differentiation of osteoblastic cells, OCN is representative 

index for further bone maturation.[66] Figure 7 shows up-regulation of RUNX2, ALP and OCN 

gene expression for all the coated scaffolds thus confirming their osteoconductivity. As expected, 

the up-regulation of RUNX2 and ALP was initiated as early as day 1 and 3, respectively, while 

OCN up-regulation took place at day 14. While PDA-coated scaffolds (PDA) resulted in a ~2 

fold up-regulation for RUNX2, ALP and OCN gene expression; the expression levels of the 

three genes was much higher for the BMP2- and VEGF-loaded scaffolds (both PDA-B:V and 

PDA-B/PDA-V). While immobilization of both BMP2 and VEGF within the same PDA layer 

(PDA-B:V) resulted on a ~5.5, ~4 and ~3.5 fold increase for RUNX2, ALP and OCN, 

respectively, as compared to the bare scaffolds; the expression levels of the three genes were 

much higher for the scaffolds were both GFs had been immobilised within different PDA layers 

(PDA-B/PDA-V). In particular, when compared to the pristine PCL/HA scaffolds, the levels of 
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RUNX2, ALP and OCN gene expression were ~7, ~5.5 and ~5.8 times higher, respectively. 

Although only significant differences could be observed for OCN, the scaffolds incorporating 

BMP2 and VEGF in separated PDA-layers, displayed the strongest effect on the stimulation of 

the three studied osteogenic genes in hMSCs thus holding the maximum potential to accelerate 

bone formation. 

The morphology of hMSCs on the bare and coated scaffolds was also evaluated by staining the 

actin filaments and the nuclei followed by visualization by CLSM. Figure 8 shows adhesion of 

hMSCs for both bare and coated (PDA-B/PDA-V) scaffolds after 1, 7 and 14 days of culturing. 

hMSCs displayed a spread morphology with a well-defined cytoskeleton for all the different 

scaffolds and time intervals.  

Finally, the incorporation efficiency of BMP2 and VEGF within PDA-B/PDA-V scaffolds and 

their in vitro release profile was also investigated. The incorporation efficiency, which was 

assessed by quantifying the amount of the remaining BMP2 and VEGF in the supernatants after 

the incubation times, showed that ~74.6 and ~69.7% of the added BMP2 and VEGF had been 

successfully immobilized within the scaffolds. This is an important fact since, for GFs, high-

incorporation efficiencies are highly desirable due to their very high costs of about $5.000 per 

mg.[67]
 
BMP2 and VEGF were incorporated at concentrations of 1 and 0.5 µg mL

-1 
for BMP2 

and VEGF, respectively; and this resulted in the immobilization of ~715 and ~330 ng of BMP2 

and VEGF, respectively, for 50 mg of scaffold. The release profiles of BMP2 and VEGF from 

PDA-B/PDA-V scaffolds, which were evaluated by ELISA, show different release behaviours 

for the two GFs (Figure S3, Supporting Information). BMP2 shows a burst release of about 20% 

on day 1, followed by a release of ~7-10% per day until day 7. Next, a prolonged release of 

~5.7% per day until day 14 can be observed, with almost 100% of the total BMP2 being released 
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following 14 days of incubation. Thus, no further release could be detected up to day 21. In 

contrast, VEGF showed a higher bust release of ~75% of the total VEGF content in the first 3 

days. ~85% of VEGF was released at day 7 with no further release until the end of the incubation 

period (day 21). We speculate that this fastest VEGF release results from it being immobilized 

within the outer and more exposed PDA layer. In contrast, the more sustained BMP2 release is a 

consequence of it being incorporated within the inner PDA layer. Release kinetics showing a fast 

VEGF release together with a more sustained and prolonged release of BMP2 are of high 

relevance for BTE applications. This is due to the fact that, while the expression of VEGF takes 

place at an early stage,[68] the secretion of BMP2 occurs during the entire bone healing 

process.[25]   

4. CONCLUSION 

In this study, HA/PCL composite scaffolds with a bimodal architecture of small and large 

macropores have been prepared by a two-step scCO2 process. The scaffolds have been coated 

with PDA to be able to incorporate two different GFs. To allow for the maximum incorporation 

of GFs, we first evaluate different conditions (i.e., DA concentration, incubation time, pH and 

temperature) that will render the maximum PDA deposition onto the scaffolds. We demonstrate 

that this first PDA layer effectively immobilized BMP2 and supported the adhesion and viability 

of hMSCs while also enhancing their osteogenic differentiation, as shown by a marked increase 

in ALP activity. Next, to allow for the deposition of additional PDA layer which will, in turn, 

allow for the immobilization of additional biomolecules, we deposited an interconnecting layer. 

We explore several concentrations and incubation times for a dithiol compound, which will 

covalently react with the first PDA coating through Michael addition reaction while also 

allowing for the incorporation of a subsequent additional PDA layer. Finally, we evaluate the 
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osteogenic potential of the surface coating by immobilizing BMP2 and VEGF within a unique 

PDA layer or in the two different PDA layers. Interestingly, ALP activity and qPCR analysis of 

several osteogenic markers for cultured hMSCs indicated enhanced osteogenic differentiation for 

GFs entrapped within two different PDA layers. While we do not completely understand these 

results yet, we hypothesize that such an outcome might be a consequence of different delivery 

kinetics. When the GFs are loaded in different/separated PDA layers, BMP2 is immobilized 

within the first and more hindered PDA layer while VEGF is incorporated in the second and 

more exposed PDA layer. This can result in a faster release of VEGF as compared to BMP2, thus 

mimicking the in vivo situation since, while the secretion of BMP2 takes place during the entire 

healing process, VEGF expression occurs at an early healing stage.[63] We are currently 

investigating the release kinetics of the two GFs. Follow up studies will involve optimizing and 

maximizing the number of PDA layers towards achieving better control over the release kinetics 

of multiple GF immobilized in independent PDA layers. 
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FIGURES 

 

Schematic 1. i) PCL/HA-based composite scaffolds have been fabricated and coated by a 

polydopamine (PDA) layer (ii). Several conditions have been evaluated in order to allow for 

maximum PDA deposition. iii) Incorporation of BMP2 to render PDA-B scaffolds is also 

achieved. iv) VEGF immobilization is also achieved. Scaffolds with two different surface 

coatings are fabricated where BMP2 and VEGF growth factors are entrapped within the same 

PDA layer (PDA-B:V) or in two different ones (PDA-B/PDA-V) separated by a connecting 

dithiol linker. v) human mesenchymal stem cells (hMSCs) are cultured onto the scaffolds with 

different surface coatings and their osteogenic differentiation is evaluated (vi).  
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Figure 1. a) Representative stress (σ) vs. strain (ε) responses of the PCL/HA scaffolds. The red 

dashed box shows representative σ vs. ε curves during the early stage of compressive loading. 

The elastic compression modulus (E) and the compression yield strength (σY) are also indicated. 

b) Pore size distribution obtained by analysing SEM micrographs. c) Representative SEM 

images of PCL/HA cross-sections showing the internal architecture of the pore channels. The 

white arrows indicate small pores within larger ones. 
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Figure 2. a) Images of the PCL/HA composite scaffolds before and after coating with 

polydopamine (PDA). b) Amount of deposited PDA onto the scaffolds as assessed by 

thermogravimetric analysis for dopamine (DA) concentrations of: i) 10, ii) 20, iii) 40 and iv) 60 

mg mL
-1

. Different pH conditions (i.e., pH 8.5, 8.0 and 7.4), incubation times (i.e., 1, 2 and 4 h) 

and temperatures (i.e., room temperature (RT) and 4 °C) have also been evaluated. 
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Figure 3. a) Normalized cell viability and b) alkaline phosphatase (ALP) readings of human 

mesenchymal stem cells (hMSCs) seeded onto PCL/HA scaffolds (bare), surface coated with 

polydopamine only (PDA) and entrapping the BMP2 growth factor (PDA-B). While the hMSCs 

have been incubated for 1, 7, 14 and 21 days, respectively, the PDA coatings have been 

assembled using either a dopamine (DA) solution of 40 (i) or 60 mg mL
-1

 (ii). Two different DA 

incubation times (i.e., 2 and 4 h) and temperatures (i.e., room temperature (RT) and 4 °C) have 

also been evaluated. n=3; *p≤0.05; **p≤0.01; ****p≤0.0001. 
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Figure 4. a) X-ray photoelectron spectra (XPS) from three different scaffolds: i) bare, ii) 

polydopamine (PDA)-coated and iii) PDA-coated with immobilized BMP2 (PDA-B). b) High-

resolution XPS of carbon peak 1s for the three different scaffolds. The individual peaks from the 

different carbon bonding are also included together with the summation curve. c) Surface 

chemical composition for the three different scaffolds. 
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Figure 5. a) Amount of deposited polydopamine (PDA) onto the scaffolds as assessed by 

thermogravimetric analysis before (dark grey bars) and after (light grey bars) incubation in a 

dithiol solution at different concentrations (i.e., 1, 5 and 10 mg mL
-1

) for 1 (i) and 2 h (ii). Bothe 

the first (dark grey) and the second (light grey) PDA layers were self assembled following 

incubation in a 40 mg mL
-1

 dopamine solution for 2 h. b) Surface chemical composition for the 

three different scaffolds as assessed by X-ray photoelectron spectroscopy. 
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Figure 6. a) Cell proliferation and b) alkaline phosphatase (ALP) readings of human 

mesenchymal stem cells (hMSCs) cultured onto PCL/HA scaffolds (bare), surface coated with 

polydopamine only (PDA), entrapping the BMP2 growth factor (PDA-B) and entrapping BMP2 

and VEGF growth factors within the same PDA layer (PDA-B:V) or in two different ones (PDA-

B/PDA-V) separated by a connecting dithiol linker. The hMSCs have been cultured for 1, 7, 14 

and 21 days. n=3; ns>0.05; *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001. 
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Figure 7. qRT-PCR analysis to examine the expression of three different osteogenic markers: 

RUNX2, ALP and OCN in human mesenchymal stem cells (hMSCs) cultured onto PCL/HA 

scaffolds (bare), surface coated with polydopamine only (PDA) and entrapping BMP2 and 

VEGF growth factors within the same PDA layer (PDA-B:V) or in two different ones (PDA-
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B/PDA-V) separated by a connecting dithiol linker. The hMSCs have been cultured for 1, 7, 14 

and 21 days. 

 

Figure 8. Merged confocal laser scanning microscopy images of human mesenchymal stem cells 

(hMSCs) cultured onto PCL/HA scaffolds (bare) and surface coated scaffolds with 

polydopamine (PDA) entrapping BMP2 and VEGF growth factors within two different layers 

(PDA-B/PDA-V) separated by a connecting dithiol linker. The hMSCs have been cultured for 1, 

7 and 14 days. The actin filaments have been stained with palloidin-TRITC (red fluorescence 

signal) and the nuclei have been stained with DAPI (blue fluorescence signal).  
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Highlights 

 A PCL/HA-based scaffold with a double-scaled architecture of small pores coupled to 

larger ones is fabricated 

 Two different growth factors (BMP2 and VEGF) are incorporated via polydopamine 

(PDA) coating.  

 The osteogenic activity of scaffolds loaded with both BMP2 and VEGF is greater than 

scaffolds loaded only with BMP2.  

 The osteoinductivity of the scaffolds is higher when they are loaded with BMP2 and 

VEGF in two different PDA layers. 
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