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Abstract
Biointerface design that targets osteogenesis is a growing area of research with significant implications in biomedicine. Materials known to either support or stimulate osteogenesis are composed of a biomimetic ceramic material, such as bioactive glass. Bioactive glass is osteoproductive,
and the potential for osteoproductivity can be enhanced by the addition of proteins or other additives designed to alter functionality. In addition, soluble growth factors are often added to osteogenic culture on bioactive glasses, further intensifying the effects of the material. In this paper,
synthetic peptide combinations, covalently bound to a three-dimensional bioactive glass network,
are used to mimic the effects of the whole fibronectin and bone morphogenetic proteins (BMP) 2
and 9. Peptide-silanes possessing critical binding sequences from each of these proteins are synthesized and used to decorate the surface of three-dimensional (3D) nano-macroporous bioactive
glass. MC3T3 preosteoblast cells are then assessed for differentiation on the materials in the absence of soluble differentiation cues. MC3T3 preosteoblasts undergo enhanced differentiation on
the peptide-silane samples over the standard nano-macroporous bioactive glass, and the differentiation capacity of the cells exposes only to peptide-silane surfaces approaches that of cells grown
in chemical differentiation induction media.
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1. Introduction

Biomaterials designed for bone repair benefit from an interface that is designed to increase osteogenesis. Bioactive glasses have been shown to be osteoproductive, stimulating osteogenesis via surface and solution-mediated
mechanisms [1]-[3]. Therefore, bioactive glasses have received considerable attention from researchers aiming
to enhance the treatment of bony defects in orthopedics and dentistry [1] [4]-[12]. Perhaps the most useful characteristic of bioactive glasses is the rapid surface reaction rate [13]-[18]. This rapid reaction rate leads to direct
bone attachment. Bioactive glasses are quite flexible with regards to manufacturing, and also are amenable to
surface modification, opening up a wide array of potential formats and compositions that offer versatility and
unique properties [5]-[8] [19]-[23].
Osteogenic cells exhibit enhanced growth and biological activity in the presence of 45S5 bioactive glass substrates [3] [5] [9] [14] [24]-[33]. Studies performed in vivo have shown that bioactive glasses lead to enhanced
proliferation and differentiation of progenitor cells [1] [25] [28] [29] [32]. This enhancement of osteogenic behavior has been linked to an enhanced production of biological growth factors and other proteins implicated in
cell proliferation and tissue organization [3] [13] [24] [34].
One common research goal for bioactive glass as a clinical treatment for bone defects is to increase the tissue
engineering potential. Several potential improvements have been suggested, including surface modification with
bioactive proteins [23] [35] [36] and incorporation of growth factors [4] [5] [36] into the materials for slow release into the extracellular surroundings. While these approaches are promising, controlling the conformation of
proteins that contact the highly reactive surface is challenging. Therefore, many researchers have chosen to use
highly specific synthetic peptides that mimic protein motifs, such as the RGD group from Fibronectin Type III
repeats [37]-[39]. This study examines the potential of mixed peptide motifs on three-dimensional, nano-macroporous bioactive glass scaffolds. Specifically, peptides derived from growth factors that are implicated in osteogenesis were chosen. The peptides were incorporated through an established peptide-silane technique, via covalent modification of the N-terminus with an alkoxysilane moiety. The peptides chosen were the RGD group to
enhance cell adhesion [37] [38] [40]-[43], and sequence motifs from BMP-2 and BMP-9, for their potency to
induce osteogenic differentiation [5] [44]-[48]. These peptides were covalently linked to a bioactive glass network using silane chemistry [49], and MC3T3 cells were used to examine the influence of bioactive peptides on
the induction of osteogenesis on 3D bioactive glass monoliths.

2. Materials and Methods
2.1. Cell Culture
MC3T3-E1 cells (ATCC CRL-2593) (MC3T3) were maintained in Modifed Eagle’s Medium (alpha modification) (α-MEM) + 7.5% bovine calf serum (BCS) + 2.5% fetal bovine serum (FBS) in a 5% CO2, 37˚C humidified atmosphere. Media was replaced three times a week and cells were split 1:50 when reaching 80% confluency.

2.2. Peptide-Silane Synthesis
Three peptide-silanes were synthesized (Table 1), including AYAVTGRGDSPAS (RGD), ACGGKVGKACCVPTKLSPISVLYK (CGG), and ACKIPKASSVPTELSAISTLYL (CKI). Peptides were synthesized using solid-phase synthesis in an automated peptide synthesizer (ResPep, Intavis, Germany) using 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry. Peptides were then conjugated with 3’-aminopropyl trimethoxysilane (APTMS)
using carbonyldiimadazole (CDI) as a linker. Resulting peptide-silanes were cleaved using a cleavage cocktail
consisting of 89% trifluoracetic acid, 5% phenol, 5% dd H2O, and 1% triisopropylsilane. Peptides were then
Table 1. Peptide-silanes used in this study.
Name

Sequence

Origin

RGD

AYAVTGRGDSPASA [37]-[39] [43]

Fibronectin Type III10

CGG

ACGGKVGKACCVPTKLSPISVLYKA [5]

BMP-9

CKI

ACKIPKASSVPTELSAISTLYLA [48]

BMP-2
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ether precipitated and purified. Peptide conjugation is routinely confirmed using matrix assisted laser desorption
ionization - mass spectrometry (MALDI-MS), with α-cyano-4-hydroxycinnamic acid as the matrix [50].

2.3. Material Preparation
Bimodal (nano-macroporous) 3D bioactive glass scaffolds (70% SiO2 - 30% CaO) were synthesized as previously described [17] [51]-[53]. This process is summarized in Figure 1. Briefly, water soluble polymer polyethylene oxide (PEO, Mw = 100,000, 2.1 g), was dissolved in 0.05 N acetic acid (CH3COOH, 30 mL). The mixture was stirred for 20 minutes to dissolve the polymer. Urea (1.35 g) and tetramethoxysilane (TMOS) (AcrosInorganics, 13.5 mL) were added and vigorously stirred for 20 minutes. Calcium nitrate tetrahydrate (9.27 g) was
then added and the mixture stirred for 10 more minutes. To accelerate gelation, aqueous hydroﬂuoric acid (HF,
6%) was added. The sol was then cast into molds (which were sized to fit a 24 well tissue culture plate) and left
to gel at 40˚C for 24 hours. The resulting gel was dried at 60˚C for 1 day (at a relative humidity of 90%), followed by 180˚C for 2 days. Following the drying, the gels were heat treated sequentially at 600˚C for one hour
and 700˚C for two hours, with heating and cooling (to room temperature) rates of 100˚C/h. The resulting scaffolds are shown in Figure 1.
Following synthesis, the scaffolds were prepared for cell culture. The scaffolds were autoclaved (121˚C, 15
minutes) and then submerged in Simulated Body Fluid (SBF) overnight (SBF: 138 μM NaCl, 4 μM NaHCO3, 3
μM KCl, 1.4 μM K2HPO4, 1.5 μM MgCl2, 2.64 μM CaCl2, 507 nM Na2SO4, and 50.56 μM Tris, adjusted to pH
7.4 with 20 mL of 1.0 M HCl). The peptide-silanes were dissolved in 50 μL of dimethylsulfoxide. The peptidesilanes were then suspended in SBF, and pipetted on top of the scaffolds at 0.01% mole peptide: 1 mole SiO2.
The experimental samples included bioactive glass samples with no peptides; with RGD (0.01 mole% total peptide-silane: 1 mole Si); with RGD and CGG (0.02 mole% total peptide-silane: 1 mole Si); and with RGD, CGG
and CKI (0.03 mole% total peptide-silane: 1 mole Si). Cells grown on scaffolds in differentiation media
represented a positive control. All scaffolds were submerged in media overnight before cell seeding.

2.4. Peptide Tagging with Fluorescent Dye
To ensure that peptides were diffusing into the scaffolds, the RGD peptide was labeled using an amine reactive
fluorescent peptide-labeling reagent (Cy3 mono-reactive NHS ester). The labeling reagent was used as specified
by the manufacturer (GE Healthcare, Princeton, NJ). Labeled peptides were separated from free dye by dialysis.

2.5. X-Ray Photoelectron Spectroscopy (XPS)
Jedlicka et al. have previously described the analysis of sol-gel silica surfaces modified with peptide-silanes [49].
XPS data were obtained by a Kratos Ultra DLD spectrometer using monochromatic AlKR radiation of 1486.58
Acetic acid + PEO + Urea +
TMOS + Ca(NO3)2 – 4H2O + HF

3D Porous
Glass
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mixing
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at 700˚C
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Figure 1. Three-dimensional nano-macroporous glass scaffold preparation. The scaffolds
were made to fit in a 24 well tissue culture plate.
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eV. The survey and high-resolution spectra were collected at a fixed analyzer pass energy of 160 and 20 eV, respectively. The spectra were collected at a 0˚ and 60˚ angle with respect to the surface normal. The atomic concentrations of the chemical elements in the near-surface region were estimated after the subtraction of a Shirleytype background, taking into account the corresponding Scofield atomic sensitivity factors and inelastic mean
free pass (IMFP) of photoelectrons as a standard procedure of the CasaXPS software.

2.6. Cell Culture on Materials
MC3T3-E1 cells (ATCC CRL 2593), at passage numbers 7 - 9, were used to examine the osteogenic potential of
the 3D peptide-modified scaffolds. MC3T3 cells were routinely maintained on tissue culture treated polystyrene
(TCPS) dishes at 37˚C in a humidified atmosphere containing 5% CO2. Media was changed twice weekly. To
seed cells on materials (Table 2), cells were removed from TCPS and seeded at a density of 1000 cells/mm3
onto sterilized scaffolds, via addition of a concentrated cell suspension in a drop-wise manner to ensure direct
cell loading onto scaffolds. Samples were incubated at 37˚C for 30 min to allow for cell attachment before new
media was added to flood the samples. Cells were analyzed at variable time points (2, 3, 4, 5 weeks).
Table 2 summarizes the scaffolds/treatments examined in this study. The positive control (denoted Diff) was
maintained on an unmodified 3D bioactive glass scaffold in differentiation media (α-MEM + 7.5% BCS + 2.5%
FBS + 0.01 mol/L β-glycerol phosphate + 50 μg/mL of L-ascorbic acid) throughout the experimental timeline.
The experimental samples (RGD, CGG and CKI) were maintained in standard maintenance medium (α-MEM +
7.5% BCS + 2.5% FBS), to assess the potential of the peptides to induce differentiation on the 3D scaffolds in
the absence of soluble differentiation cues. The negative control cells were grown in proliferation media on the
3D bioactive glass scaffolds (BIO). Triplicate samples were prepared for each successive experiment. Given the
3D nature of the scaffolds, daily cell monitoring was not possible; however, media color and clarity were
checked on a regular basis to monitor for contamination.

2.7. Cell Viability Assay
Cell viability was assessed using a non-destructive Alamar Blue Assay, per manufacturer’s instructions (Invitrogen). This assay was chosen over the MTT assay, due to a slightly higher sensitivity, and the non-destructive
nature of the dyes [54]. Samples were removed from cell media and incubated for 14.5 hours in 10% Alamar
Blue solution. This timing was empirically determined for the MC3T3 cells. Solution absorbance was read at
620 nm and 590 nm, and the percentage of reduced Alamar Blue was determined. Cell counts were determined
from this reduction through an experimentally derived standard curve.

2.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
RNA was extracted from the samples using the RNeasy Plus Micro Kit (Qiagen), per manufacturer’s instructions, with slight modifications. Cell lysate was obtained by crushing the scaffolds while they were submerged
in lysis buffer. This was followed by centrifugation. Initial RNA concentrations were very low, so the process
was modified by then adding RNase-free water to the scaffold debris and mixing (to dissolve the RNA that had
bound to the silica particles from the scaffold), centrifuging and adding this supernatant to the cell lysate. The
last step of the protocol was modified to elute a total of 20 µl of RNA by twice adding 12 µl of RNase-free water to the spin column membrane and centrifuging.
qRT-PCR was performed using the Rotor-Gene™ SYBR Green RT-PCR Kit, with a Rotor-Gene qRT-PCR
cycler. The genes of interest were glyceraldehyde 3 phosphate dehydrogenase (GAPDH) (control), Osteocalcin
(BGLAP), Transcription factor RunX2 (RunX), Alkaline Phosphatase (AP) and SMAD family member 4
Table 2. Materials/Specimens examined.
Experimental Samples

Positive Control

Negative Control

Bioactive Glass Only
+
Differentiation Media (Diff)

Bioactive Glass Only
+
Regular Media (BIO)

Bioactive Glass + RGD (RGD)
Bioactive Glass + RGD + CGG (CGG)
Bioactive Glass + RGD + CGG + CKI (CKI)
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(SMAD4) (Table 3). The primers used in this study are listed in Table 3. Analysis of the cycle data was assessed using the ΔΔ Ct method, with a threshold value of 20% above the background. Efficiency values were
empirically derived from 3 plates of differentiated cells (grown in the same media as the positive control) for the
purposes of this analysis. Fold changes were determined through Ct comparison to the negative control. All data
was subject to normalization to a housekeeping gene (GAPDH) corresponding to each experimental condition
and specimen. All data was then averaged and subject to ANOVA statistical analysis.

2.9. Scanning Electron Microscopy (SEM)
To examine cell attachment and scaffold morphology, scanning electron microscopy (SEM) in environmental
mode was used. Scaffolds were washed three times in 0.1 M phosphate buffer and fixed in 12% gluteraldehyde
overnight. Following fixation, specimens were washed again with phosphate buffer and dehydrated with an
ethanol gradient: [25% (10 minutes), 50% (10 minutes), 75% (15 minutes), 95% (15 minutes) and 100% (3 × 10
minutes)]. Samples were then covered in hexamethyldisilazane (HMDS) for 10 minutes before drying in a dessicator overnight. Specimens were imaged in a Philips XL30 ESEM, at 0.2 torr, with an accelerating voltage of
5 kV.

3. Results and Discussion
In this study, we used mixed peptide silanes from fibronectin, BMP-2 and BMP-9 grafted onto three-dimensional
nano-macroporous bioactive glass to examine the potential of these short peptides to influence osteogenic differentiation. SEM was used to assess that the surface morphology after grafting of the peptides was not significantly altered. SEM imaging (Figure 2) revealed that the surface morphology of the scaffolds was not significantly altered with the addition of peptide-silanes to the surface.
Specimens were also imaged after SBF submersion, prior to cell seeding. A difference in the hydroxyapatite
layer after SBF incubation was observed in the SEM studies in our experiment between the control samples and
the peptide grafted samples (Figure 3). This can be attributed to the presence of negatively charged groups
within some of the amino acids in the peptides chains, such as glutamic acid in the CKI peptide sequence and
aspartic acid in the RGD peptide sequence [55]. These amino acids carry carboxyl groups with negative charges
that act like a nucleation sites for the hydroxyapatite crystals through the binding of the dissolved calcium ions
to them [56].
Diffusion of the peptides through the 3D scaffolds was tracked using fluorescent microscopy. To visualize the
peptide-silanes, the RGD peptide-silane was conjugated using a Cy3 monoreactive NHS ester dye for this experiment only (Figure 4). The conjugated peptide-silane was added at 0.01 mole%: 1 mole Si to the scaffold
structure in the same manner used in cell culture studies. Using the z-stacking feature, several levels of the 3D
scaffold were inspected for fluorescence signature, confirming that the depth of penetration exceeded the microscope objectives working depth (800 μm). While the additional fluorescent dye may have led to altered interactions between the peptide-silane and the bioactive glass surface, the peptide-silanes appear to diffuse freely
through the bioactive glass network.
To confirm our fluorescent peptide-silane diffusion study, XPS was performed on the bioactive glass surfaces
both before and after peptide additions to the materials. These data are summarized in Table 4. The unmodified
Table 3. qRT-PCR primers.
Gene

Description

Primer

Tm

GAPDH

Glyceraldehyde 3-phosphate dehydrogenase
(reference gene)

Forward: 5’ TCGGTGTGAACGGATTTGG 3’
Reverse: 5’ TCTCCACTTTGCCACTGCA 3’

55.4C
57.1C

BGLAP

Osteocalcin

Forward: 5’ CTGACAAAGCCTTCATGTCCAA 3’
Reverse: 5’ GCCGGAGTCTGTTCACTACCTT 3’

55.6C
58.7C

Runx

Transcription Factor RunX2

Forward: 5’ CTTCAAGGTTGTAGCCCTCGGA 3’
Reverse: 5’ ATGACGGTAACCACAGTCCCA 3’

58.8C
58.2C

AP

Alkaline Phosphatase

Forward: 5’ AAGGATATCGACGTGATCATGG 3’
Reverse: 5’ GGCCTTCTCATCCAGTTCGTA 3’

54.3C
56.5C

SMAD4

SMAD family member 4

Forward: 5’ CACAAGTCAGCCGGCCAGTATT 3’
Reverse: 5’ TTCCAGTCCAGGTGGTAGT 3’

59.8C
60.1C
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Figure 2. SEM image of nano-macroporous bioactive glass (A) before and (B) after covalent peptide modification with RGD,
CGG and CKI peptide-silanes added at equal ratios for a total concentration of 0.03 mole%: mole Si (CKI material). Scale
bar = 50 μm.
A

B

Figure 3. SEM image hydroxyapatite layer formation after SBF incubation on nano-macroporous bioactive glass (A) withouth and (B) with covalent peptide modifcation with RGD, CGG, and CKI added at equal ratios for a total concentration of
0.03 mole%: mole % Si (CKI material). Scale bar = 200 μm.
A

B

C

Figure 4. Fluorescent microscope image of fluorescent peptide modified nano-macroporous bioactive glass (A) at the surface, (B) 800 μm into the surface and (C) z-stack image of 10 images between the surface and the upper working depth of the
microscope objective of a scaffold modified with 0.01 mole % fluorescent RGD peptide-silane: 1 mole Si. Scale bar = 50 μm.

bioactive glass, when analyzed with XPS, appears to possess a small degree of carbon contamination; therefore,
the carbon percentages are not used to determine peptide-silane conjugation. The Nitrogen 1 s and Sulfur 2p are
not seen on standard bioactive glass, however, as the peptide-silanes are added to the scaffolds, these elements
begin to appear in the spectra. The RGD peptide-silane used in this study does not possess a cysteine residue,
and no sulfur was detected on these specimens. However, as the CGG and CKI peptides are added, both of
which possess a cysteine residue, S 2p is detected in the spectra, indicating that the peptide-silanes are present
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Table 4. XPS Analysis. BIO is unmodified three-dimensional nano-macroporous bioactive glass. RGD is BIO modified with
0.01 mole % RGD peptide-silane: 1 mole of Si. CGG is RGD modified with an additional 0.01 mole % CGG peptide-silane:
1 mole of Si (total of 0.02 mole %: 1 mole of Si). CKI is CGG modified with an additional 0.01 mole % CKI peptide-silane:
1 mole of Si (total of 0.03 mole %: 1 mole of Si).
Sample

Location

Atomic %
Ca 2p

O 1s

Si 2p

C 1s

N 1s

S 2p

BIO

Surface

3.92

61.75

29.12

5.21

0

N/D

BIO

Internal

4.98

65.2

23.6

6.22

0

N/D

RGD

Surface

1.96

63.35

28.06

6.19

0.44

N/D

RGD

Internal

1.8

67.42

26.37

4.31

0.1

N/D

CGG

Surface

0.92

63.75

26.33

4.61

0.53

3.86

CGG

Internal

1.56

63.35

27.76

3.19

0.45

3.69

CKI

Surface

1.05

42.79

20.82

26.97

5.03

3.34

CKI

Internal

2.35

52.58

21.11

17.4

3.19

3.37

on these specimens. In addition, the Nitrogen 1 s content also increases as a function of added peptide-silanes to
the bioactive glass monoliths. Finally, the surface of the scaffolds experiences a 4 - 6 fold increase in C 1 s content when all three peptide-silanes are added collectively to the scaffolds. This could indicate some degree of
peptide intermolecular association at the surface of the scaffolds, potentially preventing full diffusion of the
three peptide-silanes throughout the inner structure of the monolith.
To augment the surface analysis and support the RGD fluorescence analysis, an internal XPS analysis on the
peptide-silane modified specimens was performed. These are denoted as “Internal” in Table 4. To obtain these
specimens, the original specimens were removed from the XPS and the top surface (~1 mm) was scraped off
with a sterile scalpel blade. The dust from the scraping was gently removed with air, and the specimens further
analyzed. Of specific interest are the N 1 s and S 2p atomic percentages. Even after removal of ~1 mm of the top
surface of the bioactive glass, there remains nitrogen and sulfur in the XPS spectra, indicating diffusion and
binding of the peptides within the bioactive glass inner structure. This is key in the modification, as the cells do
infiltrate the scaffolds, and ideally, the peptides of interest would be present for the cells to bind to. This XPS
data, combined with the fluorescent microscopy study, confirms that the peptide-silanes are distributed throughout
the bulk of the scaffold, with the highest concentration at the surface, but with appreciable peptide-silane presentation throughout.
Following confirmation of successful conjugation, MC3T3 cells were seeded onto the materials and assessed
for cell adhesion, cell proliferation and osteogenic differentiation. To examine cell morphology on the scaffolds
and confirm cell adhesion on specimens, SEM analysis was performed. The SEM analysis confirmed that the
cells adhered to all samples, and persisted at least three weeks into the experiment, when the images shown in
Figure 5 were collected. The cells appear homogeneously distributed on the scaffolds, with cell extensions between the walls of the scaffolds. There are no significant morphological differences between the different specimens examined.
Proliferation analysis was performed using Alamar Blue (Figure 6). Alamar Blue is a non-destructive means
to monitor cell growth using the reduction of Alamar Blue as an indicator of cell metabolism. All specimens allowed for significant cell adhesion, as demonstrated by the cell counts at Day 2. Within one week, the cell number had increased on all specimens, although not appreciably on the RGD and CKI materials. By Day 14, the
cell number had declined, potentially indicating a degree of cell die-off as the cells filled the scaffold pores and
began to undergo differentiation. Three weeks into the experiment, the cell numbers had increased again, which
could be attributed to the overall size of the MC3T3 cells decreasing as cells undergo the early stages of differentiation. Finally, by Day 35, the cell number decreased again, possibly indicating a slowed degree of metabolism as calcification occurs. This apparent decrease in cell numbers was not accompanied by a reduction in the
total mRNA isolated for qRT-PCR analysis, possibly indicating that the standard curve used in generating our
cell numbers may not be applicable if the MC3T3 cells are reaching a late stage of differentiation.
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BIO

Diff

RGD

CGG

CKI

Figure 5. Environmental SEM images of MC3T3 cells adhered to the scaffolds three weeks after seeding. The specimen
types are labeled on the images. Scale bar = 50 μm.

Figure 6. Cell counts on scaffolds using an Alamar Blue assay. Cells were treated with Alamar Blue for 14.5 hours starting
at 48 hours after initial cell seeding. Cell counts were generated from an experimentally derived standard curve with undifferentiated cells. * = Significant Cell number change from previous timepoint examined, p < 0.05. # = Significant cell number difference over Diff. at same time point, p < 0.05.

qRT-PCR was performed to assess the differentiation of the MC3T3 cells on the scaffolds on interest, in the
absence of differentiation media. mRNA was extracted from the specimens at Days 21 and 35 (Weeks 3 and 5)
after seeding. Genes analyzed included BGLAP (osteocalcin), AP (alkaline phosphatase), SMAD4, RunX, and
GAPDH was used as a housekeeping gene. Osteocalcin is a late stage marker of osteogenesis implicated in bone
mineralization [57]-[60]. The expression of this protein increases during osteogenesis, reaching a maximum
concentration at four weeks during in vitro differentiation experiments. Alkaline phosphatase is an enzyme that
plays a role in bone mineralization and is considered an early stage marker of osteogenesis [57]. SMAD4 and
RunX were chosen due to their known involvement in osteogenesis of MC3T3 pre-osteoblast cells. Specifically,
RunX is essential in regulating osteocalcin and osteopontin expression during osteogenesis and is considered to
be the central control gene in osteogenesis [1] [30] [46] [57] [59] [61] [62]. Smad4 is a transcription factor in-
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volved in transforming growth factor-β (TGF-β) signaling during bone growth and remodeling. It is also linked
to osteocalcin expression via the activity of Smad2 [44] [63] [64]. qRT-PCR data was analyzed using the ΔΔ Ct
method, using GAPDH as a control gene, and the mRNA from the cells grown on nano-macroporous bioactive
glass in the absence of any differentiation media (BIO) as the reference specimens. The data is presented as the
fold change over the BIO specimens in Figure 7.
BGLAP (osteocalcin) expression is significantly upregulated in the cells growing on unmodified bioactive
glass treated with differentiation media by Week 3. This upregulation persists through Week 5. The RGD, CGG,
and CKI specimens have a moderate, statistically significant increase in osteocalcin expression at Week 3
(compared to the BIO specimen) as well; however, the upregulation is not as apparent as in the cells treated with
differentiation media (Diff). As bioactive glass is known to be osteoinductive by itself [2] [10] [12] [24], this increase in the late stage marker on the peptide-modified substrates without the addition of any additional osteoinductive compounds is considered significant. Future experiments, combining the peptide-silane modified
surfaces and differentiation media will be performed to assess how these scaffolds would perform in a natural
environment.
Alkaline phosphatase was not significantly upregulated over the BIO samples in any of the treatments at
Week 3. AP mRNA has been shown to be upregulated in osteoblasts grown on bioactive glass, therefore, this
result is not surprising [65] [66]. The CKI and CGG specimens both exhibit a jump in AP mRNA levels, potentially indicating the synthesis of fresh enzyme to augment bone growth. Typically AP mRNA expression will
peak about 3 weeks into differentiation; however, there is an increase in AP activity by Week 5 of osteogenesis.
1.8

1.6

*

^
*

*
#

1.4

#

#

*

#
1.2

^

*
#

*

*

*
#
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#
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Upregulation over BIO

1

0.8

0.6

0.4

0.2

Diff

RGD

Week 3

CGG

RUNX

SMAD4

AP

BGLAP

RUNX

SMAD4

AP

BGLAP

RUNX

SMAD4
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BGLAP

RUNX

SMAD4

AP

BGLAP

0

CKI

Week 5

Figure 7. qRT-PCR analysis. Data was analyzed using the ΔΔCt method using GAPDH as a control gene and the BIO specimens (cells grown on bioactive glass in standard proliferation medium) as the reference sample. Data is presented as upregulation over the reference specimen, corrected for GAPDH expression. * = Upregulation over 3 weeks, p < 0.01, # =
Downregulation over Differentiation medium on Bioactive Glass, p < 0.01, ^ = Upregulation over Differentiation medium on
Bioactive Glass, p < 0.05.

154

C. Przybylowski et al.

Our data indicates that on bioactive glass samples that are treated with differentiation media, expression of AP
peaks at Week 3; however, the CGG and CKI specimens appear to also undergo significant increases in AP expression, albeit a little later in the timeline. This could be indicative of either fresh enzyme production or a slight
delay in differentiation over specimens that are treated with both soluble differentiation cues and an osteoproductive scaffold.
RunX is significantly upregulated in the Diff and RGD specimens at Week 3. RunX is involved with the control of osteocalcin expression; therefore, it is expected that these genes are consistently regulated. However, the
CGG and CKI do not undergo any appreciable increase in RunX expression until Week 5, when all specimens
demonstrate at least a 20% increase of RunX over the BIO specimens. In the CGG specimen, the expression levels of RunX rival those of the cells treated with differentiation media.
SMAD4 was not consistently upregulated in any specimen at Week 3. The Diff, RGD, CGG, and CKI specimens all exhibit a significant jump in SMAD4 mRNA expression by Week 5. The Diff specimens exhibit the
most significant increase, as expected, but the cells grown on the CGG specimen are quite close in expression
levels. Most notably, the SMAD4 increase in mRNA expression seems to peak after osteocalcin expression has
peaked in these specimens. SMAD4, an important transcription factor in osteogenesis, is linked to osteocalcin
expression via SMAD2, however, the exact timing and nature of this relationship is still not well understood,
specifically as it relates to in vitro differentiation and BMP interactions in this signaling network.
The interactions of transcription factors and proteins involved in osteogenesis and bone growth are quite
complex. The data presented here demonstrates that when cells are presented with solid-state cues (peptide-silanes)
that mimic the active sites of key growth factors, the cells appear to respond in a similar way as they would if
the cells are exposed to soluble differentiation factors in the form of small molecules. The differentiation timeline and expression profiles, while not perfectly in sync, are consistent across the different types of specimens
treated, with the CGG specimen, containing three mixed peptide-silane cues, showing the most promise at potentially replacing media spiked with differentiation cues. This finding has broad implications across a wide variety of possible tissue engineering applications, from incorporating solid-state peptides into hydrogel “injectable” bone therapies, to coatings on permanent implants to facilitate attachment and site compatibility. This approach could surpass the potency of soluble growth factors in vitro, due to the extended and constant profile of
the peptide-silane presentation. Future work should include a direct comparison of cells treated with soluble
BMP-2 and BMP-9 with the cells grown on the solid-state networks.

4. Conclusion
This study examined the influence of bioactive peptides on the differentiation of MC3T3 cells grown on nanomacroporous bioactive glass. The approach described in this study represents a future enabling strategy in protein-free stem cell-based regenerative medicine. When compared to cells on non-modified bioactive glass that
were treated with differentiation media, the cells on the peptide-silane treated samples underwent differentiation
that was in line with cells treated with differentiation media, indicating that these solid-state cues were sufficient
to enhance differentiation on bioactive glass in the absence of soluble signals. This is crucial in developing biomimetic bone scaffolds that do not contain the whole proteins or other difficult to control and possibly expensive
molecular modifications. Ideally, these scaffolds would be placed in a location that provides the cells with necessary cues to regrow, and the peptides would enhance the re-growth of osteoblasts into the damaged area. To
develop this study further, future research will include an analysis of the peptide-silane modified scaffolds in the
presence of differentiation media and/or in the presence of the whole BMP-2, BMP-9 and fibronectin to determine if the multi-level approach of solid-state cues and soluble small molecules will enhance differentiation of
the adherent osteoblasts.
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