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Abstract

Bone marrow stromal cells (BMSCs) possess multi-lineage differentiation potential and can be 

induced to undergo differentiation into various cell types with the correct combination of chemical 

and environmental factors. Although, they have shown great prospects in therapeutic and medical 

applications, less is known about their behavior on nanosurfaces mimicking the extra cellular 

matrix (ECM). In this report we have employed 2D substrates coated with tobacco mosaic virus 

(TMV) nanorods to study the differentiation process of BMSCs into osteoblast-like cells. TMV is 

a rod-shaped plant virus with an average length of 300 nm and diameter of 18 nm. The osteogenic 

differentiation of BMSCs on TMV was studied over time points of 7, 14 and 21 days. We 

examined the temporal gene expression changes during these time points by real time quantitative 

PCR (RT-qPCR) analysis. As expected, osteo-specific genes (osteocalcin, osteopontin and 

osteonectin) were upregulated and showed a maximum change in expression on TMV at 14 days 

which was 7 days earlier than on tissue culture plastic (TCP). Based on the genes expression 

profile generated by RT-qPCR experiments, we proposed that the early interaction of cells with 

TMV triggers on signaling pathways which regulate speedy expression of osteocalcin in turn, 

resulting in early mineralization of the cells. To further investigate these regulating factors we 

studied global changes in gene expression (DNA microarray analyses) during osteogenic 

differentiation on the nanosubstrate. Multitudes of genes were affected by culturing cells on 
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nanorod substrate, which corroborated our initial PCR findings. Microarray analysis further 

revealed additional targets influenced by the presence of nanorods on the surface, of which, the 

expression of bone morphogenetic protein 2 (BMP2) was of particular interests. Further 

investigation into the temporal change of BMP2, revealed that it acts as a major promoter in 

signaling the early regulation of osteocalcin on TMV coated substrates.
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1. INTRODUCTION

Bone marrow derived stem cells possess multi-lineage differentiation potential to terminally 

differentiate into chondrocytes [1, 2], skeletal muscle cells [3], osteoblasts [4, 5] and 

vascular muscle cells [6]. These multipotent stem cells originate from the non-hematopoietic 

sub-population of bone marrow stroma and are referred to as bone marrow derived 

mesenchymal stem cells/bone marrow stromal cells (BMSCs) [7–9]. Although, these cells 

are primarily known as progenitors for different skeletal tissues, when induced under 

different chemical conditions they can differentiate into neurons [10–12] and myogenic cells 

[13–17]. The growing recognition of BMSCs potential has generated a major curiosity to 

understand and study, in detail, numerous aspects of stromal cell biology which governs cell 

fate [18]. The thorough understanding of how these multipotent stem cells develop into 

differentiated cells remains a central question. For successful functioning of BMSCs, further 

identification of their nature, developmental process and their amenability to in vitro 

treatment is necessary. This basic insight into BMSC behavior will enormously enhance 

envisioning their performance in in vitro biomaterial systems and future use in the 

development of medical implants and therapeutics.

Of all the crucial factors that govern stem cell fate and commitment, the enriched 

environment the cells grow in, is one of the most critical. Recently, many scaffolds with 

different surface topologies and properties have been studied to understand processes such 

as cell adhesion, proliferation and differentiation. However, an extensive study to explore 

the changes in transcript levels of various genes during such processes is still limited. In this 

study we reveal temporal gene expression changes of osteo-specific genes in rat BMSCs 

seeded on a 2D substrate coated with rod-shaped tobacco mosaic virus (TMV) after 

induction under osteogenic conditions for 7, 14 and 21 days. We further investigated 

genome-wide expression responses of BMSCs after plating on TMV substrate for 14 days 

using microarrays.

Cell interactions with nanometric surfaces result in a specific sequence of gene and protein 

responses. These series of events initiate as early as the cell begins to sense the environment 

it grows in. The surface chemistry and topography play a very crucial role in altering cell 

behaviors at many stages of cell growth and development [19–23]. Biological processes 

such as adhesion, growth, differentiation and apoptosis, are determined by cell shape and 

cytoskeletal organization which is directed by cell/surface interactions [24–27]. In our 
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previous report, we employed 2D substrates coated with a spherical plant virus, turnip 

yellow mosaic virus (TYMV) and investigated how the presence of TYMV influenced the 

differentiation of BMSCs into osteoblasts. BMSCs induced towards osteogenic lineage on 

TYMV coated substrates showed an early mineralization by seven days when compared to 

tissue culture plastic (TCP) [28]. This suggested that BMSCs recognize a nanosurface and 

the generated topographical cues significantly alter their behavior resulting in different gene 

expression profiles as compared to flat surfaces.

In view of the fact that cells come in contact with nanofibril like extra cellular matrix (ECM) 

components in vivo, we sought to study the differentiation process of BMSCs on 2D 

substrates coated with TMV, a prototypical rod-shaped plant virus. TMV is 300 nm in 

length with an average diameter of 18 nm; its outer capsid consists of 2130 coat protein 

units which assemble into the rod-like helical structure around the single strand of RNA. 

Due to its unique symmetry and competence to undergo chemical and genetic modifications 

[29], TMV has gained major attention in materials development [30–33]. Its distinctive 

shape resembles the structure of major ECM components. Hence, employing TMV as a 

model system can help in understanding the cellular interactions with fibrillar proteins and 

their subsequent effects on various cellular processes.

Depending upon the temporal expression of genes encoding for osteoblast phenotype 

markers, the whole differentiation process can be divided into three distinct phases: (1) the 

proliferation period while cells grow, initiate ECM biosynthesis and start lineage 

commitment; (2) the matrix development period during which cells progress towards lineage 

and develop into pre-osteoblasts; and (3) mineralization period which is marked by 

terminally differentiated polygonal osteoblast like cells [34–37] (Fig. 1A). In this report we 

have presented the study of temporal changes in the expression of osteo-specific genes in 

BMSCs over a time period of 21 days on TMV and TCP. We further identified additional 

genes impacted by the nanomatrix via gene array studies.

2. MATERIALS AND METHODS

2.1 Preparation of TMV Coated Substrates

TMV was isolated from infected tobacco leaves following previously established protocols 

protocols [30]. Aminopropyltriethoxysilane (APTES) coated glass slides (Lab Scientific 

Inc.) were cut into 1.5 cm2 wafers and washed with ethanol and nanopure water. The wafers 

were then dried and flushed with nitrogen gas for 5 min. The wafers were coated with 0.033 

mg/cm2 TMV solution diluted in water and the coated wafers were dried at room 

temperature overnight. The virus coverage on the wafers was characterized using a 

NanoScope IIIA MultiMode atomic force microscope (AFM, from Veeco). Si tips with a 

resonance frequency of approximately 300 kHz, a spring constant of about 40 N m−1 and a 

scan rate of 0.5 Hz were used.

2.2 Adhesion Studies and SEM Analysis

Primary BMSCs were isolated from the bone marrow of young adult 80 g male Wister rats 

(Harlan Sprague Dawley, Inc.). The procedures were performed in accordance with the 

guidelines for animal experimentation by the Institutional Animal Care and Use Committee, 
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School of Medicine, University of South Carolina. Cells were maintained in growth medium 

(Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), gentamicin (50 mg/mL), and amphotericin B (250 ng/mL)) and passaged no 

more than four times after isolation before using in different experiments. To induce 

osteogenesis the growth media was replaced with osteogenic media consisting of DMEM 

supplemented with 10% FBS, 10 mM sodium β-glycerol phosphate, L-ascorbic acid (50 μg/

ml), 10−8 M dexamethasone and gentamicin (8 μg/ml). Cell adhesion to TMV coated 

substrates at a density of 2.5 × 104 cells under serum free conditions was monitored after 2 

hrs and 24 hrs via optical microscopy. All the studies were done in triplicate samples. In 

order to explore the cell interactions with TMV coated wafers, samples were analyzed via 

SEM after 72 hrs of cell seeding. SEM samples were prepared by the O-GTA-O-GTA-O 

method and sample imaging was done by JEOL (Tokyo, Japan) JSM-6300V at 10 kV.

2.3 Real-Time Quantitative PCR Analysis (RT-qPCR)

TMV coated wafers were seeded with 6.5 × 104 cells per wafer and cultured in osteogenic 

media for 7, 14 and 21 days. In addition, BMSCs with similar density were seeded on the 

APTES wafers without any TMV coating and 65 mm tissue culture plastic (TCP) for the 

above mentioned time periods. The cell cultures were terminated at these intervals, and total 

RNA was extracted using (Qiagen RNeasy mini purification kit, Qiagen) subsequently. The 

quality and quantity of the extracted RNA was analyzed using Agilent 2100 Bioanalyzer 

(Agilent Technologies, Inc.) and was reverse transcribed by using iScript™ cDNA synthesis 

kit (Bio-rad Laboratories). RT-qPCR (iQ5 real-time PCR detection system Bio-rad 

Laboratories) was done by the method described as: 45 cycles of PCR (95°C for 30 seconds, 

58°C for 30 seconds, and 72°C for 30 seconds), after initial denaturation step of 8 minutes 

and 45 seconds at 95°C, by using 25 μl of iQ5 SYBR Green I supermix, 3 pmol/μl of each 

forward and reverse primers and 5 μl cDNA templates in a final reaction volume of 50 μl. 

Acidic ribosomal phosphoprotein P0 (Arbp) was used as the housekeeping gene. Data 

collection was enabled at 72°C in each cycle and CT (threshold cycle) values were 

calculated using the iQ5 optical system software version 2. The expression levels of 

differentiated genes and undifferentiated genes were calculated using Pfaffl’s method for 

group-wise comparison and statistical analysis of relative expression results from real-time 

PCR, using Arbp as the reference gene [38]. Quantification of gene expression was based on 

the CT value for each sample which was calculated as the average of three replicate 

measurements for each sample analyzed. ‘Pair Wise Fixed Reallocation Randomization 

Test’ was performed on each sample and a value of p < 0.05 was regarded as significant. 

The primers used for RT-qPCR are as follows: collagen 1A1 (col1A1), 5′-

TCCTGCCGATGTCGCTATC–3′, 5′– CAAGTTCCGGTGTGACTCGTG–3′; osteonectin 

(SPARC), 5′–ACAAGCTCCACCTGGACTACA–3′, 5′–TCTTCTTCACACGCAGTTT–3′; 

osteopontin (SPP1), 5′–GACGGCCGAGGTGATAGCTT–3′, 5′-

CATGGCTGGTCTTCCCGTTGC–3′; Osteocalcin (BGLAP), 5′-

AAAGCCCAGCGACTCT–3′, 5′-CTAAACGGTGGTGCCATAGAT–3′; Runx2, 5′– 

GCTTCTCCAACCCACGAATG–3′, 5′–GAACTGATAGGACGCTGACGA–3′, BMP2, 5′-

ATTGTGGCTCCCCCGG-3′, 5′-TCAGCCAGAGGAAAAGGGC-3′ and Arbp, 5′ -

CGACCTGGAAGTCCAACTAC–3′, 5′–ATCTGCTGCATCTGCTTG–3′. The primers 
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were synthesized commercially (Integrated DNA Technologies, Inc.), and evaluated for an 

annealing temperature of 58°C.

2.4 Immunostaining and Alizarin red assay

In order to corroborate RT-PCR gene expression via immunostaining for osteospecific 

genes, simultaneous batches of BMSCs culture on TMV coated substrates were terminated 

on 7, 14 and 21 days. Cells were fixed in 4% paraformaldehyde at 4°C for 40 minutes. Each 

of the samples was then permeablized for 20 minutes and blocked in 1.5% bovine serum 

albumin (BSA, Sigma-Aldrich) for 1 hour at room temperature. After blocking, the cells 

were incubated overnight with primary antibodies targeting the osteo-specific genes 

osteocalcin, osteopontin and osteonectin. Secondary antibodies Alexa Fluor 546, 633 

(obtained from Molecular Probes, Invitrogen) were used for osteocalcin (BGLAP) and 

osteopontin (SPP1) or osteonectin (SPARC) respectively, at 1:100 dilutions in blocking 

buffer for 2 hours at room temperature. Alexa Fluor 488 phalloidin (1:200 in PBS) was used 

to stain filamentous actin. Nuclei were stained with DAPI (4, 6-diamidino-2-phenylindole, 

100 ng/ml). Images of the stained substrates were collected using Zeiss LSM 510 Meta 

confocal scanning laser microscope. Negative control for staining included only secondary 

antibodies.

After 14 days in osteogenic cultures, BMSCs seeded on TMV substrates were tested for 

ALPL activity and Alizarin red staining to stain for calcium rich deposits. ALPL activity kit 

(Sigma-Aldrich) for leukocytes was used for ALPL detection following manufacturer’s 

instructions. For Alizarin Red staining cells were fixed in 4% paraformaldehyde at room 

temperature for 40 minutes and stained with 0.1% solution of Alizarin red (Sigma-Aldrich) 

pH 4.1–4.5 for 30 minutes. Since the reaction was highly light sensitive, the substrates were 

wrapped in aluminum foil during the entire time of incubation.

2.5 Microarray Analysis

Total RNA for BMSCs grown for 14 days on TMV coated wafers and TCP was extracted 

using an RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. The 

quantity and quality assessment of RNA was done using Agilent Bioanalyzer 2100 

electrophoresis system. Double-stranded cDNA was synthesized from 3 μg of total RNA, 

and in vitro transcription was performed to produce biotin-labeled cRNA using Gene Chip 

One-Cycle Target Labeling and Control Reagents (Affymetrix, http://www.affymetrix.com) 

according to the manufacturer’s instructions. After fragmentation, 15 μg of cRNA was 

hybridized to each Gene Chip Rat Genome 230 2.0 Array (Affymetrix) containing 31,099 

genes. Gene Chips were then stained and washed using the automated Affymetrix fluidics 

station and scanned using a Gene Chip Scanner 3000 (Affymetrix). The raw data was 

collected and analyzed using GCOS Manager (Affymetrix) and Pathway Studio 6.2 

software.
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3. RESULTS

3.1 Characterization of TMV coated wafers

In order to obtain stable coverage of TMV, APTES coated glass slides were used as the 

underlying substrate. APTES is a positively charged polymer which holds TMV particles on 

the wafer via electrostatic interactions. These charged interactions were achieved because 

TMV has an isoelectric pH around 3.5 which creates a negative surface charge on the 

particles in neutral solutions. The APTES wafers were coated with TMV using a drop 

coating method and after overnight slow drying; the presence of TMV particles on the 

wafers was analyzed by AFM. In order to optimize surface coverage with TMV, different 

TMV concentrations were tried. After multiple repetitive experiments the final amount of 

0.033 mg/cm2 was used for the entire study. The micrographs depicted in Figure 1B show 

complete coverage of the wafer with TMV particles using this optimized concentration. In 

order to monitor the stability of coating and change in surface coverage, TMV coated wafers 

were dipped overnight in complete media and kept under standard cell culturing conditions. 

No significant change was detected in TMV coverage by AFM.

3.2 Adhesion Studies

For initial adhesion studies, BMSCs were seeded on TMV coated wafers under serum free 

conditions and changes in the cell morphology were monitored using bright field 

microscopy for 2 hrs and 24 hrs. After 2 hrs of incubation little cell spreading was observed 

as most of the cells were rounded in shape (Fig. 2A, inset). As the culture continued to 24 

hrs cells acquired a more spread morphology which was similar to cells grown under serum 

conditions. The cell anchorage on the surface was monitored after 72 hrs of culture via SEM 

analysis (Fig. 2C–D). The SEM images revealed that cells strongly adhered to TMV wafers 

and anchored to the surface via filopodia-like extensions (Fig. 2D). Attached cells initiated 

intercellular contacts and were viable, healthy and competent of generating matrix (Fig. 2C). 

SEM images of TMV wafers alone were also recorded to visualize structural topography of 

the surface (Fig 2B). Due to resolution constraints, we could not visualize individual TMV 

particles on the surface; however, at higher magnification we did observe some fibrous 

structures which could be attributed to TMV particles bundled up together (Fig. 2B). These 

structural features were absent in uncoated APTES glass SEM (data not shown). The growth 

and morphological changes in the cells were monitored every two days for the entire study 

period. By 14 days post culture on TMV substrates, cells started aggregating forming long 

sheet-like structures which were further analyzed with cytochemical and immunochemical 

staining techniques.

3.3 Characterization of Osteogenic differentiation by Cytochemical Staining and 
Immunostaining

BMSCs induced toward osteogenesis were characterized by staining for differentiation 

markers such as alkaline phosphatase (referred to as ALPL in rat microchip arrays) and 

Alizarin red. Alkaline phosphatase (ALPL) is a well known phosphatase enzyme which also 

serves as a differentiation marker [39]. The enzyme activity was detected by introducing the 

cleavable substrate resulting in the formation of visible product after reacting with alkaline 

phosphatase (ALPL) present in the cells. The positively stained cells were analyzed using 
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bright field microscopy. Alizarin red stain was used to confirm the presence of mineralized 

cells, since it specifically binds to highly enriched calcium deposits. As the osteogenic 

culture of BMSCs on TMV coated wafers progressed from 7 to 14 days, cells started 

aggregating together forming sheet like structures which were stained for Alizarin red. The 

cells comprising the sheets stained positive for Alizarin red depicting highest intensity of red 

color as compared to well-spread neighboring cells (Fig. 3C–i). Even though the cells 

surrounding the sheets showed much lower intensity of red stain they stained positive for 

alkaline phosphatase (ALPL).

In the case of osteogenic differentiation, phenotypic change in cells to a polygonal 

morphology and production of self mineralized organic matrix mark the terminal stages of 

differentiation. To determine this morphology change during differentiation, cell cultures on 

TMV were terminated at 7, 14 and 21 days and cells were stained for osteo-specific genes. 

As shown in Fig. 3B, BMSCs cultured on TMV under osteogenic conditions revealed a wide 

spread morphology at day 7 and acquired a polygonal shape as the culture progressed to 14 

and 21 days. Osteocalcin (BGLAP) was detected in cells beginning at day 7 and expression 

became stronger after 14 days in culture. The expression of osteopontin (SPP1), remained 

consistent throughout the selected time points. However, the cells cultured for 7 days 

showed less expression of osteonectin (SPARC) which increased consistently as the culture 

progressed through other time points. By day 14 BMSCs grown on TMV aggregated to form 

sheet-like structures which also stained positive for all the osteo-specific markers mentioned 

above. The cells constituting the sheet stained heavily for Osteocalcin (BGLAP), whereas 

the expression of osteopontin (SPP1) and osteonectin (SPARC) remained confined to the 

cells on the periphery of the sheets and neighboring cells.

3.4 Temporal gene expression profiles

The difference in fold change expressions of selected osteo-specific genes during the 

osteogenic differentiation were recorded at 7, 14 and 21 days. BMSCs cultured on TMV and 

TCP were terminated at selected time points and quantitatively assessed for changes in 

expression of osteogenic-specific markers of differentiation including osteocalcin (BGLAP), 

collagen1A1 (col1A1), osteopontin (SPP1), osteonectin (SPARC) and runx2 (RUNX2). 

Significant changes in fold expression of osteocalcin (BGLAP), the most osteo-specific 

gene, was observed at earlier time points (7 and 14 days) in cells plated on TMV compared 

to those grown on TCP with respect to day zero as the control. Osteocalcin (BGLAP) 

showed a 350 fold up regulation in the cells grown on TMV substrates by day 14 as 

compared to a 20-fold upregulation on TCP. The highest levels in osteocalcin (BGLAP) 

expression in TCP occurred at 21 days suggesting complete maturation of cells was 

expedited by TMV (Fig. 3A). These results imply earlier mineralization occurred in BMSCs 

grown on TMV substrates by 7 days. The expression levels of collagen1A1 (col1A1) which 

is one of the major components of bone ECM showed maximal expression during the first 7 

days which coincided with extra cellular matrix (ECM) biosynthesis (Fig. 3A). During 

successive stages of osteogenesis including ECM development and maturation, the level of 

collagen1A (col1A1) remained at a minimum basal level. The expression profiles for 

osteonectin (SPP1) and osteopontin (SPARC) correlated with the change in expression of 

osteocalcin (BGLAP); however, the levels of expression (fold changes) were higher in 

Kaur et al. Page 7

Biomaterials. Author manuscript; available in PMC 2016 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BMSCs undergoing differentiation on TMV as compared to TCP (Fig. 3A). Runx2 being an 

early specific marker of osteogenic differentiation showed maximal upregulation during 

initial TMV contact and remained induced at a constant level throughout the osteogenic 

differentiation period tested. Occurrence of these gene expression profiles during 

osteogenesis suggests that the nanoenvironment generated by TMV rods play a crucial role 

in promoting the osteogenic differentiation of BMSCs.

3.5 Differentially expressed genes during BMSCs osteogenic differentiation via microarray 
analysis

To further explore the global transcriptional response of cells grown on TMV and TCP, gene 

chip microarray analysis were performed on cells cultured for 14 days (since maximal 

expression of osteo-specific gene expression was observed during this time) following the 

manufacturer’s protocol [40, 41]. Of 31,099 genes analyzed, 1,111 genes were highly 

expressed (> threefold) in BMSCs grown on TMV substrates for 14 days, whereas 1,969 

were highly expressed (> threefold) in cells grown on TCP, when compared to TCP day zero 

as a reference. All the differential expression analyses were performed using Pathway Studio 

6.2 software using the Gene Set Enrichment Analysis (GSEA) method [42]. Using this 

algorithm, fold change values were converted to signed fold values as described elsewhere 

[43]. To support the microarray data analysis, mRNA levels of osteocalcin (BGLAP), 

osteopontin (SPP1), osteonectin (SPARC) and collagen1A1 (col1A1) were validated by RT-

qPCR analysis (data not shown). We obtained similar expression patterns from both RT-

qPCR and microarray analysis.

Expression data generated from the profiling studies was further categorized based on 

differential expression compared to day zero and gene ontology (GO) terms which describe 

biological processes. A subset of genes was classified into the following functional 

categories relevant to the present study: bone mineralization, ossification, BMP receptor 

signaling, stem cell differentiation, osteoblast differentiation, osteoblast development, and 

extra cellular matrix molecules (particularly collagen molecules) and compared the fold 

expression change on both the surfaces (Table 1). Although collagen type 1 is the major 

component of the bone and is generally associated with ECM biosynthesis [34, 44, 45], 

other collagen genes that were up- or downregulated after 14 days of culture were analyzed 

and listed in Table 1. Most of them showed similar expression profiles on both substrates.

Based on gene chip array analyses differential expression changes of several genes were 

surface specific, for example, osteocalcin (BGLAP) showed 22 fold up regulation in BMSCs 

differentiated on TMV and was down regulated in TCP (Fig. 4C). Two other genes that were 

upregulated on TMV but downregulated on TCP were matrix metallopeptidase (MMP9) and 

Noggin (NOG). Although, other genes such as decorin (DCN), integrin binding bone 

sialoprotein (IBSP), osteomodulin (OMD) and alkaline phosphatase (ALPL) showed 

upregulation on both the substrates, a higher positive fold change was observed on TMV as 

compared to TCP. In contrast, osteopontin (SPP1), osteonectin (SPARC) and collagen 1A1 

(col1A1) showed similar differential expression values in cells grown on both substrates 

(Fig. 4C).
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Bone regulation genes such as bone morphogenic protein 2 (BMP2), which is known to be 

associated with stem cell differentiation, also showed an upregulation on TMV coated 

substrates and was downregulated on TCP (Fig. 4C). This suggested that perhaps the cell 

grown on TMV coated substrates were mediated by BMP2 induced signaling for 

differentiation. We developed a putative signaling pathway consisting of genes involved in 

direct regulation of osteogenesis through BMP2 signaling. As shown in Figure 4A, BMP2 

promotes the regulation of genes such as collagen 1A1 (col1A1), collagen1A2 (col1A2), 

osteonectin (SPARC), osteopontin (SPP1) and osteocalcin (BGLAP). As listed in Figure 4C, 

the expression of all the above mentioned genes is similar on both the TMV coated 

substrates and flat substrates, except for BMP2 and osteocalcin (BGLAP). This intrigued the 

proposition that it could be the cell-TMV interactions which regulate BMP2 mediated 

speedy osteogenic differentiation and mineralization of the cells. To support our hypothesis, 

we studied gene expression profile of both BMP2 and osteocalcin (BGLAP) after 1 day of 

osteogenic induction of the cells. RT-qPCR analysis showed 72 fold upregulation in BMP2 

gene expression on TMV coated substrates when normalized against flat TCP (Fig. 4B)

4. Discussion

In this study we compared the osteogenic differentiation of BMSCs on TMV nanorods and 

flat uncoated TCP. The initial cell spreading on TMV showed that cells adhered and 

acquired a well-spread morphology on TMV coated wafers under serum free conditions. The 

cellular morphology after 24 hrs resembled cells grown under complete serum media 

depicting the cells were viable (Fig. 2A). Further structural analysis with SEM showed that 

the cells anchored onto the TMV surface via filopodia like extensions and initiated 

intercellular contacts rendering them competent for matrix biosynthesis (Fig. 2C–D). 

Additionally, we studied the differential gene expressions of BMSCs during osteogenic 

differentiation on TMV coated nanotopographies and flat TCP surfaces. According to RT-

qPCR analysis, all the osteo-specific genes were upregulated during the course of 

osteogenesis including osteocalcin (BGLAP), collagen1A1 (col1A1), osteopontin (SPP1), 

osteonectin (SPARC) and runx2 (RUNX2); however, the temporal expression patterns were 

surface-specific. On TMV coated substrates, cells showed maximal upregulation of 

osteogenic genes at 14 days, particularly osteocalcin (BGLAP), whereas on flat TCP it 

achieved a maximum expression level at 21 days. These results suggest an early maturation 

of cells and mineralization of matrix on TMV coated substrates by 7 days when compared 

with flat TCP, an observation consistent with our previous findings with another bio-

nanoparticle [28]. The early development of mature osteoblast like cells on nanotopographic 

surfaces suggest that cells recognize the ECM mimicking nanostructures and perform 

differently in the nano/micro environments as compared to flat surfaces. These 

nanotopographic signals result in higher and earlier expression of differentiation-related 

genes advancing the entire process to complete in 14 days which can be insightful in 

developing future biomaterials for various bone implants.

Differentiation of BMSCs toward an osteogenic lineage is regulated by a sequence of 

activities synchronized by transcription factors and signaling proteins, which govern the 

sequential expression of vital genes during the process. For every differentiation pathway 

two critically significant instants occur at the initiation of differentiation and its concluding 
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phase [44]. During osteogenesis the terminal stages of differentiation are marked by 

phenotypic change in the cells which was confirmed by immunostaining of the cells cultured 

for 7, 14 and 21 days. As the culture progressed the cells acquire a more polygonal shape 

(Fig. 3B). The expression profiles for the tested osteo-specific genes were found to be 

consistent with RT-qPCR results. At day 14 on TMV coated wafers, most of the mature cells 

aggregated together to form sheet-like structures which stained positive for all the osteo-

specific genes tested as well as alizarin red to detect calcium rich deposits (Fig. 3C). The 

staining results demonstrated that the cells constituting the sheets were fully mature as they 

showed maximum intensity of alizarin red and osteocalcin (BGLAP) staining.

In order to investigate deeper into global gene expression response at 14 days, we performed 

gene arrays on cells plated on TCP and TMV. During the initial growth phase cells express 

genes such as collagens required for ECM biosynthesis, however, they gradually become 

down regulated as the culture progress and remain at constant low levels during subsequent 

phases of osteogenic differentiation [34]. This expression pattern was confirmed for 

collagen1A1 (col1A1) by RT-qPCR analysis over a period of 21 days. Gene array analysis at 

time point of 14 days also revealed that the differential expression of collagen1A1 (col1A1) 

and collagen1A2 (col1A2) was positive and similar on both TMV and TCP coated surfaces 

(Fig. 4C) indicating the active biosynthesis and remodeling of extracellular matrix 

components by differentiating cells.

A group of genes showed higher differential expression on TMV coated substrates 

compared to TCP. One such gene was alkaline phosphatase (ALPL), a protein associated 

with osteoblast cell phenotype. As known in the literature, post proliferation, every 

differentiating cell becomes alkaline phosphatase (ALPL) positive (Fig. 3C–i inset) and 

activity increases as the culture progresses towards mineralization phase [34, 39]. As 

detected by microarray analysis the expression of ALPL was three times higher in cells 

differentiating on TMV as compared to TCP, which suggests a higher differentiation rate on 

TMV nanorod coated surfaces (Fig. 4C). Another important gene identified in pre-osteoblast 

like cells is osteopontin (SPP1), which was initially expressed during proliferation phase, 

subsequently downregulated post-proliferation, and then its expression rises again with the 

onset of mineralization. A consistent level of osteopontin (SPP1) during the differentiation 

of BMSCs as observed by RT-qPCR at selected time points can be attributed to the nature of 

this phosphoprotein which directs the relation between cells and ECM, firstly, through its 

RGD containing domains, helping in initial cell attachment during proliferation and later via 

ortho-phosphoserine units which serve as putative calcium binding domain during 

mineralization [35, 36, 39]. As confirmed by microarrays a similar up regulation was 

observed at 14 days on both surfaces (Fig. 4C).

As the cells progress toward the maturation and ECM remodeling phase, genes involved in 

mineralization are maximally expressed. Of these, osteocalcin (BGLAP) is regarded as the 

most specific marker of mature osteoblasts, hence it becomes crucial to explore the 

expression of genes and factors encoding for osteocalcin [34–36]. Osteocalcin (BGLAP) is a 

calcium binding protein, gets accumulated in mineralized bone and bind actively to 

hydroxyapatite crystals promoting bone crystal growth [34]. It actively controls the process 

of ossification, ECM remodeling and maturation. Based on RT-qPCR analysis, we observed 
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maximum upregulation in osteocalcin (BGLAP) expression in cells grown on TMV around 

14 days suggesting complete mineralization of cells. Our micro-array analysis further 

corroborated with our results showing a 22-fold upregulation in the expression of 

osteocalcin (BGLAP) in cells grown on TMV as compared to TCP where it was down 

regulated after 14 days in culture. Another widely studied protein which actively plays a role 

in mineralization is integrin binding bone sialo protein (IBSP). Bone sialo protein (IBSP) is 

an RGD containing phosphoprotein which contains a negatively charged domain responsible 

for its strong binding with hydroxyapatite [46]. Its expression is restricted to mineralized 

cells and has been associated with induction of hydroxyapatite formation. As shown in the 

regulatory pathway (Fig. 4A), osteocalcin (BGLAP) directly promotes the regulation of 

integrin binding bone sialo protein (IBSP) which showed a 2-fold upregulation in cells 

differentiated on TMV over TCP, further confirming that the cells were undergoing early 

mineralization on the nanorod substrate. Among other bone related genes, osteomodulin 

(OMD) is strongly expressed during osteogenesis [47, 48] and decorin (DCN) which binds 

effectively with collagen I and plays a role in extracellular matrix assembly [49, 50] showed 

much higher up regulation on TMV coated substrates as compared to TCP.

Another important class of proteins that play a significant role in skeletal remodeling is bone 

morphogenetic proteins (BMPs). BMPs were originally identified for their ability to induce 

ectopic bone formation [51]. More than 20 BMPs have been identified and classified into 

multiple subgroups based on their structure and function [51]. Recent findings suggest that 

BMP2 plays a crucial role in stimulating mesenchymal stem cells to undergo differentiation 

and is associated with osteogenic commitment and differentiation [52]. Many studies have 

been conducted into knowing the exact mechanism of osteogenic differentiation of cells; one 

of the proposed pathways is that addition of BMP2 into the induction media triggers the 

signaling of the genes responsible for osteocalcin (BGLAP) synthesis [53–55]. However, 

studies demonstrating the effect of topography on BMP2 gene expression are limited. 

Comparison of BMP2 expression in differentiating cells after 14 days showed an 

upregulation in expression in cells grown on TMV, whereas cells grown on TCP showed a 

downregulation in its expression, an observation that likely contributes to the phenotypic 

differences observed in cells plated on nanorod containing surfaces (Fig. 4C). Other genes 

coding for BMP receptor signaling and differentiation are presented in Table 1. In order to 

begin to unravel the regulatory relationships between genes involved in surface-specific 

mediated osteogenic differentiation we have created a signaling network genes regulated by 

BMP2 signaling. These were selected based on their differential expression levels and/or 

knowledge of function and a pathway was constructed revealing their potential regulation, 

promotion and interrelationships. This pathway shows that a synchronized effort of various 

genes through BMP2 signaling regulates the expression of osteocalcin (BGLAP) which in 

turn promotes processes of bone mineralization and ossification (Figure 4 A). This pathway 

further demonstrates that cells grown on TMV coated substrates activate osteocalcin 

(BGLAP) regulation through BMP signaling early on than uncoated flat surface, without the 

addition of any protein factors in the induction media. To substantiate our findings the 

changes in expression of BMP2 and osteocalcin (BGLAP) was studied near the beginning of 

the cell culture after 1 day of induction. Both the genes were upregulated many folds on 

TMV as compared to TCP. All these findings imply that the early regulation of osteocalcin 
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(BGLAP) through BMP signaling is based on initial cues generated by the cell-substrate 

interactions. The nanoenvironment generated by TMV nanorods, mimicking the natural 

ECM components structure, show an early maturation and mineralization of BMSCs 

induced under osteogenic conditions. Our future studies will focus on investigating the 

regulation of other genes and transcription factors upregulated during initial contact of the 

cells with TMV nanosurface and their relation in triggering osteogenesis through BMP 

signaling. The unique nature of TMV particles further presents the opportunity to build up 

specific ligand display on its surface by which we can further promote BMSCs 

differentiation towards not only osteogenesis but also other cell lineages.

5. CONCLUSIONS

In the present study we have demonstrated the gene responses on nanofeatured TMV coated 

substrates and flat TCP under osteogenic induction of BMSCs. Our data indicate that the 

presence of TMV nanorods on the 2D substrates significantly affected the expression levels 

of genes involved in osteo-differentiation and subsequent cell behavior. The gene expression 

was corroborated by immunostaining and DNA micro arrays. From the array data we further 

explored into specific genes involved in promoting osteogenic differentiation. Additionally, 

we showed that the BMP2 is one of the crucial genes involved in the regulation of 

osteogenic differentiation of BMSCs on nano-topographic substrates as compared to flat 

surfaces. All the data signifies that nanoenvironment generated by TMV nanorod coating 

supports and promotes the osteogenic differentiation process inducing an early onset of 

mineralization by seven days. Further investigation into other genes and pathway regulated 

by BMP2 signaling is currently in progress.
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Figure 1. 
(A) Schematic representation of different phases during osteogenic differentiation of 

BMSCs. Cells undergo early maturation and mineralization on TMV coated substrate as 

compared to flat TCP. (B) Representation of TMV wafer preparation by coating on 2D 

APTES wafers used in the study. The particle coverage on the wafer was characterized by 

AFM analysis (image on the right).
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Figure 2. 
Adhesion of BMSCs on TMV coated wafers. (A) Representation of cell morphology after 

2hrs (inset) and 24 hrs of incubation on TMV under serum free conditions. (B–D) SEM 

micrographs of BMSCs on TMV coated wafers. (B) shows TMV coated APTES wafer, 

fibrous structures observed (as marked by the arrow) could be due to bundled TMV particles 

visible on the wafer. (C) shows the interconnection cellular networks and (D) arrows show 

filopodia like extensions anchoring the cells on to the substrate. Scale bars are 100μm for 

(A), 10μm for (C) and 1 μm for (B and D).

Kaur et al. Page 17

Biomaterials. Author manuscript; available in PMC 2016 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(A) RT-qPCR analysis for the gene expression in the cells seeded on TMV and TCP under 

osteogenic conditions. For the cells seeded on TMV, the maximum up regulation in the 

osteocalcin (BGLAP) expression is observed around 14 days as compared to TCP where it 

achieves maximum up regulation by 21 days. In the graphs (**) represents p < 0.005 and (*) 

for p < 0.05 respectively. (B) Cells grown on TMV were analyzed for gene expression by 

immuno-staining for 7, 14 and 21 days (scale bar is 20 μm). (C) Cells aggregated to form 

sheet like structures around 14 days, which stained positive for BGLAP. The expression of 

SPP1 remained confined to the cells on the periphery of the sheets and neighboring cells. 

Scale bars are 20 μm for (B) and 100 μm for (C) i, iii and iv. Color representation: DAPI 

(blue), phalloidin (green), osteocalcin (BGLAP) (red), osteopontin (SPP1) (pink) and 

osteonectin (SPARC) (yellow).
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Figure 4. 
(A) Network of osteogenic specific proteins regulated by BMP2 signaling. (B) RT-qPCR 

generated profile for the normalized expression of genes after 1 day of osteogenic induction 

on TMV coated substrates (normalized with respect to TCP, day 1). (C) Differential 

expression of the genes shown in the pathway calculated via gene array analyses.
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Table 1

Functional gene grouping and their regulation after 14 days of osteogenic induction on (i) TMV and (ii) TCP.

GO terms Gene Functions Genes Up-regulated Genes Down-regulated

Skeletal Development

Bone Mineralization AMBN, AMELX, BMP2, CIDEC, 
EIF2AKR, PTH2R, PTHR1, PTN

FGFR2, GLA, GPNMB, KLF10, 
MINPP1, MMP13, PTHLH

Ossification BGLAP, MAPK8, RSAD2, CHRDL2, 
CTGF, CBFB, TNFSF11, SPP1, BCL2, 
SORT1, STC1, SOST, CSF1, IBSP, ALPL, 
THRA, SPARC, CDH11, OSTF1, CHRDL1, 
EGFR, MMP14, SRGN

IGSF1, MMP9, MEN1, IGSF10, 
DSPP, SMAD5, RUNX2, FN1, 
TFIP11, EXT1, DMP1, ENPP1, 
MGP

Cell Differentiation and 
Growth

BMP Receptor Signaling BMP2, BMP6, BMPR1A, FST, MSX2, 
NOG, BMP8A, BARHL2

BMP4, BMP5, BMPR2, 
ACVR2A, ARHGAP5, ID1, MSX1

Stem Cell Differentiation AMBN, TCF7L1, NOG

Osteoblast Differentiation AMELX, BGLAP, BMP2, BMP6, CBFB, 
GLI1, 1HH, PTH2R, SMO, SPP1, Tmsb4x

CHRD, GABBR1, BMP4, 
GPNMB, MEF2C, MEF2D, NF1, 
WWTR1

Osteoblast Development PTHR1, SATB2, JUND, SMAD3, PTH2R

Extracellular Matrix 
(ECM) Molecules

Collagens COL1A1, COL1A2, COL3A1, COL4A1, 
COL4A2, COL4A5, COL5A1, COL5A2, 
COL5A3, COL6A1, COL6A2, COL9A1, 
COL10A1, COL11A1, COL13A1, 
COL14A1,COL16A1, COL17A1, 
COL18A1, COL22A1, COL23A1, 
COL24A1, COL27A1

COL8A1, COL6A6, COL4a4, 
COL12A1, COL2A1

Other Bone Related Genes BGLAP, COL1A1, COL1A2, OMD, ITGA1, 
ITGA9, BMP1, CSF1, CSF2, IGF1, IGF2

GO terms Gene Functions Genes Up-regulated Genes Down-regulated

Skeletal Development

Bone Mineralization AMBN, AMELX, CIDEC, EIF2AKR, 
PTH2R, PTHR1, KLF10, PTN, 
PTHLH

BMP2, FGFR2, GLA, GPNMB, 
MINPP1, MMP13

Ossification MAPK8, RSAD2, CTGF, TNFSF11, 
SPP1, SORT1, STC1, SOST, IBSP, 
ALPL, THRA, SPARC, CDH11, 
CHRDL1, EGFR, MMP14, SRGN, 
MMP9, MEN1, IGSF10, DSPP, 
RUNX2, FN1, TFIP11,

BGLAP, IGSF1, SMAD5, EXT1, 
DMP1, ENPP1, MGP, 
CHRDL2,CBFB, BCL2, CSF1, OSTF1

Cell Differentiation and 
Growth

BMP Receptor Signaling BMP6, BMPR1A, BMP8A, BARHL2 BMP2, FST, MSX2, NOG, BMP4, 
BMP5, BMPR2, ACVR2A, ARHGAP5, 
ID1, MSX1

Stem Cell Differentiation AMBN, TCF7L1 NOG

Osteoblast Differentiation AMELX, BMP6, GLI1, 1HH, PTH2R, 
SMO, SPP1, NF1, Tmsb4x

BGLAP, BMP2, CBFB, CHRD, 
GABBR1, BMP4, GPNMB, MEF2C, 
MEF2D, WWTR1

Osteoblast Development PTHR1, SATB2, JUND, SMAD3, 
PTH2R

Extracellular Matrix 
(ECM) Molecules

Collagens COL1A1, COL1A2, COL3A1, 
COL4A1, COL4A2, COL4A5, 
COL5A1, COL5A2, COL5A3, 
COL6A1, COL6A2, COL9A1, 
COL11A1, COL13A1, 
COL14A1,COL16A1, COL17A1, 
COL18A1, COL22A1, COL23A1, 
COL24A1, COL8A1, COL6A6, 
COL4a4, COL27A1

COL10A1, COL12A1, COL2A1
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GO terms Gene Functions Genes Up-regulated Genes Down-regulated

Other Bone Related Genes COL1A1, COL1A2, OMD, ITGA1, 
ITGA9, BMP1, CSF2, IGF1, IGF2

BGLAP, CSF1
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