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Abstract The first and foremost function of a tissue engi-

neering scaffold is its role as a substrate for cell attachment,

and their subsequent growth and proliferation. However, cells

do not attach directly to the culture substrate; rather they bind

to proteins that are adsorbed to the scaffold’s surface. Like

standard tissue culture plates, tissue engineering scaffolds

can be chemically treated to couple proteins without losing

the conformational functionality; a process called surface
functionalization. In this work, novel highly porous 45S5

Bioglass©R-based scaffolds have been functionalized apply-

ing 3-AminoPropyl-TriethoxySilane (APTS) and glutaralde-

hyde (GA) without the use of organic solvents. The efficiency

and stability of the surface modification was assessed by

X-ray photoemission spectroscopy (XPS). The bioactivity of

the functionalized scaffolds was investigated using simulated

body fluid (SBF) and characterized by scanning electron

microscopy (SEM), energy dispersive spectroscopy (EDS)

and X-ray diffraction (XRD). It was found that the aqueous

heat-treatment applied at 80◦C for 4 hrs during the surface

functionalization procedure accelerated the structural tran-

sition of the crystalline Na2Ca2Si3O9 phase, present in the

original scaffold structure as a result of the sintering process

used for fabrication, to an amorphous phase during SBF

immersion. The surface functionalized scaffolds exhibited
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an accelerated crystalline hydroxyapatite layer formation

upon immersion in SBF caused by ion leaching and the in-

creased surface roughness induced during the heat treatment

step. The possible mechanisms behind this phenomenon are

discussed.

1 Introduction

Protein adsorption on surfaces of biomaterials and medical

implants is an essential aspect of the cascade of biological

reactions taking place at the interface between a synthetic

material and the biological environment. Type, amount

and conformation of adsorbed proteins mediate subsequent

adhesion, proliferation and differentiation of cells and they

are believed to steer foreign body response and inflammatory

processes [1–3]. Protein signaling regulates cell phenotype

and thus tissue structure and function. Biomaterial vehicles

are being designed to incorporate and locally deliver various

molecules involved in this signaling, including both growth

factors and peptides that mimic whole proteins [4]. Control-

ling the concentration, local duration and spatial distribution

of these factors is the key to their utility and efficacy. A

promising strategy being extensively investigated is the

encapsulation of growth factors or collagen in biodegradable

polymer matrices that release over time the incorporated

biomolecules [5–15]. However, there has been much less

research and development efforts on designing strategies to

load inorganic substrates, e.g. ceramics and glasses, with

biomolecules. Loading of ceramic scaffolds can be carried

out without using any coupling agents [16]. It is known how-

ever that under such conditions electrostatic and hydrophobic

interactions are dominant [17–20] and that conformational

changes of the native biomolecule structure may occur

[21–23].
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To load ceramic substrates with proteins, several protein

immobilization techniques are being applied in biosensor re-

search. The use of protein coupling agents allows the con-

trol of protein release kinetics and maintains almost com-

pletely the native protein structure [24–27]. One common

approach is to firstly silanize the ceramic surface with a

sol–gel precursor, followed by the attachment of a protein

coupling agent such as glutaraldehyde (GA) [24, 28]. Glu-

taraldehyde is known to be cytotoxic if not bound and it

can be replaced by other coupling agents such as genipin

for in vitro and in vivo studies [29]. Protein release kinetic

studies for sol–gel derived bioactive foams (70S30C and

ternary 58S compositions) have been carried out in a pre-

vious study [30]. However, the silanization process was per-

formed without using a protein coupling agent and organic

solvents were used, which are not ideal for biocompatibility

reasons.

In this study highly porous 45S5 Bioglass©R-based scaf-

folds fabricated by the polymer replica technique [31], which

are intended for bone tissue engineering applications [32],

have been surface functionalized. Silanization was realized

at 80◦C for 4 hrs in an aqueous solution. The effect of the

elevated processing temperature and the impact of the ap-

plied organic molecules on hydroxyapatite (HA) formation

in simulated body fluid (SBF) was investigated and char-

acterized. GA is used as a model protein coupling agent.

GA was chosen primarily as a model system because it

has been successfully used in biosensor applications, it is

readily available and it has low-cost. The surface functional-

ized Bioglass©R-based scaffolds are being developed for col-

lagen, growth factor and antibiotic immobilization for ap-

plications in the field of bone tissue engineering with the

aim to elucidate cell reactions to protein loaded bioactive

materials.

2 Experimental

2.1 Materials

Melt derived 45S5 Bioglass©R powder (gift of Dr. I.

Thompson, King’s College London, UK) was ball-milled

to a particle size of 5–10 microns as found by SEM

image analysis. Poly vinyl alcohol (PVA, 98–99% hy-

drolyzed, 363154), 3-aminopropyl-triethoxysilane (APTS,

99%, 440140) and glutaraldehyde (GA, 2.6 M in water,

49630) were purchased from Sigma Aldrich and Fluka.

For preparation of Bioglass©R-based scaffolds by the replica

technique [31] fully reticulated polyurethane foam with

60 ppi (pores per inch) from Recticel UK (Corby) was

applied in this study. Double deionised water with an

electrical resistance of >18 M�cm was used for all

experiments.

2.2 Methods

2.2.1 Scaffold and pellet fabrication

Porous, highly interconnected 3D Bioglass©R scaffolds were

fabricated by using the polymer replica method as described

in detail elsewhere [32]. An aqueous solution of PVA with

a concentration of 0.1 mol/L was prepared and Bioglass©R

powder added under vigorous stirring to a total of 40 wt%

solid content. After 1 h of stirring, a polyurethane foam sam-

ple with dimension 10 × 10 × 10 mm3 was immersed in the

Bioglass©R suspension for 15 min. Subsequently, the foam

was taken out and squeezed, removing the excess of slurry.

The sample was dried for 12 hrs at ambient conditions and

afterwards sintered at 1000◦C for 1 h.

For determination of the effectiveness of the functionali-

sation procedure by XPS, cylindrical Bioglass©R pellets were

fabricated by pressing and sintering powders. A quantity of

0.3 g Bioglass©R powder was cold-pressed into cylindrical pe-

llets of 8 mm radius/2 mm thickness and sintered at the same

conditions used for fabrication of the porous scaffolds. These

samples were used for X-ray photoemission spectroscopy

(XPS) analysis, as discussed below.

2.2.2 Surface functionalization

The scaffold and pellet samples were surface functionalized

by adapting the protocols from previous studies [24, 27]. An

aqueous APTS solution of 0.45 mol/L was prepared and the

pH adjusted to 8 by addition of 1 N HCl, resulting in a to-

tal volume of 70 ml. The samples to be functionalized were

immersed into the obtained aqueous solution, contained in a

glass bottle with the lid fastened. The solution was heated up

to 80◦C in an oil bath under stirring conditions. After 4 hrs

the samples were taken out and cleaned for 5 min in 300 ml

of deionised water. The samples were subsequently dried and

immersed for 1 h in a 50 ml GA solution (1 mol/L) at ambient

conditions. Finally, the surface functionalized samples were

cleaned again in deionised water and dried at ambient con-

ditions. Control samples were prepared in exactly the same

way but without using APTS and GA. They were only heat-

treated at 80◦C for 4 hrs at pH 8. These control samples are

referred to as “heat-treated” samples throughout the text.

2.2.3 Study of bioactivity in simulated body fluid (SBF)

The standard procedure by Kokubo et al. [33] was applied

to investigate hydroxyapatite (HA) formation in Simulated

Body Fluid (SBF). It is established [34–36] that HA for-

mation on materials surfaces upon immersion in SBF is an

indication of the bioactivity of a material. The SBF compo-

sition was taken from ref. [35]. Each sample was immersed

in 75 ml of acellular SBF in sterilized conical polypropylene
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flasks. The flasks with fastened lids were placed into an in-

cubator at a constant temperature of 37◦C. After 3 days and

1 week samples were withdrawn, rinsed and dried at ambi-

ent conditions for characterization. The SBF solution was

completely replaced every three days. Three set of samples,

both porous scaffolds and dense pellets, were investigated:

as-fabricated, heat-treated and surface functionalized.

2.3 Characterization

2.3.1 X-ray photoemission spectroscopy (XPS)

Surface analysis of control and modified pellet surfaces was

performed using an ESCALAB 200i-XL spectrometer oper-

ated in large area XL magnetic lens mode with a monochro-

matic AlKα X-ray source (1 mm2 spot size). Charge com-

pensation was carried out using an electron flood gun. The

system pressure was below 5 × 10−8 mbar. The take-off an-

gle was maintained at 0◦ to the surface normal. Survey spec-

tra were collected at a pass energy of 100 eV and detailed

spectra at 20 eV. Quantification was performed using Eclipse

software (Thermo Electron Corporation) with Schofield sen-

sitivity factors following subtraction of linear backgrounds.

2.3.2 Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS)

The microstructures of Bioglass©R -based foams were charac-

terized in a LEO Gemini SEM, before and after immersion

in simulated body fluid (SBF). Samples were gold-sputtered

and observed at accelerating voltages of 15–20 kV. Energy

dispersive X-ray spectra (Kα line) of scaffold surface areas

of 1 × 1 μm2were recorded at 20 kV in the field emis-

sion gun SEM (FEG-SEM). The spectra were processed by

“INCA” (Oxford instruments) software, using standard ref-

erence spectra.

2.3.3 X-ray diffraction (XRD)

Scaffold samples before and after immersion in SBF were

manually ground to powder and 0.05 g used for XRD anal-

ysis (Philips PW 1700 Series). The samples were run with a

Cu-Kα source at 40 kV and 40 mA with a secondary crystal

monochromator. Data were collected over a range of 2θ =
5–80◦ using a step size of 0.04◦ and a counting time of 25 s

per step.

3 Results

3.1 XPS

XPS analysis was carried out before and after functionaliza-

tion on sintered pellets to determine the surface composi-

tions with a typical analysis depth of 5–10 nm. In addition,

the surfaces were analyzed by XPS after 3 days immersion

in SBF. It was assumed that the results of planar sintered

pellets would be directly applicable to the scaffold samples

fabricated under the same conditions since exactly the same

process parameters were used in the functionalization steps.

The results of XPS analysis on samples before and af-

ter (3 days) immersion in SBF are shown in Table 1. The

detected relatively high concentration of C atoms and non

zero concentration of N in the as-fabricated samples are the

result of organic contamination on the sintered Bioglass©R sur-

face. As mentioned above, XPS measures chemistry to a 10

nm depth, and its sensitivity increases exponentially towards

the surface. Organic contamination is a common problem in

many systems analysed by XPS. Although the samples were

washed with water before testing, the use of solvents was con-

sidered inappropriate as possible uncontrolled modifications

to the Bioglass©R surface were to be avoided. The presence of

a carbon layer in the as-fabricated material also accounts for

the relatively low silicon signal measured. The carbon layer

covers the Bioglass©R surface and hence reduces the relative

Si concentration in the surface region. On surface modifica-

tion, increases in carbon, silicon and nitrogen were detected,

as expected, since APTS includes these three elements. Al-

though one may expect the surface carbon concentration to

increase significantly on modification this is not necessarily

true. It appears that the APTS is replacing the organic contam-

ination on the surface. Considering the contributions from Ca

and P, for example, it is seen that these decrease consider-

ably; while the silicon concentration increases. This shows

that the majority of the silicon signal in the surface modi-

fied sample is not from the Bioglass R© substrate, but from the

APTS.

Table 1 Surface composition (in at.%) obtained by XPS for sintered Bioglass©R pellets with and without surface functionalization, before and

after immersion in simulated body fluid (SBF) for 3 days

Dataset Na 1s % Ca 2p % P 2p % O 1s % C 1s % Si 2p % N 1s %

Control (as fabricated) 0.879537 4.6292 4.0255 24.7671 49.5633 14.1324 2.00302

Surface modified 0.298178 0.444443 0.250483 25.1617 51.0736 20.2236 2.54809

Control (as fabricated) after immersion in SBF 1.40865 11.268 10.3354 45.6459 18.4341 11.584 1.32385

Surface modified after immersion in SBF 0.986561 3.43692 3.93279 37.4539 29.9473 19.9621 4.28032
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The direct comparison of the reference pellets with the

surface modified samples before SBF immersion reveals also

deficiency of Na. The O content does not change significantly

whereas, as mentioned above, the C content increases slightly

due to the original organic impurities on the reference sam-

ple. The Si fraction increases in about 50% compared to the

unmodified reference.

Results after 3 days immersion in SBF also presented

in Table 1 show a consistent increase of Na, Ca, P and O

contents for the reference and the modified samples. The

total amounts of Na, Ca, P and O are lower, however, for

the modified than for the reference sample. For both sam-

ples the C content decreases after SBF soaking whereas the

Si content stays approximately the same in the function-

alised sample but reduces in about 3 at% in the as-fabricated

sample.

3.2 SEM and EDS

Figures 1 to 3 show SEM micrographs of the investigated

scaffolds after different treatments. Figures 1(a) to (c) show

SEM micrographs of as-fabricated scaffolds before and after

3 days and 1 week immersion in SBF. An overview picture

of an as-fabricated scaffold at a lower magnification is pre-

sented in Fig. 1(d), illustrating the highly interconnected pore

structure with pore sizes around 500 μm and a porosity of

around 90 vol%, achieved by the replica technique [31, 32].

The as-fabricated scaffold, used as reference in this study,

shows little calcium phosphate deposition on the surface af-

ter 3 days and 1 week immersion in SBF as illustrated in Fig.

1(b) and 1(c), and discussed elsewhere [32].

Figures 2(a) and 3(a) represent the surfaces of the heat-

treated (80◦C in aqueous solution for 4 hrs) and surface mod-

ified samples before immersion in SBF, respectively. The

heat-treated and surface modified samples feature a surface

roughness at the microscale as opposed to the reference sam-

ple in Fig. 1(a). After 3 days and 1 week of SBF immersion the

heat-treated and surface modified samples are almost fully

covered with calcium phosphate depositions (Figs. 2(b) and

2(c) and Figs. 3(b) and 3(c)).

Results from EDS analysis are presented in Figs. 4(a)–(h),

which show, from left to right, the concentration of relevant

elements on scaffold surfaces, as measured before, after 3

days and after 1 week of immersion in SBF. The dotted lines

in the graphs represent the reference EDS analysis of a 45S5

Bioglass©R scaffold, just after sintering before SBF immer-

sion. The solid lines represent the theoretical composition of

stoichiometric HA (Ca10(PO4)6(OH)2) with a corresponding

Ca to P ratio of 1.67. Before SBF immersion the heat-treated

and the surface modified samples show a deficiency in Na

Fig. 1 SEM micrographs of non-modified sintered Bioglass©R scaf-

folds before immersion in SBF (a), after 3 days in SBF (b) and after

1 week in SBF (c). The image in (d) shows the as-fabricated scaffold

structure at a lower magnification, indicating the high, uniform porosity

achieved by the replica technique [31, 32].
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Fig. 2 SEM micrographs of sintered and heat-treated (80◦C in aque-

ous solution for 4 hrs) Bioglass©R scaffolds before immersion in SBF

(a), after 3 days in SBF (b) and 1 week in SBF (c). A distinct surface

roughness is observed on the sample in (a), which is thought to be the

result of microporosity induced by ion leaching during heat-treatment

in water at 80◦C.

Fig. 3 SEM micrographs of sintered and surface functionalized Bio-

glass©R scaffolds before immersion in SBF (a), after 3 days in SBF (b)

and after 1 week in SBF (c). A distinct surface roughness is observed

on the sample in (a), which is thought to be the result of microporosity

induced by ion leaching during the heat-treatment in water at 80◦C.
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Fig. 4 EDS analysis of

scaffolds: (a), (b) sintered after 3

days and 1 week in SBF,

respectively. Plots (c)–(e) are

sintered and heat-treated

scaffolds before immersion in

SBF, after 3 days and after 1

week in SBF, respectively, and

(f)–(h) sintered and

functionalized before immersion

in SBF, and after 3 days and 1

week in SBF, respectively. The

dotted line represents the

reference 45S5 Bioglass©R

composition and the solid line

the theoretical composition of

HA with a Ca to P ratio of 1.67.

whereas the reference sample exhibits the same deficiency

only after 3 days immersion in SBF. The Si, Ca and P frac-

tions of all samples begin to scatter after 3 days, indicating

compositional heterogeneities. After 1 week in SBF all sam-

ples show significant increases in the Ca and P contents, as

expected, due to the formation of calcium phosphate layers,

as observed by SEM (Figs. 1–3). It should be noted, however,

that the penetration depth of the EDS analysis at the applied

conditions is about 2–5 μm, hence the results also include

bulk composition data and therefore no quantitative informa-

tion on the exact composition of the calcium phosphate layer

can be drawn from the presented results.

3.3 XRD

Figure 5 shows the obtained XRD spectra for all investigated

samples. The “as-received powder” graphs represent the re-

sults for amorphous 45S5 Bioglass©R powder in as-received

conditions. The diffusive peak at around 2θ = 27◦ is caused
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by the short range ordering of the silicate structure in glasses

[36].

All samples, with and without surface modification, ex-

hibit sharp diffraction peaks after sintering. These peaks can

be identified as crystallites of a Na2Ca2Si3O9 phase (marked

with triangles) using the standard PDF #22.1455. The same

crystalline phase has been reported in previous studies on

sintered 45S5 Bioglass©R powders [31, 37]. After 3 days in

SBF the reference sample (Fig. 5(a)) shows a small reduc-

tion of crystallinity and a small HA peak (marked with solid

squares). Remarkably, the heat-treated and surface modi-

fied samples do not feature any remaining crystalline phase

(Na2Ca2Si3O9) after 3 days in SBF but pronounced peaks of

HA are detected (Figs. 5(b) and (c)). The XRD spectra taken

after 3 days and 1 week of SBF immersion do not exhibit

any changes, indicating no further structural changes for all

investigated samples.

4 Discussion

4.1 Surface functionalization

The XPS analysis of the sintered non-modified and modified

Bioglass©R pellets presented in Table 1 show an increase of

the Si and C content on the materials surfaces. The C content

difference can be attributed to the organic molecules used for

the surface modification. The Si increase is due to the APTS

molecules treatment. Each APTS molecule introduces one Si

atom to the surface. After surface modification the reference

and modified samples exhibit a different Si content, the ratio

being 1:2, which verifies the successful surface silanization.

The coupling of GA to the surface was confirmed by a typical

reddish color of the samples obtained after GA treatment. The

APTS presence on a surface is known to be the prerequisite

for the successful GA coupling. It has been shown in the

literature [27, 38, 39] that GA has a very high affinity to

APTS. On average it is assumed that one GA molecule docks

to one APTS molecule.

After 3 days in SBF the Si content (data in Table 1) of

the reference and the modified samples maintain the same

level, with only a limited reduction of Si concentration in the

as-fabricated sample. This suggests that the XPS analysis

spot (1 mm2) records Si signals from Bioglass©R pellet areas

that are not covered with HA layers or that some areas are

not covered with HA layers thicker than about 10 nm. Both

cases suggest a chemical stability of the silanized surface. It

is suggested that the decrease of Si in the untreated sample

was caused by silicate ion leaching, thus the lower reduction

of Si in the surface modified samples should indicate a stable

attachment of APTS molecules.

The fractions of C decrease significantly for both samples

(Table 1). Interestingly, the modified samples exhibit after

3 days in SBF still a 50% higher C content as opposed to

the reference probably due to organic molecules that are still

coupled onto the surface. This fact not only confirms the

stability of APTS attachment but also shows a firm adhesion

of the GA molecules to the Bioglass©R substrate.

4.2 Impact on bioactivity

SEM micrographs and XRD analysis confirm qualitatively a

much more pronounced formation of HA for the heat-treated

(80◦C in aqueous solution for 4 hrs) and surface modified

scaffolds (Figs. 2(b) and (c), Figs. 3(b) and (c), and Figs.

5(b) and (c)) as opposed to the sintered reference scaffold

samples (Figs. 1(b) and (c), Fig. 5(a)). The obtained HA is

Ca and P deficient as found by XPS and EDS analysis (Table

1 and Fig. 5, respectively).

Two mechanisms are suggested to contribute to the differ-

ent HA formation rates. Firstly, Na, Ca and P ions are thought

to be leached out of the glass structure during the aqueous

heat-treatment at 80◦C for 4 hrs and at pH 8 required for the

surface modification. The fractions of these ions are signifi-

cantly reduced as confirmed by EDS analysis in Fig. 4(c) and

(f). The normally less soluble crystalline Na2Ca2Si3O9 phase

is disrupted in its crystalline structure and therefore its solu-

bility increased thus allowing a more rapid exchange of ions

when immersed in the SBF solution. The XRD analysis (Fig.

5(b) and (c)) confirms that after 3 days immersion in SBF the

crystalline phase has already disappeared as opposed to the

non heat-treated reference (Fig. 5(a)).

In addition, SEM micrographs of heat-treated and surface

modified samples have revealed a pronounced surface rough-

ness at the micro scale (Figs. 2(a) and 3(a)) which is thought

to be caused by ion leaching during the aqueous heat treat-

ment. The increased surface roughness probably favors crys-

tallization of HA when samples are immersed in SBF [40].

The comparable amounts of HA formed on heat-treated

and surface modified samples indicate that the aqueous heat-

treatment is likely to be the only reason for a faster HA for-

mation for the reasons explained above. It can be concluded

therefore that introducing APTS and GA molecules to the

surface of a sintered Bioglass©R substrate (both in porous scaf-

fold and dense pellet form) does not influence the kinetics

of HA formation upon immersion in SBF. This result is rele-

vant considering the maintainance of the bioactive behaviour

of Bioglass©R-based scaffolds while enhancing their ability

to bind bone tissue by the surface functionalization proce-

dure introduced here. Indeed the growth of calcium phos-

phate coatings in the presence of biomolecules, such as albu-

min, fibronectin, has been shown to be substantially inhibited

[41, 42]. Future research should consider the application of

the strategy presented here on Bioglass©R-based scaffolds for

selective adhesion of relevant biomolecules.
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Fig. 5 XRD spectra of different scaffolds before and after 3 days and

1 week immersion in SBF: (a) sintered, (b) sintered and heat-treated,

(c) sintered and functionalized. Triangles mark the Na2Ca2Si3O9 phase,

solid squares the HA peaks. The heat-treated and modified samples ex-

hibit only HA peaks and no indication of a Na2Ca2Si3O9 phase after 3

days in SBF

5 Conclusions

Surface functionalization of 45S5 Bioglass©R scaffolds was

carried out for the first time without using organic solvents.

The process efficiency was verified by XPS analysis. The

surface functionalized scaffolds are ready for protein immo-

bilization and they can be used for protein release studies or

to fabricate Bioglass R© –protein hybrids.

The results of this study suggest that the aqueous heat

treatment involved in the surface functionalization process

leaches out Na, Ca and P ions from sintered Bioglass©R scaf-

folds. This process affects the crystallinity of the sample,
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inducing local surface roughness increment and, as a conse-

quence thereof, it favors the formation of HA upon immer-

sion in SBF. This simple aqueous heat treatment at 80◦C can

be applied to sintered Bioglass©R-based scaffolds to remove

or disrupt the stable crystalline Na2Ca2Si3O9 phase structure

which is undesirable as it delays HA formation therefore im-

pairing bioactivity.
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