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ABSTRACT

Polyetheretherketone (PEEK) is a promising biomedical material for orthopedic

and dental applications owing to its excellent mechanical properties, near absence

of immune toxicity, and X-radiolucency but suffers from bioinertness and inferior

osteo-conduction. Surface modification of PEEK can effectively overcome these

problems, while retaining most of its advantageous properties. In this study, the

dual growth factors IGF-1 and BMP-2 were immobilized onto the porous surface

of PEEK materials using polydopamine (pDA) coating to construct a bioactive

interface. The surface characteristics of modified PEEK were evaluated by scan-

ning electron microscopy and X-ray photoelectron spectroscopy. The pore size,

generally distributed between 0.24 and 0.74 lm, was evaluated using ImageJ

software. Hydrophilicity and BSA protein adsorption capacity were significantly

enhanced after pDA coating. IGF-1 and BMP-2 were successfully immobilized

onto the porous surface via pDA coating, and the immobilization efficiency was

determined by ELISA. In vitro, samples treated with 50 ng/ml IGF-1 and 50 ng/

ml BMP-2 showed better cytocompatibility for cell proliferation. The in vitro

studies revealed that PEEK immobilized with dual growth factors could signifi-

cantly improve cell attachment, spreading, proliferation, extracellular matrix

secretion, alkaline phosphatase activity, and mineralization of MC3T3-E1 cells.
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Introduction

Orthopedic implants are hard tissue substitutes

used as bone defect scaffolds, bone screws, inter-

body fusion cages, and so on [1]. Traditional metallic

implants made of titanium alloys have been widely

used as orthopedic implants for several decades

owing to their excellent corrosion resistance, high

mechanical strength, and biocompatibility [2].

However, release of harmful metal ions and a mis-

matched elastic modulus between the metal and

cortical bone may lead to implant failure [3]; this has

attracted the attention of many surgeons.

Polyetheretherketone (PEEK) is a promising, alter-

native, polymeric material that has been widely

used in the clinic owing to its excellent properties

such as a low elastic modulus, which is close to that

of human bone, high mechanical properties, near

absence of immune toxicity, and X-radiolucency [4].

However, the surface bioinertness and inferior

osseointegration of PEEK prevent a satisfactory

biological interaction between the implant and sur-

rounding bone tissue, thus limiting its further use in

clinical applications [5].

Currently, many strategies are being studied to

overcome the bioinert character of PEEK. One of the

most important approaches is surface modification

for the biofunctionalization of PEEK through surface

treatment alone or in combination with surface

coating [6–8]. Surface modification offers an effective

way to increase the bioactivity of PEEK, while pre-

serving most of its advantageous properties. Multiple

studies have demonstrated [7, 9, 10] that the surface

properties of biomaterials play a crucial role in cell–

implant interactions at the implant/tissue interface

during the bone healing process. In several studies

[11], a surface porous structure has been fabricated

on PEEK materials using concentrated sulfuric acid,

and the results have shown that biocompatibility and

osseointegration of PEEK could be improved to a

certain extent by the three-dimensional porous

structure.

In recent years, mussel-inspired polydopamine

(pDA) surface modification has attracted much more

interest than other surface modification methods

because pDA surface modification is more conve-

nient and easily operated [12, 13]. Moreover, pDA

biomedical surface modification can provide the

substrate material with many biocompatibility char-

acteristics such as hydrophilicity, cell attachment,

and proliferation of pre-osteoblasts [14, 15]. Further-

more, pDA layers possess many functional groups

that can improve the bonding ability of substrates

with biomolecules such as peptides, growth factors,

and enzymes [16]. Chen et al. [17] showed that pDA

coating could effectively immobilize growth factors

on the sample surface and effectively reduce the

burst release of growth factors to a sustained release

rate compared to that obtained with physical

absorption. Therefore, surface modification via pDA

is an effective strategy to immobilize growth factors

on the surface of polymer materials. Lastly, pDA

could also improve the mineralization ability of

substrates because of its capacity to attract calcium

ions [18].

Growth factors play an important role in the bone

healing process by allowing migration, adhesion, and

proliferation of progenitor cells at the injury area [19],

thus accelerating the bone healing process. Bone

morphogenetic proteins (BMPs) are a key factor with

significant osteogenic potential and promote bone

regeneration [20]. A number of studies [19, 21, 22]

have shown that BMP-2 can improve the expression

of osteoblast functional proteins, increase alkaline

phosphatase (ALP) activity, enhance the formation of

mineralized nodules in vitro along with in vivo

osteogenic potential. However, an inadequate cell

proliferation capacity has restricted the biomedical

applications of BMP-2 [23], indicating that the

osseointegration ability of BMP-2 alone is unsatis-

factory and could cause failure of internal implants

and the surrounding bone tissue integration. The

strategy used by many studies to improve the

regenerative potential of BMP-based tissue engi-

neering implants is to combine BMP-2 with other

cytokines to enhance osteogenic capability and pro-

liferation [24, 25]. Consequently, insulin-like growth

factor-1(IGF-1), a growth-promoting cytokine that

plays an important role in development, metabolism,

and growth, has been considered a desirable candi-

date molecule to improve the BMP-based system in

bone regenerative medicine [26]. Several studies have

reported that combined release of BMP-2 and IGF-1

could induce higher osteogenic differentiation com-

pared to the release of BMP-2 or IGF-1 alone [27, 28],

indicating that combination of IGF-1 and BMP-2
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could accelerate the bone healing process. Therefore,

in present study, we decorated the PEEK surface with

IGF-1 and BMP-2 in order to obtain better biological

activity.

As shown in Fig. 1, in this study, dual growth

factors IGF-1 and BMP-2 were immobilized onto the

porous structure through an intermediate layer of

pDA to construct a bioactive interface on PEEK

materials. The surface morphological characteristics

and wettability were investigated. Protein adsorption

capacity was examined, and the immobilized IGF-1

and BMP-2 were quantified using ELISA. Further-

more, in order to evaluate the bioactivity of dual

growth factor-loaded samples compared to single

growth factor-loaded samples, we performed a series

of in vitro tests for cell adhesion, spreading, prolif-

eration, extracellular matrix secretion, and osteo-dif-

ferentiation of MC3T3-E1 cells.

Experimental section

Materials

The PEEK used in this study was of medical grade

(Victrex, England). Square samples of 1 cm 9 1

cm 9 0.02 cm size were prepared for the surface

characterization, and disk samples with a diameter of

1.56 cm and a thickness of 0.02 cm were used for

in vitro assessment in 24-well tissue culture plates.

Recombinant human IGF-1 and BMP-2 were

purchased from UB Biotech. Co. Ltd. Tris (hydrox-

ymethyl), dopamine hydrochloride, p-nitrophenyl

phosphate (PNPP), Alizarin Red-S, DAPI, and CCK-8

were purchased from Sigma-Aldrich (St. Louis, MO,

USA). Human BMP-2 and IGF-1 ELISA kit was pur-

chased from R&D Co.

Preparation of surface porous structure

To obtain a relatively uniform porous structure,

PEEK samples were immersed in concentrated sul-

furic acid (95–98%) for 10 s with supersonic stirring

at 25 �C. Afterward, the samples were taken out and

immersed in supersonically stirred distilled water

and rinsed repeatedly with distilled water. The

samples were then dried at room temperature and

referred as PEEK-P.

Polydopamine coating and growth factor
immobilization

The pDA coating process was performed as descri-

bed previously [29]. Briefly, samples were placed in

24-well tissue culture plates, and 1 ml of pDA solu-

tion (2 mg/ml in 10 mM tris–HCL, pH = 8.5) was

added to each well with a table concentrator at 37 �C
for 4 h. The pDA-coated PEEK was then transferred

to new 24-well tissue culture plates, followed by

washing thrice with deionized water to remove the

un-conglutinated pDA.

Figure 1 Schematic diagram of the preparation and in vitro evaluation of the IGF-1/BMP-2 decorated porous surface PEEK films.
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Next, 1 ml of IGF-1 (10 ng/ml, 50 ng/ml, and

100 ng/ml) or BMP-2 (10 ng/ml, 50 ng/ml, and

100 ng/ml) solution was added to each well and

placed at 4 �C for 12 h. For the combined IGF-1 and

BMP-2 group, 50 ng IGF-1 and 50 ng BMP-2 were

both included in each milliliter of growth factor

solution. The growth factor-loaded samples are

hereafter named as ‘‘PEEK-P/pDA/IGF1, -1, -2, and -

3,’’ and ‘‘PEEK-P/pDA/BMP2 -1, -2, and -3,’’

respectively, representing treatment with concentra-

tions of 10 ng/ml, 50 ng/ml, and 100 ng/ml for IGF-

1 or BMP-2 solutions. ‘‘PEEK-P/pDA/IGF1-BMP2’’

represents the dual growth factors, IGF-1 and BMP-2

(50 ng/ml IGF-1 and 50 ng/ml BMP-2). All the pre-

pared samples and their abbreviations are summa-

rized in Table 1.

Surface characterization

The surface structure and pore size of the prepared

specimens were observed using scanning electron

microscopy (SEM) (XL30, Philips). To calculate the

pore size on the surface of the treated layer, 200 pores

were measured using ImageJ software. X-ray photo-

electron spectroscopy (XPS) (Thermo) was employed

to determine the elemental composition and chemical

changes. Surface hydrophilicity of the specimens was

assessed by water contact angle measurements (VCA

2000, AST).

Adsorption kinetics

To determine the protein adsorption ability of the

modified surfaces, bovine serum albumin (BSA) was

selected as the model protein. A BSA adsorption

kinetics assay was performed in 24-well tissue

culture plates. Disk specimens (PEEK, PEEK-P,

PEEK-P/pDA) were immersed in 0.5 ml bovine

serum albumin (BSA) solution (pH = 7.35, 0.5 mg/

ml) in each well under stirring at a constant rate of

100 rpm and at 37 �C. The effect of interaction time

from 5 to 180 min on adsorption capacity was eval-

uated. Adsorbed protein amounts were determined

through the decreasing BSA concentration within the

samples using a BCA kit.

Immobilization efficiency of IGF-1 or BMP-2

The amount of IGF-1 and BMP-2 immobilized onto

the pDA-coated surface (PEEK-P/pDA) was evalu-

ated by ELISA. Briefly, three different concentrations

of IGF-1 or BMP-2 (10 ng/ml, 50 ng/ml, and 100 ng/

ml) were prepared in phosphate-buffered saline

(PBS). Next, each pDA-coated sample (PEEK-P/

pDA) was immersed in different concentrations of

IGF-1 or BMP-2 in 24-well tissue culture plates (1 ml/

well) and incubated for 12 h at 4 �C. After incubation,

the amount of immobilized growth factors on PEEK-

P/pDA was determined based on the original and

final solutions.

Tensile mechanical properties

The tensile mechanical properties of the PEEK films

(dimension 2 cm 9 0.4 cm 9 0.05 cm) after various

treatments were evaluated by a universal mechanical

testing machine (Instron 1121, UK) at room temper-

ature. For each group, five duplicate specimens were

tested and the tensile data were collected at a speed

of 10 mm/min.

Table 1 Abbreviations of samples

Abbreviations Samples

PEEK-P PEEK immersed in concentrated sulfuric acid to fabricate a porous structure

PEEK-P/pDA Porous PEEK (PEEK-P) decorated with pDA coating

PEEK-P/pDA/IGF1-1 PEEK-P/pDA immobilized IGF-1 in 1 ml of 10 ng/ml IGF-1 solution

PEEK-P/pDA/IGF1-2 PEEK-P/pDA immobilized IGF-1 in 1 ml of 50 ng/ml IGF-1 solution

PEEK-P/pDA/IGF1-3 PEEK-P/pDA immobilized IGF-1 in 1 ml of 100 ng/ml IGF-1 solution

PEEK-P/pDA/BMP2-1 PEEK-P/pDA immobilized BMP-2 in 1 ml of 10 ng/ml BMP-2 solution

PEEK-P/pDA/BMP2-2 PEEK-P/pDA immobilized BMP-2 in 1 ml of 50 ng/ml BMP-2 solution

PEEK-P/pDA/BMP2-3 PEEK-P/pDA immobilized BMP-2 in 1 ml of 100 ng/ml BMP-2 solution

PEEK-P/pDA/IGF1-BMP2 PEEK-P/pDA immobilized growth factor in 1 ml solution containing 50 ng IGF-1 and 50 ng BMP-2
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In vitro studies

Cell culture

In vitro experiments were performed to assess the

ability of different samples to support MC3T3-E1 cell

adhesion, spreading, proliferation, extracellular

matrix secretion, and to further induce osteogenic

differentiation. MC3T3-E1 cells have been frequently

used for elucidating the responses of bone cells to

biomaterials; these were cultivated in complete cell

culture medium comprising Dulbecco’s modified

eagle medium (DMEM, Gibco) and 10% fetal bovine

serum (FBS, Gibco) in a humidified atmosphere of 5%

CO2 at 37 �C. Before cell culture, all samples were

sterilized with 75% alcohol for 40 min and rinsed

thrice with sterile PBS. The cell culture medium was

refreshed every other day.

Cell adhesion and spreading

To investigate the effect of surface modification on

cell adhesion and spreading, MC3T3-E1 cells were

seeded on each sample in 24-well tissue culture plates

at a density of 2 9 104 cells per well and incubated

for 24 h. Afterward, the seeded samples were washed

three times with PBS and fixed with 4%

paraformaldehyde (PFA) at room temperature. The

nuclei were stained with DAPI and examined by

fluorescence microscopy (TE2000U, Nikon, JPN).

Cell spreading morphology was visualized by

SEM. After culture for 24 h, the medium was

removed, and the samples were rinsed with PBS and

then fixed in 4% PFA solution for 30 min. The PFA

solution was then removed, and the samples were

washed thrice with PBS and dehydrated using a

graded series of ethanol from 50% to 100% v/v (in

water). The samples were kept in each solution for

30 min. Finally, the critically dried samples were

sputtered with gold and examined under a scanning

electron microscope (SEM).

Cell proliferation

The CCK-8 assay was employed to determine the

proliferation of MC3T3-E1 cells on the samples.

MC3T3-E1 cells were seeded on each sample in 24-

well tissue culture plates at a density of 2 9 104 cells/

well and cultured for 1, 3, and 7 days. At the pre-

scribed time points, 30 ll/well of CCK-8 was added

to the medium. After 2 h of incubation, absorbance

values at 450 nm were measured on a multifunctional

micro-plate scanner (Tecan Infinite M200). Cell via-

bility was calculated by the following equation.

Cell viability ¼ OD values sample
� �

=OD values pure PEEK
� �

Extracellular matrix analysis

Extracellular matrix secretion was analyzed after

MC3T3-E1 cells were cultured on the samples for

7 days and observed by SEM. The graded ethanol

dehydration method was performed as described in

the previous section.

Alkaline Phosphate activity (ALP) assay

Cellular alkaline phosphatase activity (ALP) was

measured using a previously established protocol

[30]. Briefly, MC3T3-E1 cells were cultured on dif-

ferent substrates with an initial seeding density of

2 9 104 cells/well for 7 and 14 days, respectively.

The medium in each well was carefully removed, and

the cells were rinsed thrice with PBS at these time

points. Afterward, the cells were lysed in RIPA buf-

fer, followed by freezing and thawing repeatedly

once or twice. Next, 50 ll of cell lysis solution was

incubated with 200 ll of pNPP liquid substrate at

37 �C for 30 min. Absorbance at 405 nm was mea-

sured on a multifunction micro-plate scanner. The

average absorbance values were used to reflect the

level of ALP activity. The BCA assay kit was used to

measure the total protein quantity for normalization.

Mineralization of MC3T3-E1 cells

Alizarin red staining was used to detect the miner-

alization of MC3T3-E1 cells. The staining assay was

performed as described in a previous study [31].

Briefly, MC3T3-E1 cells were cultured in different

samples at a density of 2 9 104 cells/well for 14 and

21 days, respectively. At the prescribed time points,

samples were washed three times in PBS and fixed in

4% PFA solution for 30 min. Then, 40 mM Alizarin

red stain was added to the cell culture plates and

incubated for 30 min. After washing three times in

PBS, the different samples were observed under a

light microscope. For the quantification of deposited

minerals, 1 ml of 10% cetylpyridinium chloride
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(CPC) solution was added to the ARS stained cell/

samples for 1 h and the absorbance value of the

solution was measured at 540 nm.

Statistical analysis

All in vitro experiments were performed in three

replicates.

All data were expressed as means ± standard

deviations (SD). Statistically significant differences

(p) among groups were measured using one-way

analysis of variance (ANOVA) followed by Tukey’s

multiple-comparison analysis using SPSS 19.0 soft-

ware. The differences were considered statistically

significant at p\ 0.05.

Results and discussion

Surface characterization

Figure 2a–c shows the SEM photographs acquired

from PEEK-P, PEEK-P/pDA, and untreated PEEK

samples. The surface of PEEK was relatively smooth

(Fig. 2a) whereas a porous structure was observed in

PEEK-P (Fig. 2b) and PEEK-P/pDA (Fig. 2c). The

thickness of the porous layer of PEEK-P (Fig. 2e) and

PEEK-P/pDA (Fig. 2f) was about 3.5 lm, indicating

that about 3.5 lm of the PEEK surface was etched by

the concentrated sulfuric acid. According to previous

studies [32, 33], fabrication of a porous structure by

concentrated sulfuric acid on the surface of PEEK

might be due to the dissolution of PEEK, which was

replaced by sulfonate PEEK. After washing with

distilled water, the morphology of sulfonate PEEK

was transformed from a swollen state to a solidified

state. Solidified sulfonate PEEK would diffuse out-

ward in the water to form a porous structure.

Comparison of the surface structure of PEEK-P and

PEEK-P/pDA samples by SEM after pDA coating

revealed similar surface morphology. However, the

porous structure gained roughness on account of

pDA coating. Furthermore, as shown in Fig. 3a, b, the

size distribution of most pores on PEEK-P and PEEK-

P/pDA was between 0.24 and 0.74 lm according to

the analysis using Image J software. Thus, pore size

was not obviously influenced by pDA coating.

The static water contact angles (CAwater) were

evaluated to analyze the hydrophilicity of the modi-

fied surface. The measured water contact angles are

summarized as a histogram in Fig. 2d, and the ima-

ges of the water droplets on the samples are pre-

sented in the top right of Fig. 2a–c. Pure PEEK

surfaces exhibited water contact angles of

96.35� ± 2.94�. Although the process of porous sur-

face manufacture introduced hydrophilic SO3H

groups on the surface, the water contact angle was

significantly increased. PEEK-P (CAwater-

= 105.83� ± 3.56�) samples were significantly more

hydrophobic than the PEEK control. This implies that

the surface morphology along with the porous

structure plays a key role in increasing the surface

hydrophobicity. After pDA modification, the water

contact angle of PEEK-P/pDA (46.95� ± 3.75�) was

significantly decreased. These results could be

attributed to the pDA molecule layer, which reduced

the interfacial energy between water and the pDA-

modified PEEK-P [34].

XPS analysis was carried out to explore the chem-

ical element changes in the samples at each step of

the modification, and the results are presented in

Fig. 4a–c. In wide spectra (Fig. 4a), the C1s and O1s

peaks were very distinct. An inconspicuous peak was

observed in the sulfur spectra (Fig. 4b) after immer-

sion in concentrated sulfuric acid, but a correspond-

ing peak was not detected in the wide spectra

(Fig. 4a). The reason for this phenomenon might be

related to the porous structure formation process

mediated by concentrated sulfuric acid. Firstly, PEEK

would be dissolved in concentrated sulfuric acid,

followed by a sulfonation reaction. In this study,

PEEK was immersed in concentrated sulfuric acid for

a very short time (10 s), and so, introduction of the

SO3H group on the surface was extremely rare and

was scarcely observed.

After pDA coating, a new peak of N1 s at 400.16 eV

appeared in the wide spectra of PEEK-P/pDA

(Fig. 4a), and Fig. 4c is curve-fitted into two peak

components with binding energies at about 399.1 eV

and 402.5 eV ascribed to the introduction of amine

groups by pDA coating. This confirmed that pDA

was successfully coated onto the surface of PEEK-P.

Protein adsorption

The effect of surface modification after pore fabrica-

tion and pDA coating on the protein adsorption

ability was investigated, and the results are shown in

Fig. 5. The maximum amount of BSA protein adsor-

bed on PEEK-P/pDA, PEEK-P, and PEEK was
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Figure 2 SEM images showing the surface morphological

features of PEEK control (a), PEEK-P (b), and PEEK-P/pDA

(c) with typical water droplet images inserted in the top right and

the water contact angles summarized in the histogram (d). Cross

section of PEEK-P (e) and PEEK-P/pDA (f). p\ 0.05, n = 5.

Figure 3 Pore size frequency distribution of PEEK-P (a) and PEEK-P/pDA (b), measured using image J software.
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10.716 lg/cm2, 2.819 lg/cm2, and 2.254 lg/cm2,

respectively. The results indicated that the protein

adsorption ability of PEEK-P/pDA had improved

greatly after pDA modification, with nearly 4.8 and

3.8 times the adsorption rates compared to those of

PEEK and PEEK-P, respectively. Moreover, relatively

faster adsorption rates were observed at the begin-

ning (5 min) for pDA-modified PEEK, and the max-

imum adsorption capacity time (60 min) was longer

than that of the control groups (20 min). Meanwhile,

the protein adsorption capacity of PEEK-P was

slightly higher than that of PEEK due to a higher

specific surface area.

Generally, protein absorption onto materials

mainly depends on physical absorption or chemical

conjugation [35]. According to previous reports,

during the self-polymerization process of pDA, cat-

echol is first oxidized to quinone and further conju-

gated with amines, imidazole, or thiol groups to form

ultrathin adhesive pDA films [36]. Thus, pDA allows

surface immobilization of bioactive molecules,

resulting in greater protein adsorption capacity for

the pDA-modified PEEK. Simple physical adsorption

of proteins on the PEEK and PEEK-P samples might

occur due to weak interactions between the protein

molecules and samples. The higher protein adsorp-

tion capacity of PEEK-P compared to normal PEEK

might be a result of improved specific surface area

after porous fabrication.

Quantification of immobilized growth
factors

Protein adsorption studies have revealed that pDA

coating could significantly improve the adsorption

ability of samples. In order to quantify the amount of

immobilized growth factors on the surface of PEEK-

P/pDA, ELISA was used in this study. Figure 6

shows that the quantity of immobilized IGF-1 on

PEEK-P/pDA was 7.82 ng, 43.94 ng, and 86.54 ng

corresponding to the treatment concentrations of

Figure 4 XPS spectra of PEEK, PEEK-P, and PEEK-P/pDA samples. a Wide spectra. b S2p spectra. c N1s spectra.

Figure 5 Time-dependent BSA adsorption capacity of PEEK-P/

pDA, PEEK-P, and PEEK samples from 5 min to 180 min. The

concentration of BSA solution: 0.5 mg/ml, pH = 7.35,

temperature: 37 �C.

Figure 6 The amount of IGF-1 or BMP-2 immobilized onto

PEEK-P/pDAwas evaluated by ELISA. IGF1-1, -2, -3 and BMP2-

1, -2, -3 represent the treatment concentration of each growth

factor solution at 10 ng/ml, 50 ng/ml and 100 ng/ml, respectively.

Dual-IGF1 and dual-BMP2 represent the 50 ng/ml IGF-1 and

50 ng/ml BMP-2 combination groups.
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10 ng/ml, 50 ng/ml, and 100 ng/ml, respectively.

The amount of BMP-2 immobilized onto PEEK-P/

pDA was 8.02 ng, 48.16 ng, and 91.86 ng corre-

sponding to the treatment concentrations of 10 ng/

ml, 50 ng/ml, and 100 ng/ml, respectively. This

result indicated that the amount of immobilized IGF-

1 or BMP-2 was enhanced by increasing the concen-

tration of the growth factors. In the dual growth

factor combination groups, the amount immobilized

onto PEEK-P/pDA was 40.22 ng for IGF-1 and

42.92 ng for BMP-2, respectively. The result obtained

in this study was consistent with that in our previous

studies [37], showing that pDA coating is an efficient

and simple method for conjugation of bioactive

factors.

Tensile mechanical properties

Figure 7 shows typical tensile stress–strain curves of

pure PEEK and of samples with different treatments.

The elastic modulus of all samples was calculated

from the initial slopes of the tensile stress–strain

curves to be about 3.6 GPa, demonstrating that the

excellent bone-like elastic modulus property of PEEK

materials could be preserved by this surface modifi-

cation approach. However, the yield strength was

decreased from 100.2 ± 3.8 MPa to 81.9 ± 1.3 MPa

after fabricating the surface porous structure on

PEEK films. A similar decrease in breaking elonga-

tion was also observed between pure PEEK and

PEEK-P. The breaking elongation of pure PEEK was

reduced from 226.9 ± 4.6% to 216.1 ± 2.5% after the

porous fabricating process. According to the above

results, the tensile mechanical property of PEEK

materials was slightly decreased after the porous

surface fabricating process. As described in previous

section, PEEK would be dissolved in concentrated

sulfuric acid during the porous fabricating process,

consequently decreasing the yield strength and

breaking elongation. The tensile mechanical property

of various samples is summarized in Table 2. The

results indicate that both pDA coating and the

growth factor immobilization process would not

influence the mechanical property of PEEK films.

Cell culture

Cell proliferation is influenced by the amount of IGF-1

and BMP-2

We have previously reported that IGF-1 and BMP-2

can influence cell proliferation in a dose-dependent

manner [40, 41]. Highly supra-physiological doses of

growth factors dramatically increase the economic

costs of treatments and result in undesired side

effects due to their pleiotropic activity [42]. In this

section, the influence of varying doses of IGF-1 or

BMP-2 on MC3T3-E1 cell proliferation was examined

in order to determine the suitable dosage for appli-

cation in subsequent dual growth factor utilization

experiments.

As shown in Fig. 8, after culture for 1 day, similar

absorbance values were observed for all samples.

After culturing for 3 and 7 days, low doses of IGF-1

(PEEK-P/pDA/IGF1-1) could significantly increase

the cell proliferation of the samples. Furthermore,

50 ng/ml IGF-1 treatment (PEEK-P/pDA/IGF1-2)

enhanced cell proliferation most effectively among

the three IGF-1-loaded groups. However, as the IGF-1

concentration increased to 100 ng/ml, the OD values

decreased, indicating that IGF-1 might promote the

proliferation of MC3T3-E1 cells at low doses.

As shown in Fig. 8, OD values of 100 ng/ml BMP-2

treatment groups (PEEK-P/pDA/BMP2-3) were sig-

nificantly lower than those of the low-dose treatment

groups and PEEK-P/pDA at 3 and 7 days. The

results demonstrated that excessively high doses of

BMP-2 had a negative impact on cell proliferation.

Cell proliferation was observed in the 10 ng/ml and

50 ng/ml BMP-2 treatment groups (PEEK-P/pDA/

BMP2-1, PEEK-P/pDA/BMP2-2) at 1, 3, and 7 days

and was higher on day 3, but showed no difference

on day 7. According to previous studies [43], BMP-2

was one of the highly potent osteo-inductive factors
Figure 7 The mechanical behavior of PEEK films after various

treatments is shown as tensile stress–strain curves.
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with the main function of stimulating the differenti-

ation of osteo-progenitor cells into mature osteo-

blasts. Possibly, the high doses of BMP-2 might

induce excessive cell differentiation, which might

negatively influence cell proliferation [44]. According

to previous studies [13, 21], immobilization of BMP-2

onto biomaterials could significantly enhance the

osteo-differentiation of cells. Moreover, the osteo-

differentiation capacity of BMP-2 could be signifi-

cantly enhanced with increasing treatment concen-

tration. Thus, 50 ng/ml BMP-2 showed higher osteo-

differentiation capacity among the three BMP-2-loa-

ded groups and cell proliferation was not influenced

at this treatment concentration. Therefore, the doses

of 50 ng/ml IGF-1 and 50 ng/ml BMP-2 were

applied in subsequent dual growth factor combining

utilization experiments.

Cell adhesion and spreading

In this section, MC3T3-E1 cell adhesion and spread-

ing morphology were evaluated after 24-h incuba-

tion. In order to determine whether cells formed

stable adhesions when grown on the samples, cell

nuclei were fluorescently stained with DAPI (Fig. 9a–

f) and SEM was used for directly observing the cell

morphology on PEEK (Fig. 10a–f).

MC3T3-E1 adhered cell numbers on samples after

24-h incubation are shown in Fig. 9a–f. The number

of adherent cells on PEEK-P was enhanced compared

to that on the PEEK control, demonstrating that a

porous structure could provide an attachment point

and enhance MC3T3-E1 cell adhesion. This could also

be detected from the images and the histogram

(Fig. 9g). The number of adherent cells on the surface

of PEEK-P/pDA was significantly increased com-

pared to that on PEEK-P, indicating that cell adhesion

was enhanced after pDA coating. Furthermore, after

surface decoration with BMP-2 or IGF-1, cell adhe-

sion was further improved compared to pure pDA

coating. It is possible that the presence of BMP-2 and

IGF-1 enhanced the cytocompatibility of samples and

thus induced better cell adhesion [45, 46]. Interest-

ingly, PEEK-P/pDA/BMP2-2 showed more MC3T3-

E1 adherent cells compared to PEEK-P/pDA/IGF1-2,

indicating that BMP-2 was more capable of improv-

ing cell adhesion than IGF-1. The number of attached

cells on dual growth factor-loaded samples (PEEK-P/

pDA/IGF1-BMP2) was substantially increased and

presented statistically significant differences

(p\ 0.05) compared to the other groups. These

results indicated that joint immobilization of IGF-1

and BMP-2 on PEEK substrates might have a greater

influence than immobilization of IGF-1 or BMP-2

individually.

SEM images showed the spreading morphology of

MC3T3-E1 cells after 24-h culture in different

Table 2 Tensile mechanical

properties of pure PEEK and

samples with different

treatments show the mean

elastic modulus (EM), yield

strength (YS), and breaking

elongation (%) for each group

Samples EM (GPa) YS (MPa) BE (%)

PEEK 3.6 ± 0.17 100.2 ± 3.8 226.9 ± 4.6

PEEK-P 3.6 ± 0.20 81.8 ± 1.5 216.1 ± 2.5

PEEK-P/pDA 3.6 ± 0.23 81.5 ± 2.3 216.3 ± 4.2

PEEK-P/pDA/BMP2-2 3.6 ± 0.26 80.7 ± 1.2 215.3 ± 3.6

PEEK-P/pDA/IGF1-2 3.6 ± 0.16 80.6 ± 2.1 216.2 ± 5.2

PEEK-P/pDA/IGF1-BMP2 3.6 ± 0.22 80.6 ± 3.2 216.2 ± 4.6

Cortical bone [38] 6 * 23

Ti [39] 116.3 ± 1.2

Figure 8 CCK-8 assay showing the viability of MC3T3-E1 cells

grown on samples loaded with different doses of IGF-1 or BMP-2

for 1, 3, and 7 days to determine the suitable dosage for the

application in subsequent dual growth factor combining utilization

experiments. The samples of PEEK-P/pDA were treated with

10 ng/ml, 50 ng/ml, and 100 ng/ml of IGF-1 or BMP-2 solution

for 12 h. p\ 0.05, n = 3.
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samples. As shown in Fig. 10a–f, the cell spreading

morphology differed greatly on various sample sur-

faces. When observed closely, most of the MC3T3-E1

cells on the samples were found to be transformed

from spheroid shape to thread spindles, whereas

some still exhibited the pre-osteoblast morphology in

the PEEK control. Cells growing on PEEK-P were

partly adhered to the porous surface, and the un-

adhered parts were connected with the samples via

pseudopods. After pDA coating, cells were spread to

acquire their typical flat morphology and had formed

thin lamellipodia extensions, indicating that cyto-

compatibility was significantly enhanced by pDA

coating. The images of MC3T3-E1 cells grown on

samples loaded with IGF-1 or BMP-2 showed the

same trend of cell spreading, morphological elonga-

tion, and filopodia protrusions. Higher elongation

ratios and more filopodia protrusions were detected

in cells cultured on PEEK-P/pDA/BMP2-2 compared

to those cultured on PEEK-P/pDA and PEEK-P/

pDA/IGF1-2. The formation of distinct actin stress

fibers and robust focal adhesions was indicative of

cells forming stable attachments on PEEK-P/pDA,

PEEK-P/pDA/BMP2-2, and PEEK-P/pDA/IGF1-2.

Most obviously, a dense layer of cells grew partially

on top of each other, featuring numerous filopodia

and lamellipodia extensions as observed by SEM in

PEEK-P/pDA/IGF1-BMP2, indicating that the cells

had established strong attachment to the sample

surface, with a distinct spreading morphology com-

pared to those on other substrates.

Cell proliferation

Cell proliferation on the IGF-1/BMP-2 dual-loaded

samples and other samples was compared after cul-

turing for 1, 3, and 7 days, and the results are shown

in Fig. 11. After culturing for 3 and 7 days, PEEK-P

Figure 9 Adhesion of MC3T3-E1 cells on various samples after

24-h incubation. Micrographs (a–f) of cell nuclei stained with

DAPI observed under a fluorescence microscope. g Average

numbers of MC3T3-E1 cells on different samples; three fields in

total were counted for each group. p\ 0.05, n = 3.
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exhibited higher cellular activity compared to PEEK.

Previous studies have demonstrated that a porous

structure is advantageous for cell adhesion and pro-

liferation [47]. After pDA modification, the cell pro-

liferation on PEEK-P/pDA was significantly

enhanced at 3 and 7 days. Previous studies have

reported [48] that pDA coating could significantly

improve cell proliferation due to introduction of

bioactive groups on the surface. Furthermore, the

absorbance value in the PEEK-P/pDA/IGF1-2 group

was higher than that in the PEEK-P/pDA/BMP2-2

and PEEK-P/pDA groups, indicating that IGF-1

could significantly enhance MC3T3-E1 cell prolifera-

tion. Notably, after culture for 3 and 7 days on

diverse samples, the IGF-1- and BMP-2 dual-loaded

samples (PEEK-P/pDA/IGF1-BMP2) enhanced cell

proliferation most effectively compared to the other

groups, indicating that the combination of IGF-1 and

BMP-2 could significantly enhance cell proliferation

compared to individual IGF-1 or BMP-2 treatments.

Cell adhesion, spreading morphology, and prolif-

eration are known to be sensitive to material bio-

compatibility [49]. Cell adhesion is correlated with

the cellular ability to survive and initiate proliferation

on the substrate surface, with consequently increased

cell spreading, increased cell survival, and cell

cycling. Cell proliferation is closely correlated with

the amount of new bone formation. Hence, better cell

Figure 10 SEM images of the morphology of MC3T3-E1 cells grown on PEEK (a), PEEK-P (b), PEEK-P/pDA (c), PEEK-P/pDA/

BMP2-2 (d), PEEK-P/pDA/IGF1-2 (e), and PEEK-P/pDA/IGF1-BMP2 (f) after 24-h incubation.

11190 J Mater Sci (2019) 54:11179–11196



adhesion, spreading, and proliferation probably

results in a larger amount of bone tissue around the

implants and robust bone-implant bonding in vivo.

These results on cell adhesion and spreading mor-

phology were consistent with those of the CCK-8

assay and further support that samples loaded with

the combination of IGF-1 and BMP-2 could provide a

more cytocompatible environment for cellular

responses.

Extracellular matrix (ECM)

ECM proteins are the earliest products secreted by

osteoblasts during cell adhesion and act as growth

stimulators. The ECM plays an important role in

signal transduction between cell and interface inter-

actions and acts as a messenger. The ECM commu-

nicates with intracellular processes through the

ECM–transmembrane–cytoskeleton network [50].

Formation of an efficient ECM is a pre-requisite for

mineralization [51].

Thus, in this context, ECM secretion ofMC3T3-E1

cells was investigated by SEM after 7 days of culture.

As shown in Fig. 12a–f, MC3T3-E1 cells attached on

pure PEEK showed a spheroid shape and a modicum

extracellular matrix with no clear evidence of inter-

cellular connections. The cell number and diffusion

area on the PEEK-P surface were higher than those on

pure PEEK, with more ECM, and the cells showed a

good spreading morphology on the porous structure.

After pDA coating, a colony of cells embedded in a

sheet of flimsy ECM and porous structure could be

observed. MC3T3-E1 cells were healthily attached to

the surface and multilayers of ECM covered almost

the entire surface of PEEK-P/pDA/IGF1-2 and

PEEK-P/pDA/BMP2-2 groups as shown in Fig. 12d

and e, suggesting that IGF-1 and BMP-2 enhance

MC3T3-E1 ECM secretion. In the dual growth factor-

loaded group (PEEK-P/pDA/IGF1-BMP2), cells

were almost buried in ECM and cell morphology was

unclear; multilayer cell sheets covered the entire

surface with elongated sheet like morphology, and

evidences of intercellular connections were clearly

observed.

Alkaline phosphate activity assay

Alkaline phosphate activity (ALP) plays a crucial role

during the differentiation stage and is recognized as

an indicator of early interim-osteoblast differentiation

[52]. Therefore, we evaluated the osteoblast differ-

entiation of MC3T3-E1 cells cultured on different

samples by measuring ALP activity. Figure 13 shows

the ALP activities of MC3T3-E1 cells cultured on

different substrates for 7 and 14 days. An increase in

ALP activity was detected in cells grown on PEEK-P

than on bare PEEK, indicating that the surface porous

structure enhanced MC3T3-E1 cell differentiation

during cell culture. After pDA coating, there were no

significant differences in the ALP activities of

MC3T3-E1 cells between PEEK-P and PEEK-P/pDA

after 7 days in culture. However, after culturing for

14 days, the ALP activity of MC3T3-E1 cells cultured

on the PEEK-P/pDA was slightly higher than that on

PEEK-P. This might be because the pDA coating layer

induced formation of bone-like apatite on the surface

by soaking in simulated body fluid (SBF) by its

capacity of attracting calcium ions; an apatite coating

on the surface of PEEK-P/pDA provides an appro-

priate growth environment for the osteogenic differ-

entiation of cells. Significantly higher ALP activities

were detected in cells cultured on PEEK-P/pDA/

BMP2-2 and PEEK-P/pDA/IGF1-2, indicating that

BMP-2 or IGF-1 immobilized samples could effec-

tively enhance MC3T3-E1 cells osteo-differentiation.

Notably, the ALP levels of IGF-1 immobilized groups

were lower than those of the BMP-2 immobilized

groups (PEEK-P/pDA/BMP2-2), implying that BMP-

Figure 11 Proliferation of MC3T3-E1 cells cultured on PEEK,

PEEK-P, PEEK-P/pDA, PEEK-P/pDA/IGF1, PEEK-P/pDA/

BMP2, and PEEK-P/pDA/IGF1-BMP2 for 1, 3, and 7 days was

evaluated by CCK-8 assay. PEEK-P/pDA/IGF1-2 and PEEK-P/

pDA/BMP2-2 were treated with 50 ng/ml IGF-1 or BMP-2

solution, respectively. The treatment solution of PEEK-P/pDA/

IGF1-BMP2 included 50 ng IGF-1 and 50 ng BMP-2 per mL.

p\ 0.05, n = 3.
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2 had a greater capacity to improve osteogenic dif-

ferentiation compared to IGF-1. The ALP levels of the

dual immobilized IGF-1 and BMP-2 group (PEEK-P/

pDA/IGF1-BMP2) were significantly increased com-

pared to those of the individual BMP-2 group (PEEK-

P/pDA/BMP2-2).

Mineralization

Concomitantly, in order to evaluate the capacity of

different samples to induce osteogenesis at late stages

of differentiation, ARS staining was used to detect

calcium deposition after incubation for 14 and

21 days. Figure 14a–f-1 shows the microscopic

images after incubation for 14 days. ARS staining

showed some mineral nodular deposits on PEEK-P

(Fig. 14b-1) and PEEK-P/pDA (Fig. 14c-1), whereas

almost no positive staining was observed on pure

PEEK (Fig. 14a-1), demonstrating that the surface

porous structure could facilitate calcium mineraliza-

tion of MC3T3-E1 cells. Moreover, Fig. 14g indicates

that the quantity of calcium minerals on PEEK-P/

pDA was higher than that on PEEK-P, which corre-

sponded with the results of our ALP activity study,

indicating that pDA coating could enhance osteo-

differentiation of MC3T3-E1 cells. After immobiliza-

tion of IGF-1 or BMP-2, the samples of PEEK-P/

pDA/IGF1-2 and PEEK-P/pDA/BMP2-2 showed

Figure 12 SEM images of ECM secretion by MC3T3-E1 cells cultured on PEEK (a), PEEK-P (b), PEEK-P/pDA (c), PEEK-P/pDA/

IGF1-2 (d), PEEK-P/pDA/BMP2-2 (e) and PEEK-P/pDA/IGF1-BMP2 (f) for 7 days.
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more mineral nodules than those of PEEK-P/pDA.

As shown in Fig. 14g, deposition of calcium minerals

in PEEK-P/pDA/BMP2-2 groups was higher than

that in the PEEK-P/pDA/IGF1-2 group, which might

be attributed to the higher capacity of BMP-2 for

improving osteogenic differentiation compared to

that of IGF-1. Both calcium mineral staining (Fig. 14f-

1) and quantitative analysis showed that the samples

of PEEK-P/pDA/IGF1-BMP2 possessed the highest

capacity to induce mineralization compared to the

other groups.

ARS staining was also performed after 21-day

incubation, and the resulting microscopic images are

displayed in Fig. 14a–f-2. These showed more sig-

nificant differences in the calcium minerals between

each group after 21-day incubation. Among all

groups, the most enhanced mineral nodules were

observed in the PEEK-P/pDA/IGF1-BMP2, which

corresponded with the 14-day analysis. The results

demonstrated that the combination of BMP-2 and

IGF-1 could significantly enhance cell differentiation

compared to that observed with the immobilization

of IGF-1 or BMP-2 alone.

Surface morphology plays an important role in the

biocompatibility of biomaterials [9, 10, 53]. Porous

structures are crucial for bioactive implants, because

they directly affect protein adsorption, provide cell

attachment points, bone integration capacity, and so

on [54]. For this reason, concentrated sulfuric acid

was utilized to fabricate a 3D network on the PEEK

surface, which exhibited good bioactivity in vitro.

Hydrophilicity and protein adsorption capacity are

an important factor for the function of stem cells as

well as cell adhesion on biomaterials, and these

parameters are crucial for bone tissue regeneration

[55]. Hydrophilic surfaces can provide active sites for

cellular attachment [56]. Protein adsorption influ-

ences cell adhesion by adsorption of key tissue pro-

tein adhesion molecules in vivo [57]. From the results

of our study, surface modification via pDA coating

enhanced the surface hydrophilicity and facilitated

protein adsorption onto the implant surface. In vitro

results showed that surface modification with pDA

was an effective way to improve bioactivity and

could provide an excellent microenvironment to

promote cell attachment and proliferation.

In order to obtain a better bioactive surface, the

combination of IGF-1 and BMP-2 was chosen in this

study because the effect of BMP-2 alone on cell pro-

liferation was unsatisfactory, and one of the impor-

tant physiological functions of IGF-1 is to act as a

factor promoting cell proliferation. Moreover, a pre-

vious study has shown that IGF-1 can promote BMP-

2-mediated osteogenic differentiation [58]. The

in vitro cell response analysis in our result shows that

cell adhesion, spreading, proliferation, ECM secre-

tion, and ALP activity are significantly enhanced on

IGF-1/BMP-2 loaded PEEK compared to those with

IGF-1 or BMP-2 alone. These results suggest that our

surface bioactive modification can significantly

enhance in vitro cell responses and possibly facilitate

more robust bone/implant bonding in vivo.

Conclusions

In this study, concentrated sulfuric acid was used to

fabricate a surface porous structure on PEEK, fol-

lowed by coating with pDA to improve

hydrophilicity, cell attachment, and proliferation.

Polydopamine coating could increase the number of

binding sites for growth factors, which could effec-

tively enhance BMP-2 and IGF-1 binding on the

PEEK surface. Our in vitro results demonstrated that

cell adhesion, spreading, proliferation, ECM secre-

tion, and osteo-differentiation of MC3T3-E1 cells

were enhanced after pDA coating. After immobi-

lization of BMP-2 or IGF-1 (PEEK-P/pDA/BMP2-2,

PEEK-P/pDA/IGF1-2), the samples exhibited excel-

lent bioactivities with enhanced MC3T3-E1 cell

function. As a surface modification for biomedical

Figure 13 Alkaline phosphatase activity (ALP) of MC3T3-E1

cells grown on different samples after incubation for 7 and

14 days, which was detected using the pNPP method. p\ 0.05,

n = 3.
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materials, we verified the in vitro cell response to the

combined immobilization of BMP-2 and IGF-1 on the

PEEK surface and compared the results obtained

with those obtained after growth factors were

immobilized individually on PEEK surface. The

combination of IGF-1 and BMP-2 could facilitate cell

attachment, spreading, proliferation, ECM secretion,

and osteo-differentiation of MC3T3-E1 cells and sig-

nificantly enhance the bioactivity of PEEK materials.

Therefore, joint immobilization of IGF-1 and BMP-2

onto PEEK via pDA coating is a promising approach

to prepare candidate materials for bone tissue

engineering.
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