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Introduction

The interface between biomaterials and living 
tissues is a key structural factor dictating the 
cellular responses.1 In particular, tissue healing 
and/or regeneration processes are guided by 
the local surface curvature or topographical 
features of the cell surroundings, such as 
extracellular matrix and other neighbouring cells. 
Consequently, the surface topographical features 
of a biomaterial can profoundly influence cell 
fate determination, adhesion, polarisation, and 
migration.2 It is widely accepted that cells can 
sense their external environment and interact 
with biomaterials locally at the nanometre level.3, 4  
Cell interactions with nanometric surfaces often 
result in either cytoskeletal organisation and 
protein orientation or protein unfolding, thus 
directing cellular functions.5 Previous studies 
by our group have shown that plant virus 
nanoparticles with unique nanoscale surface 
features can accelerate the osteogenesis of stem 

cells both in vitro and in vivo when incorporated 
in either two- or three-dimensional scaffolds.6-9 
We hypothesised that the distinctive nanoscale 
arrangement of viral coat proteins is critical 
to the osteogenic inductivity of plant virus 
scaffolds, as similar nanoparticles without 
the orderly arrangement of coat protein lack 
the ability to improve the osteogenesis of 
stem cells.7 In addition, hydrogel containing a 
mutant plant virus featuring the nano-spacing 
tripeptide Arg-Gly-Asp, the most common 
peptide motif responsible for cell adhesion to 
the extracellular matrix, further enhanced bone 
regeneration of a calvarial defect in both normal 
and osteoporotic ovariectomised rat models.10, 11 
In another study, however, no difference in the 
differentiation of stem cells was observed among 
various substrates coated with spherical, rigid 
rod-shaped, or fibre-like viral nanoparticles.8 
From the physicochemical point of view, the 
surface curvature, ligand coating, surface atomic 
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The surface free energy of a biomaterial plays an important role in the 

early stages of cell–biomaterial interactions, profoundly influencing 

protein adsorption, interfacial water accessibility, and cell attachment on 

the biomaterial surface. Although multiple approaches have been developed 

to engineer the surface free energy of biomaterials, systematically tuning 

their surface free energy without altering other physicochemical properties 

remains challenging. In this study, we constructed an array of chemically-

equivalent surfaces with comparable apparent roughness through assembly 

of gold nanoparticles adopting various geometrically-distinct shapes but all 

capped with the same surface ligand, (1-hexadecyl)trimethylammonium 

chloride, on cell culture substrates. We found that bone marrow stem cells 

exhibited distinct osteogenic differentiation behaviours when interacting with 

different types of substrates comprising shape-controlled gold nanoparticles. 

Our results reveal that bone marrow stem cells are capable of sensing 

differences in the nanoscale topographical features, which underscores the 

role of the surface free energy of nanostructured biomaterials in regulating 

cell responses. The study was approved by Institutional Animal Care and Use 

Committee, School of Medicine, University of South Carolina.
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coordination, and surface free energy are all intimately tied to 
the geometric shapes of the nanoparticles, and a strong synergy 
may exist among the above-mentioned structural factors when 
dictating cell differentiation behaviours.

One characteristic of surface features that has been widely 
disregarded is the inherent difference in surface energy. 
The surface atoms are undercoordinated, possessing fewer 
nearest neighbours than the atoms in the bulk. ‘Dangling 
bonds’ exposed at a material’s surface give rise to extra 
‘unsatisfied bond energy’.12 When biomaterials are implanted 
or come into contact with the biological environment, water 
interactions, protein adsorption, and cell attachment are 
governed by the intermolecular bonds at the material’s surface 
or the surface energy of the material.12 The initial adhesion 
of cells to biomaterials is key to the regulation of subsequent 
proliferation, differentiation, and ultimately tissue formation 
at the interface.13, 14 Therefore, understanding how surface 
energy affects the interactions of a surface with the biological 
environment is of pivotal importance to the rational design of 
biomaterials with specifically-targeted functions.

Common techniques employed to optimise surface energy are: 
1) surface treatment to alter chemical properties, i.e. surface 
functionalisation,15 surface etching,16 and plasma treatment;17 
2) mechanical manipulation to modify roughness and/or 
topography;18 and 3) controlling crystallographic structure.19 
Nakamura et al.20 investigated the surface characteristics of 
various types of hydroxyapatite after sintering in different 
atmospheres. The processes led to materials with differences 
in surface energy and wettability. They found that increased 
surface energy and enhancement of wettability accelerated cell 
adhesion.20

Razafiarison et al.21 constructed polydimethylsiloxane-
based scaffolds and mechanically adjusted them within the 
stiffness range from 70 Pa–2.3 MPa by using a surface energy 
gradient, without influencing the bulk properties and collagen 
topography of the biomaterials. Their results indicated that 
the surface energy-driven ligand self-assembly could direct 
the mechanosensitivity of mesenchymal stem cells, resulting 
in changes in cell spreading and differentiation based on 
polydimethylsiloxane stiffness.21

Generally, altering the surface structures of a material often lead 
to modification of a series of properties, such as surface energy, 
chemical functionalities, and interfacial hydrophobicity, all of 
which will affect the way cells interact with the surface. One 
method that can be employed to optimise surface energy of a 
material while maintaining other surface features is to modify 
the crystallographic termination of the surface. Faghihi et 
al.22 demonstrated how three main classes of crystallographic 
facets of titanium, specifically (1010), (1120), and (0001) facets, 
influenced the differential response of fibroblast and pre-
osteoblast cell lines. Their results show that cells recognise 
the atomic structure of a surface differently, leading to cell-
type-dependent adhesion. Preosteoblasts attached significantly 
more on Ti-(1120), while fibroblast adhesion was amplified on 
Ti-(1010).22 This demonstrates that the three distinct facets of 
titanium substrates differ significantly in their capacity to serve 
as cell-adhesion substrates.

Gold nanoparticles (AuNPs) exhibit a unique set of properties 
ideal for widespread applications ranging from biomimetic 
materials, over printed electronics to electrochemical 
biosensors.23-28 The surface free energy of AuNPs can be 
tuned by changing the nanoparticle shapes, altering the 
arrangement of Au atoms on different crystallographic facets.29 
Seed-mediated nanocrystal growth with the aid of structure-
directing surface-capping ligands provides a versatile approach 
to the synthesis of colloidal AuNPs with precisely-controlled 
sizes and shapes.30 In this study, we fabricated an array of 
chemically-equivalent and topographically-comparable 
surfaces by depositing shape-controlled AuNPs with different 
surface energies onto cell culture substrates, which allowed us 
to investigate the osteogenic differentiation of stem cells on 
these surfaces as a function of nanoscale surface energy.

Methods

Synthesis of different shapes of gold nanoparticles

CTAB-capped Au clusters were prepared by reducing gold(III) 
chloride trihydrate (HAuCl4) with sodium borohydride (NaBH4) 
in the presence of 1-hexadecyltrimethylammonium bromide 
(CTAB). Typically, 0.60 mL of ice-cold, freshly-prepared 
NaBH4 (10 mM, 99%, Sigma-Aldrich, St. Louis, MO, USA) 
were quickly injected into a solution composed of CTAB (10.00 
mL, 0.10 M, > 98%, TCI America, Portland, OR, USA) and 
HAuCl4 (0.25 mL, 10 mM, ACS grade, J.T. Baker, Phillipsburg, 
NJ, USA) under magnetic stirring (300 r/min). The solution 
was stirred for 2 minutes and then left undisturbed for 3 hours 
at 27°C. The CTAB-capped Au clusters were used to prepare 
~10 nm Au seeds by injecting 2 mL of HAuCl4 (0.5 mM) into a 
mixture of 2 mL of 1-hexadecyl)trimethylammonium chloride 
(CTAC; 0.2 M, 96%, Alfa Aesar, Ward Hill, MA, USA), 1.5 mL 
of freshly-prepared L-ascorbic acid (AA, 0.1 M, 99.5+%, Sigma-
Aldrich), and 50 µL of the CTAB-capped Au cluster solution. 
The solution was stirred for 1 minute and left undisturbed for 15 
minutes, and then the Au seeds were collected by centrifugation 
at 16,100 × g for 30 minutes. The obtained Au seeds were 
washed with water through centrifugation redispersion cycles, 
and redispersed in 1 mL of 0.02 M CTAC. The Au seed solution 
was used for subsequent seed-mediated growth. The final 
concentration of AA in the growth solution and the addition 
rate of HAuCl4 were varied to control the speed of reduction 
to generate different-shaped AuNPs. The composition of the 
growth solution mixture and the HAuCl4 addition rate for each 
AuNP are listed in Table 1. 

After an hour of mixing at 27°C, the growth solution mixture 
was left undisturbed for 10 minutes before AuNPs were 
collected by centrifugation at 16,100 × g for 10 minutes. 
The obtained AuNPs were washed with water through 
centrifugation–redispersion cycles, and redispersed in 0.86 mL 
of water. In order to prepare ~70 nm diameter CCNPs, the 
CCNPs (46 nm) obtained from the previous step were used as 
seeds for another cycle of growth by injecting 2 mL of 0.5 mM 
HAuCl4 at 2 mL/h to a mixture of CTAC (2 mL, 0.1 M), AA 
(70 µL, 0.1 M) and CCNP (46 nm) seeds (500 µL). The solution 
was left undisturbed overnight at 27°C and the CCNPs were 
collected using the same centrifugation–redispersion method 
as other AuNPs.
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Gold nanoparticle characterisation

The size distributions of double-washed AuNPs were 
measured using dynamic light scattering (Zetasizer Nano ZS, 
Malvern Instruments, Malvern, UK) without further dilution. 
For transmission electron microscopy (TEM) analysis, 7 μL of 
double-washed AuNP solution was dropped onto a 100-mesh 
carbon-coated copper grid and allowed to dry in a fume hood for 
30 minutes at room temperature before imaging with a Hitachi 
H8000 electron microscope (Hitachi, Tokyo, Japan). The 
optical extinction spectra of the nanoparticles were measured 
in aqueous colloidal suspensions at room temperature, using 
a Beckman Coulter Du 640 spectrophotometer (Beckman 
Coulter, Brea, CA, USA). 

Fabrication of gold nanoparticle-coated substrates

Glass cover-slips cleaned by piranha solution were incubated 
with triple-washed AuNPs for 6 hours in a tissue culture hood. 
After 6 hours, excess AuNP solution was removed and the 
substrates were washed immediately with nanopure water 3 
times before allowing them to dry under a tissue culture hood. 
The AuNP-coated substrates were sterilised with UV-light for 
15 minutes before use for cell culture.

Surface characterisation of gold nanoparticle-coated 

surfaces by atomic force microscopy

The surface morphology of AuNP-coated substrates was 
observed by atomic force microscopy (AFM; Nanoscope IIIA 
MultiMode AFM, Veeco, Plainview, NY, USA). After coating 
with nanoparticles, the substrates were dried with a stream 
of nitrogen gas before being mounted onto the AFM sample 
holder for imaging in the tapping mode.

Contact angle measurement

Nanopure water (1 mL) was dropped onto AuNP-coated 
substrates and the contact angle was measured for each 
substrate using a video contact angle system (VCA-Optima, 
AST products, Inc., Billerica, MA, USA).

Quartz crystal microbalance measurement

A homemade quartz crystal microbalance (QCM) was used to 
measure the mass of the deposited layer using a 9 MHz quartz 
electrode coated with Ag on both sides. The quartz electrode 
was submerged in a triple-washed AuNP sample overnight 
before thoroughly washing with nanopure water to remove 
loosely-bound AuNPs. The AuNP-coated quartz electrode was 
incubated with cell culture medium and rinsed with nanopure 

water before the QCM frequency shifts were monitored using 
a universal frequency counter (Protek C3100, Protek Test & 
Measurement, Allendale, NJ, USA).

Bone marrow stem cell isolation and expansion

Primary bone marrow stem cells (BMSCs) were isolated from 
the bone marrow of young adult male Wistar rats (8 weeks old, 
80 g body weight; Harlan Sprague−Dawley Inc., Indianapolis, IN, 
USA). Rats were euthanized by CO2 in the euthanasia chamber. 
Procedures were performed in accordance with the guidelines 
for animal experimentation of the Institutional Animal Care 
and Use Committee, School of Medicine, University of South 
Carolina. Cells were maintained in primary medium (Hyclone, 
Thermo Scientific, Waltham, MA, USA) supplemented with 
10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, 
GA, USA) and 1% penicillin−streptomycin−amphotericin B 
(MP Biomedicals, Irvine, CA, USA; containing 100 U/mL of 
penicillin, 1000 U/mL of streptomycin solution, 0.25 μg/mL  
of amphotericin B), cultured at 37°C in a CO2 incubator with 
95% air/5% CO2 and passaged no more than seven times 
after isolation. To induce osteogenesis, primary medium was 
replaced with osteogenic medium consisting of primary medium 
supplemented with 10 mM sodium β-glycerophosphate 
(Sigma-Aldrich), 50 μg/mL L-ascorbic acid 2-phosphate 
(Sigma-Aldrich), and 1 × 10−8 M dexamethasone (Enzo Life 
Sciences, Farmingdale, NY, USA). Medium was replenished 
every 3−4 days. 

Alkaline phosphatase activity

After 2 days of induction in osteogenic medium, number of 
the BMSCs seeded onto a gold-sputtered surface and different 
AuNP-coated substrates were determined by CellTiter 
Blue assay. Then 4% paraformaldehyde was added at room 
temperature to fix the cells for 15 minutes. After that alkaline 
phosphatase (ALP) activity was analysed by incubating the fixed 
cells with 1-Step p-nitrophenylphosphate solution (Thermo 
Fisher Scientific) for 15 minutes at room temperature. Then 
the reaction was stopped by adding 250 μL of 2 N NaOH to 
the incubated solution that was transferred to a new microfuge 
tube. Absorbance at 405 nm of the mixture was measured 
and was normalised to the corresponding cell number. Three 
independent experiments were analysed for ALP activity. 
Uncoated glass substrates were used as control.

Alizarin red staining and quantification

After 5 days of induction in osteogenic medium, cells were 

Table 1. The composition of growth solution mixture and HAuCl
4

 addition rate for each AuNP

AuNP L-ascorbic acid Au seed 0.1 M (1-hexadecyl)trimethylammonium 

chloride

0.5 mM HAuCl
4

 (2 mL) 

addition rate

Quasi-spherical 
nanoparticles

0.01 M, 130 µL 10 µL 2 mL 2 mL/h using a syringe 
pump

Nanotrioctahedra 0.1 M, 100 µL 10 µL 2 mL 1 shot injection (stir 
simultaneously)

Porous nanoparticles 0.1 M, 10 µL 10 µL 2 mL 1 shot injection (no stir)

Concave nanocube 
particles

0.1 M, 130 µL 10 µL 2 mL 2 mL/h using a syringe 
pump

Note: AuNP: gold nanoparticle; HAuCl4: gold(III) chloride trihydrate.
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fixed by 4% paraformaldehyde as described above, then the 
fixed cells were incubated with 0.1% Alizarin red solution 
(Sigma-Aldrich) pH 4.1–4.5 for 30 minutes in the dark and 
washed with water (18.2 MΩ) prior to imaging. An Olympus 
IX81 fluorescent microscope (Olympus, Tokyo, Japan) was 
used to capture the stained substrates images. To quantify the 
amount of dye on each substrate, the dye on each sample was 
extracted by rinsing the samples with 300 μL of 0.1 N NaOH. 
The extracted dye solution was measure absorbance at 548 nm 
wavelength. The measured absorbance from each sample was 
normalised to the corresponding cell number from CellTiter 
Blue assay. Three independent experiments were analysed for 
Alizarin red staining and quantification.

Statistical analysis

All data are expressed as mean ± standard deviation (SD). 
Statistical analysis was performed by analysis of variance with 

Tukey’s multiple comparisons tests using GraphPad Prism 5 
(GraphPad Software, San Diego, CA, USA). A value of P < 0.05 
was considered to be statistically.

Results

Shape-controlled synthesis of gold quasi-spherical, 

trisoctahedral, porous, and concave cubic nanoparticles 

AuNPs of different shapes were synthesised through seed-
mediated colloidal nanocrystal growth processes under 
kinetically-controlled conditions.31-33 By controlling the 
reduction rate of Au3+ to Au0, AuNPs with different shapes 
but the same surface chemical properties were obtained 
(Figure 1). Upon depositing these AuNPs onto cell culture 
substrates, the nanoscale surface energy could be fine-tuned 
while maintaining similar chemical composition and surface 
topography.

Figure 1. Seed-mediated synthesis of AuNPs with different shapes. Seed particles were first prepared by reduction of 
Au3+ in a strong reducing agent as the first step. Then the Au3+ growth solution was reduced in weak reducing agent and 
surfactant to Au+ which was kinetically controlled to grow on seed particles from the first step into gold nanoparticles 
with different shapes. Slower reduction rates produced AuNPs that were more stable or had lower surface energies such 
as quasi-nanospheres enclosed by {111} and {100} facets, while faster reaction rates produced high index faceting Au 
QSNPs with higher surface energies, such as TOH, PNPs, and CCNPs.31, 32 AuNPs: gold nanoparticles; CCNPs: concave 
nanocube particles; PNPs: porous nanoparticles; QSNPs: quasi-spherical nanoparticles; TOH: nanotrioctahedra. 

TEM images of the four AuNPs show their morphology as 
quasi-spherical nanoparticles (QSNPs), nanotrioctahedra 
(TOH), porous nanoparticles (PNPs), or concave nanocube 
particles (CCNPs) (Figure 2A). Despite their geometrically-
distinct shapes, the as-synthesised AuNPs exhibited similar 
particle sizes in the range of 80–100 nm as revealed by TEM 
images (Figure 2B). The mean sizes and the size distribution 
profiles of the AuNPs obtained from TEM were in excellent 
agreement with the hydrodynamic sizes quantified by dynamic 
light scattering (Figure 2C). Localised surface plasmon 
resonance is a distinct optical feature of AuNPs.34 As the 
particle shape varied, the characteristic plasmon resonance 
peak of the colloidal AuNPs shifted in the optical extinction 
spectra following the wavelength order of QSNPs < TOH 
< PNPs < CCNPs (Figure 2D), which was consistent with 
previous reports.32, 35 Detailed structure–property relationships 
underpinning the shape-dependent plasmonic characteristics of 
these AuNPs have been reported in previous publications.31, 32

Fabrication of gold nanoparticle-coated substrates for 

stem cell differentiation studies 

AuNPs with various shapes were deposited onto ‘piranha’-
treated glass cover slips. Owing to the positively-charged 
quaternary amine functional groups of CTAC and the 
negatively-charged surfaces of the ‘piranha’-treated cover-
slips, the AuNPs were readily adsorbed onto the glass surface 
through electrostatic interactions (Figure 3A). The presence 
of AuNPs on the glass surface was confirmed by AFM (Figure 

3B). The AFM images show similar coverage for all AuNP-
coated substrates, which was approximately 40–50% for each 
substrate. 

It is widely accepted that surface roughness is one of the 
major factors influencing cell responses, in particular stem cell 
differentiation.2 Consequently the AuNP-coated substrates 
were analysed in terms of root mean square (Ra) roughness 
from images collected by AFM (Figure 3C). The Ra result 
revealed no significant difference in microscale roughness 
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Figure 2. Characterisation of different-shaped AuNPs. (A) Transmission electron microscopic images of different-
shaped AuNPs. The images show that AuNPs were similar in size and monodisperse in term of shape. Scale bar: 100 nm. 
(B) Particle size analysis of images obtained by transmission electron microscopy. AuNPs: gold nanoparticles; CCNPs: 
concave nanocube particles; PNPs: porous nanoparticles; QSNPs: quasi-spherical nanoparticles; TOH: nanotrioctahedra. 
(C) Size distribution of the different-shaped AuNPs analysed by dynamic light scattering. The results of dynamic light 
scattering showed a monodisperse peak of each shape of AuNPs with similar diameter, approximately 90 nm. (D) Optical 
extinction spectra of AuNPs reflecting differences in localised surface plasmon resonance. 
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among substrates coated with QSNPs, TOH, and PNPs. 
Notably, CCNP-coated substrates showed significantly higher 
roughness than the other surfaces probably because the CCNPs 
tend to cluster together and form bigger and taller islands on 
the surface.

To explore the surface energy of the AuNP-coated substrates, 
the substrates were subjected to contact angle measurements 
and a gold sputtered surface was used as the benchmark 

material for comparison. Contact angle measurement results 
demonstrated that all AuNP-coated surfaces were more 
hydrophobic than an uncoated glass surface, as evidenced by 
the higher contact angle value of gold-containing surfaces 
compared to a bare glass surface (Figure 4). Among the 
AuNP-coated surfaces, QSNP was the most hydrophilic surface 
followed by gold-sputtered surface, CCNP-, TOH-, and PNP-
coated substrates respectively.

Figure 4. AuNP-coated substrate characterisation by contact angle measurement and QCM measurement. (A) AuNP-
coated surfaces exhibit higher contact angles compared to an uncoated glass surface. QSNP is the most hydrophilic 
AuNP-coated surface, followed by gold sputtered surface, TOH-, CCNP-, and PNP-coated substrates respectively. (B) 
Frequency shifts measured by QCM after incubation of the AuNP-coated QCM probe with cell culture medium. Gold 
sputtered quartz probe was used as control. Data are expressed as mean (± SD). **P ≤ 0.01 based on one-way analysis 
of variance. AuNPs: gold nanoparticles; CCNPs: concave nanocube particles; PNPs: porous nanoparticles; QCM: quartz 
crystal microbalance; QSNPs: quasi-spherical nanoparticles; TOH: nanotrioctahedra.

It is generally accepted that hydrophobic surfaces adsorb more 
proteins than hydrophilic surfaces.36, 37 Therefore, we postulated 
that the higher energy surfaces which are hydrophobic (PNP and 
TOH) would exhibit higher protein adsorption. A hydrophobic 
surface allows interaction with hydrophobic domains and 
residues in the protein, a process which is assisted by an entropy 
gain during the subsequent release of unfavourably organised 
water at the surface.38 QCM experiments showed that upon 
incubation with cell culture medium, the frequency of a QCM 
probe coated with PNP-AuNPs shifted rapidly, with an almost 3 
kHz increase in frequency at 15 minutes of incubation observed 
for a PNP-coated QCM probe. On the other hand, other AuNP-
coated QCM probes showed slight increases in frequency of less 
than 2 kHz even after incubation in cell culture medium for 
1 hour. After 48 hours incubation, PNP-AuNPs absorbed the 
most mass, followed by QSNP, CCNP, TOH and gold-sputtered 
surfaces respectively. It is possible that the high porosity of the 
PNP-AuNPs resulted in a high surface area which led to greater 
adsorption of molecules onto the PNP-coated surface at every 
time-point measured. There was no significant difference in 
protein adsorption on QSNP, TOH and CCNP. This implies 
that the difference in surface energy across the three AuNP 
substrates may have little influence on protein adsorption at 
the incubation times studied. Deng et al.39 reported that the 
shape of nanoparticles affected protein corona formation. For 
instance, spherical titanium dioxide NPs bind proteins that are 
not found on rod-like particles. This could explain the lack of 
correlation between surface energy and protein binding at the 
time-points observed in this study.

Osteogenesis of rat bone marrow stem cells on 

substrates coated with different shapes of gold 

nanoparticle 

To investigate the effect of differences in surface energy, 

introduced by the different shapes of AuNPs, on cell 
differentiation, rat BMSCs were cultured on the panel of AuNP-
coated substrates; QSNP, TOH, PNP, CCNP, and small cluster 
gold-sputtered surface. ALP, an early marker of osteogenesis,40, 41  
was analysed in cells cultured on different AuNP substrates on 
day 2 and the results showed significantly higher enzyme activity 
in cells cultured on the QSNP-coated substrate which exhibited 
the lowest surface energy (Figure 5). Even though most studies 
analyse ALP activity on day 7 and later, in some studies higher 
levels of ALP activity have been observed earlier than day 7 and 
the elevated ALP level continues to increase from 7–14 days.42, 43  
In addition, we previously observed significantly higher ALP 
activity which correlated with accelerated osteogenesis in 
BMSCs cultured in a three-dimensional scaffold of PEG-
grafted hydrogel from days 3–7.44 We anticipated even faster 
cell differentiation in a two-dimensional culture environment; 
therefore, in this study we started assessing ALP activity from 
day 2. Similarly, studies often analyse Alizarin red S staining 
and measure calcium deposition later in the study, usually 
after 7–14 days. However, based on our previous studies 
with BMSCs as well as many previous reports, differentiation 
of BMSCs varies dramatically under the influence of many 
factors such as passage number, plating density and culture 
conditions.45, 46 In our previous study, we observed formation 
of cell nodules which were positively-stained for calcium 
mineralisation as early as day 2 after osteoinduction when the 
cells were cultured on appropriate substrates. This suggests that 
it is possible to observe early osteogenic differentiation under 
the culture conditions and method of obtaining primary cells 
we routinely utilise in our studies. As a result, positive staining 
of cells by Alizarin red S, resulting in the deep red colour 
indicating calcium deposition in large cell nodules, was clearly 
observed in the cells cultured on QSNP and TOH as early as 
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day 5 after osteoinduction, whereas no staining was observed 
on gold-sputtered and PNP substrates (Figure 6). The Alizarin 
red S staining result confirms calcium mineralisation of cells 
on the two substrates. Notably, cells on CCNP substrate only 
formed small nodules that were also stained with Alizarin red 

S. When the dye was dissolved and quantified by ultraviolet–
visible spectrometry at 548 nm, the normalised absorbance of 
dye dissolved from cell nodules on QSNP followed by those on 
TOH substrates indicated higher calcium mineralisation on 
these two substrates than on other substrates.
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Figure 5. Cytochemical analysis of the osteogenic differentiation process of rat bone marrow stem cells on control glass, 
gold-sputtered substrates, and gold nanoparticle-coated substrates at day 2 after incubated in osteogenic media. (A) 
Alkaline phosphatase activity of cells cultured on different substrates. (B) Optical density at 548 nm of solubilised Alizarin 
red S staining normalised to cell number indicates the relative deposited calcium quantity at day 5. The mineralisation 
of cells on QSNP and TOH substrates was significantly higher than that of control glass, gold-sputtered, PNP and CCNP 
substrates. Data are expressed as mean ± SD (n = 3). *P < 0.05 (one-way analysis of variance followed by multiple 
comparisons). CCNPs: concave nanocube particles; PNPs: porous nanoparticles; QSNPs: quasi-spherical nanoparticles; 
TOH: nanotrioctahedra.

Figure 6. Micrographic images of bone marrow stem cells stained with lizarin red S staining of each sample at day 5. 
Cells on QSNP and TOH substrates are obviously stained for calcium deposition, as illustrated by the deep red colour for 
calcium of large cell nodules, whereas much weaker staining was observed on gold-sputtered and PNP-coated substrates. 
The Alizarin red S staining confirms calcium mineralisation of cells on the two substrates. Notably, cells on CCNP 
substrate only formed small nodules that were also stained with Alizarin red S. Scale bar: 200 μm. CCNP: concave 
nanocube particle; PNP: porous nanoparticle; QSNP: quasi-spherical nanoparticle; TOH: nanotrioctahedra.

Discussion

In general terms, researchers have often reported that surfaces 
with high surface energy or wettability promote cell adhesion, 
while low-energy surfaces are not supportive of cell attachment 
and spreading.47-52 It has long been recognised that a cell’s ability 
to adhere onto a surface plays a significant role in osteoblast 
differentiation. Specifically, BMSCs tend to differentiate into 
osteoblasts when they are cultured on surfaces that permit 
cell spreading, while those whose spreading is limited become 
adipocytes. The QSNP surface, which was shown to promote 
osteogenic differentiation, has a contact angle close to 65°. 
This result is consistent with a number of studies that reported 
that the ideal contact angle for best directing cell proliferation 
and behaviour is around 60°–70°.51-53 While it is clear that 

the nanoscale surface energy of these AuNPs relates to the 
observed phenomenon, other features such as the surface 
curvature, ligand coating, and surface atomic coordination, 
which are all interconnected to the nanoparticle shapes, most 
likely also contribute to the cell–material interaction and lead 
to the osteogenesis of stem cells.

Chemically-equivalent shape-controlled AuNPs were 
successfully synthesised by controlling the rate of reduction 
during the growth process of seed-mediated AuNP synthesis. 
The developed procedure was employed to prepare four 
different-shaped AuNPs: QSNPs, TOH, PNPs and CCNPs. The 
synthesised AuNPs contained distinct dominant facets leading 
to dissimilarities in surface energy pertaining to each type 
of AuNP. Upon depositing the AuNPs onto the cell culture 
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surface, an array of cell culture substrates exhibiting a range of 
surface energies with comparable chemistry and topography 
were generated, as evidenced by TEM, dynamic light scattering, 
contact angle, and AFM characterisations. These surfaces 
were employed to investigate cellular responses, in particular 
osteogenic differentiation of mesenchymal stem cells as a 
function of surface energy. QCM results demonstrated that 
protein adsorption onto these AuNP-coated surfaces varied 
based on the shape of AuNPs present on the substrate surface. 
Corresponding to the dissimilarity in protein adsorption, 
the combined results from ALP and calcium mineralisation 
assays suggested that mesenchymal stem cell differentiation 
on QSNP followed by TOH were enhanced relative to cells 
cultured on PNP, CCNP, small cluster gold sputter-coated, and 
glass control substrates. These results suggested that cells can 
sense the difference in surface energy within the controlled 
chemistry and topography milieu and uniquely respond to the 
change in their environment.

Further investigation of surface energy-induced differentiation 
is necessary for a better understanding of how surface 
energy provided by distinctly-shaped AuNPs affects protein 
conformational change, protein absorption, cell–material 
interaction, and ultimately cell differentiation. Additionally, a 
continued study can be extended to the investigation of other 
well-defined materials with surface energy manipulability on 
the cellular responses in both two- and three-dimensional 
models. Ultimately, it will be very fruitful to apply our 
discovery to other synthetic substrates employed in clinical 
tissue engineering applications.
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