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Nanotopography mediated osteogenic
differentiation of human dental pulp derived
stem cells†
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Stan Gronthos, c Nicolas H. Voelcker *a,d,e,f,g and Krasimir Vasilev *a,h

Advanced medical devices, treatments and therapies demand an understanding of the role of interfacial

properties on the cellular response. This is particularly important in the emerging fields of cell therapies and

tissue regeneration. In this study, we evaluate the role of surface nanotopography on the fate of human

dental pulp derived stem cells (hDPSC). These stem cells have attracted interest because of their capacity to

differentiate to a range of useful lineages but are relatively easy to isolate. We generated and utilized density

gradients of gold nanoparticles which allowed us to examine, on a single substrate, the influence of nano-

feature density and size on stem cell behavior. We found that hDPSC adhered in greater numbers and

proliferated faster on the sections of the gradients with higher density of nanotopography features.

Furthermore, greater surface nanotopography density directed the differentiation of hDPSC to osteogenic

lineages. This study demonstrates that carefully tuned surface nanotopography can be used to manipulate

and guide the proliferation and differentiation of these cells. The outcomes of this study can be important

in the rational design of culture substrates and vehicles for cell therapies, tissue engineering constructs and

the next generation of biomedical devices where control over the growth of different tissues is required.

Introduction

Understanding the interactions of biological matter with inter-
phases is of paramount importance for creating advanced
medical treatments, diagnostics and therapies.1–4 The inte-

gration and function of medical devices ranging from heart
valves to dental implants is dependent on the response of
tissue to material surface.5–8 The precision of many medical
diagnostic technologies requires adequate response to biologi-
cal fluids. The field of cell therapies, which is considered by
many as the future of medical treatments, can be realized only
if we have the capacity to control cell proliferation, differen-
tiation and expansion on synthetic materials, and provide
vehicles for the delivery of these cell.9–11 Thus, it is not surpris-
ing that substantial research efforts have focussed on unravel-
ling the processes and phenomena occurring between cells
and material surfaces.

Recently, dental pulp derived stem cells (DPSC) have
attracted interest as potent source of autologous cells in a
number of area of regenerative medicine, including cell
therapies.12–14 These cells have mesenchymal character and
similar to bone marrow stromal cells (BMSC) have the capacity
to differentiate into a wide range of other cells.14,15 It was also
shown that DPSC can be a source of induced pluripotent stem
(IPS) cells.16,17 In addition to tooth regeneration and bone
reconstruction, other areas such as neuroregeneration,18

angiogenesis19 and vasculogenesis, and endocrinology20 can
benefit from DPSC. The attractive sides of these cells is their
relative ease of isolation from the pulp of discarded or
removed teeth.14 It was also shown that DPSC can be cultured
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for periods as long as 6 months without changes in mor-
phology or the expression of stem cell markers.21 These
studies demonstrate that DPSC can be maintained and
expanded to high numbers, which is a prerequisite for cell
therapies and other regenerative medicine applications.

For DPSC and other stem cells to become accessible
medical therapies, it is essential to acquire the capacity to
control cell differentiation and expansion in an efficient and
cost effective manner.22,23 Current strategies to control stem
cell differentiation is via soluble factors and chemical formu-
lations.24,25 However, this approach is rather expensive.
Furthermore, some of the soluble factors are of animal origin
and can cause regulatory problems because of the danger of
transmission of diseases. Emerging cost effective and efficient
strategies involve the targeted modification of the culture sub-
strate or deliver vehicle via tuning the surface chemistry,
ligand type and density, stiffness or topography.26–30 In this
context, surface nanotopography has attracted particular atten-
tion since it may provide a tool to mimic the physical micro-
environment where cells naturally reside.31,32

Surface nanotopography has been extensively investigated
and documented to affect the behaviour of a range of cells
including dermal,33 inflammatory,34 tumor35 and stem
cells.29,36–43 There are a number of phenomena that takes
place when cells interact with nanotopography. When a
material is placed into a biological fluid, proteins adhere to its
surface within minutes. The amount and conformation of
adhered proteins can have a significant influence on the sub-
sequent cell attachment, proliferation, and differentiation.44,45

In the presence of nanotopography, surface area is generally
significantly increased (relative to a smooth surface) which
may result in adsorption of greater amount of protein. Another
important role that surface topographical features may play is
altering the conformation of absorbed proteins. Recent work
carried out in solution have demonstrated that the confor-
mation of fibrinogen can be dramatically altered by the curva-
ture of nanoparticles.46,47 The consequence of fibrinogen
unfolding was exposing protein sequences that are shielded in
the protein natural conformation. Although this work was
carried out in solution, it is reasonable to assume that topogra-
phical surface feature at the nanoscale may lead to the same
consequence. On the other hand, mechanotransduction due
to nanotopography exerts forces on cells which can alter bio-
chemical signalling and induce adaptive functional changes.48

Furthermore, nanotopography is reported to alter focal
adhesion, integrin clustering and cytoskeletal organization of
cultured cells.49,50

In this study, we explore for the first time the role of con-
trolled nanotopography and tailored outermost surface chem-
istry on the attachment, proliferation and differentiation of
hDPSC. The hypothesis underpinning this work was that care-
fully designed surface nanotopography can be used to control
the behavior of hDPSC. This hypothesis was substantiated by
the similarity of hDPSC to MSC, which have been demon-
strated to be strongly influenced by surface topography.29,51 To
elucidate the role of nanotopographical features in terms of

height and lateral spacing, we generated nanoparticle density
gradients via a method which we reported earlier.52,53 To
create surface topography at the nanoscale we used nearly
monodispersed gold nanoparticles (AuNP) of diameters of 16,
38 or 68 nm. The benefit of using gradients is that studies can
be conducted using minimum number of substrates thus
avoiding errors associated with the use of multiple uniformly
modified samples. In addition, the gradient format speeds up
analysis, reduces the number of cells used in the experiments
and decreases the experimental variability by directly compar-
ing the data obtained using the same cell population. An issue
inherent of many published studies, where nanotopography
was used to examine various phenomena, is heterogeneous
surface chemistry. We tackled this problem by tailoring the
outermost surface chemistry by depositing a 5 nm thin plasma
polymer coating on top of the nanoparticles from allylamine
vapor. hDPSC were cultured on these model surfaces for
periods of up to three weeks and analyzed for proliferation
and osteogenic differentiation.

Results and discussion

In order to generate gradients of AuNP, 13 mm round cover-
slips were first coated with a 20 nm thin layer of plasma poly-
merized allylamine (AApp). These films carry a population of
amine groups which protonate in aqueous medium below
pH = 8 and produce a positive surface charge.54,55 The modi-
fied coverslips were then immersed in a rate controlled
fashion in a solution of AuNP of three different sizes (16, 38 or
68 nm) using a dip coating method as we have previously
reported.56 Using this technique, we were successfully able to
control the time of contact of each region of the AApp coated
surface and the gold nanoparticle solution, which resulted in
nanoparticle density gradients across the surface. In addition
of controlled spacing between nanoscale features, the pre-
determined size of the immobilized nanoparticles i.e. 16, 38 or
68 nm also allowed us to generate surface nanotopography of
controlled height. However, these substrates present not only
variation in nanotopography but also have mixed chemistry.
The underlying AApp coating is amine/nitrogen rich while
gold nanoparticles carry carboxyl acid surface groups. We were
able to uniquely tailor the outermost surface chemistry by
overcoating the nanoparticle density gradients with a 5 nm
thin layer of AApp. We have demonstrated in several published
studies that AApp films of this thickness are continuous and
pinhole free and thus provide uniform surface chemistry
across the surface.57

These surface overcoatings also change surface energy
further leading to the change in surface wettability.53,58 Using
this approach, the stem cells were presented only with changes
in nanotopography. Fig. 1a shows AFM images on six equally
spaced regions across the nanoparticles density gradients
having nanoparticle size of 16 nm (top), 38 nm (middle) and
68 nm (bottom). The nanoparticles were randomly distributed
with an increase in nanoparticle density from region 3 mm to
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region 12 mm and did not form aggregates. The root mean
square roughness (RMS) increased with the greater nano-
particle size and density (shown in Fig. 1b). The AFM images
were further analyzed to calculate number of particles per
µm2, % increase in surface area, % surface coverage and inter-
particle distance at different regions of the surface. The
number of surface bound nanoparticles per µm2 increased
from 17 ± 2 at region 3 mm to 121 ± 5 at 12 mm in the case of
16 nm AuNP. For nanoparticles of 38 nm diameter, the
number of particles increased from 12 ± 3 to 30 ± 3 across the
gradient and for 68 nm nanoparticles from 8 ± 2 to 30 ± 3
(Fig. 1c). The increasing number of nanoparticles across the
surface resulted in greater surface area and surface coverage as
shown in Fig. 1d and e, respectively. The interparticle distance
decreased with the increase in density across the gradients for
all nanoparticles. The interparticle distance decreased from
196 nm to 83 nm for the 16 nm AuNP, from 228 nm to 155 nm
for the 38 nm nanoparticles and from 268 nm to 156 nm for
the 68 nm AuNP (Fig. 1f).

XPS was used to analyze the elemental chemical compo-
sition across the gradients of nanoparticle density. The survey
spectra on 6 regions along the coverslip modified with 16 nm
AuNP is shown in Fig. 2a. The data showing the elemental
composition of the corresponding spectra for nanoparticle
density gradients of 38 and 68 nm are presented in the ESI
Fig. S1 and S2.† The atomic percentage of chemical elements

on different regions across the gradient are presented in
Table S1 of the ESI.†

Fig. 2a shows the increase in the intensity of the Au 4f peak
towards region 12 mm which corresponds in increasing
number of surface bound nanoparticles. The nitrogen N 1s
peak was detected due to the initial underlying layer of allyl-
amine, which aids in electrostatic immobilization of different
sized gold nanoparticles. The surface also contained some
amount of oxygen which was due to the carboxyl functional-
ities on the surface of the nanoparticles and some partial oxi-
dation of the surface typical for this type of plasma poly-
mers.55,57 Survey spectra of nanoparticle density gradient after
overcoating with a 5 nm thin layer of plasma polymerized allyl-
amine (AApp) are shown in Fig. 2b. The intensity of the nitro-
gen N 1s peak increased while gold atomic concentration
decreased (Table S1†). However, gold signal was still detectable
as XPS sampling depth of ca. 10 nm, which is greater than the
thickness of the AApp overcoating. A detailed information of
the chemical composition across the nanotopography gradi-
ents of different sizes, is shown in ESI Table S1.†

To demonstrate the effect of surface nanotopography on
cell attachment, hDPSC were cultured on the gradients of
different nanotopography scale and AApp control for 12 h.

Fig. 3 shows the fluorescence microscopy images of cells
attached on different regions across the gradients. Nuclei
(blue) staining was used to quantify the number of attached

Fig. 1 (a) AFM images of 16, 38 and 68 nm AuNP immobilized on different regions along the gradient samples after overcoating with a 5 nm thin
AApp films. Analysis of the AFM images shown in terms of (b) root mean square roughness (RMS), (c) number of particles per µm2, (d) % increase in
surface area, (e) % surface coverage, and (f ) interparticle distance. The scan size for all AFM images was 5 µm × 5 µm while all images were scaled
relative to the maximum height for like-sized AuNP immobilized surfaces.
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cells. The images clearly show an increase in the number of
adherent cells toward the greater nanoparticle density (region 1
to region 5). In addition, there were greater number of
attached cells on the nanotopography gradients compared to a
control coverslip coated with the smooth AApp coating only.
The data suggest that nanotopography enhances cell adhesion
compared to a smooth surface with the same chemistry.

Fig. 4 shows quantitative analysis of cell numbers on
smooth AApp surface and across gradients of nanotopography
(16, 38 and 68 nm). There was no significant difference in cell
number across the control coverslip coated with AApp only
(Fig. 4a). In the case of 16 nm nanotopography, cell number
per mm2 significantly increased on regions 4 (p < 0.01) and
5 (p < 0.0001) compared to region 1 (Fig. 4b). This shows that
smaller nanotopography with an interparticle distance of
97 nm or less plays an important role in cell adhesion. When
nanotopography was 38 nm, cell number per mm2 signifi-
cantly increased on regions 3, 4 and 5 (p < 0.01) compared to
region 1 (Fig. 4c), suggesting that features of 38 nm high and
interparticle distance below 200 nm is favorable for cell attach-
ment. On gradients of 68 nm nanoparticles, cell number was
greatest on regions 3 (p < 0.01) and 4 (p < 0.001) having inter-
particle distance between 185 and 167 nm, respectively
(Fig. 4d). There was no significant difference in cell numbers
on regions 2 and 5 compared to region 1. Further increase in
nanoparticle density had no effect on the number of adhered
cells. The data indicate that both height and spacing between
the nanoparticles are strong arbiters for cell adhesion. This is
clearly evident in Fig. 4e where the data of the three different
nanotopography scales is collectively presented, further
suggesting the smaller scale of nanotopography may preferen-
tially encourage cell attachment.

Fig. 5 shows fluorescence microscopy images of cell pro-
liferation on uniformly coated AApp coverslip and across the
nanotopography gradients. It can be clearly seen that cell pro-

Fig. 2 XPS survey spectra showing the surface chemical composition of a glass coverslip modified with the gradient of 16 nm AuNP (regions 1 mm
to 12 mm) before (a) and after deposition of a 5 nm thin overcoating of AApp (b).

Fig. 3 Laser scanning fluorescence microscopy images depicting cell
attachment after 12 h in culture across the gradients of 16 nm, 38 nm,
68 nm nanotopography and smooth AApp control. Regions 1 to 5
correspond to region 1 mm, 3 mm, 6 mm, 9 mm and 12 mm.
Magnification of (20×, wide lens) was employed to capture the images.
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liferation was same across the uniformly coated AApp control.
In case of 16 nm, 38 nm and 68 nm nanotopography, surface
density. An increase in proliferation of cells was observed on
gradients of higher nanotopography compared to gradients of
smaller nanotopography.

Fig. 6 shows quantitative analysis of cell proliferation on AApp
coated control and across the gradients of nanotopography.
The AApp control had the same level of cell proliferation
across the entire surface (Fig. 6a). As a general trend, cell pro-
liferation increased towards greater density of nanotopography
features for all gradients. In the case of nanotopography of
16 nm, the increase was statistically significant on regions 3
(p < 0.01), 4 (p < 0.01), and 5 (p < 0.001) relative to region 1
(Fig. 6b). The trends were similar on nanotopography of 38 nm
and 68 nm where statistically significant increase in cell pro-
liferation was seen on regions 3, 4 and 5. Interestingly, when
nanotopography height was 68 nm, small drop in cell prolifer-
ation was observed in region 5 relative to region 4 (Fig. 6d), a
trend consistent with the data for cell attachment (Fig. 4d).
The comparative representation of cell proliferation on gradi-
ents of different nanotopography height is shown in Fig. 6e.
While increased nanosize feature surface density stimulated
cell proliferation on all gradients, it is evident that cells
proliferated fastest on the nanotopography of greatest height.

The alkaline phosphatase (AP) activity was monitored
across the gradients of nanotopography and AApp control to
determine the differentiation of hDPSC into osteogenic
lineages. AP was selected as a marker since is well accepted
and extensively documented indicator of osteoblasts.59 Fig. 7
shows fluorescence microscopy images of the cells stained for
AP after 21 d in culture. The cells on AApp coated control
showed little or no AP activity, similar to region 1 on the

Fig. 4 Quantitative analysis of cell attachment after 12 h in culture obtained from laser scanning fluorescence microscopy images. (a) Number of
cells per mm2 across AApp coated surface, (b), (c) and (d) number of cells per mm2 on different regions across the gradients of 16 nm, 38 nm and
68 nm AuNP with AApp overcoating. Whilst (e) shows comparison of number of cells per mm2 between 16 nm, 38 nm and 68 nm AuNP with AApp
overcoating across the different regions. * = p < 0.05, ** = p < 0.01, *** =p < 0.001 and **** = p < 0.0001. Number of experimental replicates, n = 3.

Fig. 5 Laser Scanning fluorescence microscope images across the gra-
dients of 16 nm, 38 nm, 68 nm AuNP and the smooth AApp control
showing cell proliferation after 72 h. Magnification of (20×, wide lens)
was employed for capturing the images.
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gradients where the nanotopography was same as on the
control. This is mainly due to the lack of any surface topo-
graphy and exogenous biomolecule factors on the control group.
However, the images clearly show the increase in AP staining
intensity (green) towards increasing density on nanoparticles.
The trend was the same for all nanotopography heights but
most marked on the smallest nanotopography of 16 nm.

Fig. 8 shows quantitative analysis of cell differentiation on
the gradients of surface nanotopography and AApp control.
The data is expressed as AP staining intensity per individual
cells. Consistent with the images in Fig. 7, the levels of differ-
entiation to osteogenic lineages was small on the smooth
AApp film. When nanotopography was presented on the
surface, a statistically significant trend to stronger osteogenic
differentiation towards greater density of nanotopography
features was observed on all gradients. In agreement with the
images in Fig. 7, the smaller nanotopography of 16 nm
appeared to be the strongest driver to osteogenic differen-
tiation (Fig. 8e). The data presented in Fig. 7 and 8 demon-
strate that controlled surface nanotopography is capable to
promote differentiation of dental pulp stem cells (hDPSC). The
cells were grown in a standard DMEM culture medium, which
does not favor differentiation in particular direction.

To confirm differentiation towards osteogenic lineages, the
cells were cultured in osteogenic differentiation medium
(StemPro® osteogenesis differentiation kit contains com-
ponents such as dexamethasone, L-glutamine, ascorbate,
mesenchymal cell growth supplement and beta-glyceropho-
sphate). Images across the nanotopography gradients and
AApp control are shown in ESI Fig. S3 and S4.† The staining
intensity of AP followed the same tends as reported in Fig. 7

Fig. 6 Quantitative analysis of cell proliferation obtained from laser scanning fluorescence microscopy images. (a) Number of cells per mm2 across
AApp coated surface, (b), (c) and (d) number of cells per mm2 on different regions across the gradients of 16 nm, 38 nm and 68 nm AuNP with AApp
overcoating. Whilst (e) shows comparison of number of cells per mm2 between 16 nm, 38 nm and 68 nm AuNP with AApp overcoating across
different regions. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001. Number of experimental replicates, n = 3.

Fig. 7 Laser scanning fluorescence microscope images across the
gradients of 16 nm, 38 nm, 68 nm AuNP and AApp control depicting
alkaline phosphatase (AP) activity after 21 d in culture. Magnification of
(20×, wide lens) was employed for capturing the images.
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and 8 above, supporting the finding of self-differentiation
caused by surface nanotopography.

This study demonstrates that surface nanotopography can
induce differentiation of dental pulp derived stem cells into
osteoblasts without addition of any biochemical cues.
Gradients of nanoparticle density were used to provide con-
trolled surface nanotopography having engineered and charac-
terized lateral spacing between the nanoscale features. The
height of surface nanotopography was tuned by involving
nanoparticles of different diamantes i.e. 16, 38 or 68 nm. The
outermost surface chemistry was tailored by addition of a
5 nm thin amine rich layer of AApp. The gradient strategy
allowed us to interrogate cellular responses with a minimum
number of substrates thus avoiding errors associated with the
use of multiple uniformly modified samples. Furthermore, the
use of gradients speeds up analysis, reduces the number of
cells used in the experiments and decreases the experimental
variability by directly comparing the data obtained using the
same cell population.

As a general trend, greater surface nanotopography (in
terms of surface feature density) promoted cell attachment.
One possible explanation could be the increase in surface area
associated with greater surface nanotopography. This in turn
facilitates adsorption of larger amounts of cell adhesion pro-
teins and thus provides greater number of integrin binding
sites for the cells to attach.4 This hypothesis seems to hold
well for nanotopography of 16 nm where increasing density of
surface bound nanoparticles leads to greater number of
attached cells. However, when the scale of nanotopography
increased to 38 nm and 68 nm, despite similar or greater

surface area, the number of adhered cells was smaller com-
pared to 16 nm. Recent studies have suggested protein unfold-
ing when attached to curved surface of nanoparticles. The
phenomenon leads to exposure of hidden binding sites that
may change cell adhesion dynamics.47,60 Although, these
studies were carried out with nanoparticles in solution, it is
reasonable to assume that the same phenomenon occurs
when nanoparticles are immobilized to solid surfaces. It may
be possible that in this scenario nanoparticles of 38 nm and
68 nm lead to some degree on protein unfolding and thus
present lower number of integrin binding domains relative to
the increased surface area caused by nanotopography.

After two weeks in culture, the cell number was significantly
greater on regions of the gradients with higher density of
nanotopographical features. Larger nanoparticles of 38 nm
and 68 nm promoted stronger cell proliferation. Interrogation
of cell proliferation rate across the gradients, presented in
Fig. S5,† revealed that in the case of nanotopography of 16 nm
the increase in cell numbers towards higher nanoparticle
density was merely due to the greater number of initially
adhered cells. There was no statistically significant difference
in the rate of cell proliferation across the 16 nm nanoparticle
density gradient. However, a statistically significant increase in
the rate of proliferation was seen when nanotopography
increases to 38 nm and 68 nm. The data suggest that nanoto-
pography of 68 nm is the strongest driver of cell proliferation.
It should be taken into consideration that the nanotopography
of 16 nm was such a strong promoter of cell attachment
that space for further proliferation may not have been available
to the cells. To determine the exact role of surface nano-

Fig. 8 Quantitative analysis of cell differentiation obtained from laser scanning fluorescence microscopy images. (a) AP intensity per cell across
AApp coated surface: (b), (c) and (d) AP intensity per cell on different regions across the gradients of 16 nm, 38 nm and 68 nm AuNP. (e) Comparison
of AP staining intensity per cell between different region of 16 nm, 38 nm and 68 nm nanotopography gradients. * = p < 0.05, ** = p < 0.01, *** = p <
0.001 and **** = p < 0.0001. Number of experimental replicates, n = 3.
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topography on cell proliferation rate, studies with lower
seeding densities need to be carried out. However, the primary
objective of this study was to determine how surface nano-
topography affects the differentiation of hDPSC.

Cell differentiation was much more effective on nanotopo-
graphically modified surfaces in comparison to smooth
surfaces. Differentiation towards a particular type of cell in the
absence of any inducing agents points to the capacity of
surface nanotopography to directly alter the fate of stem cells.
Nanotopography directed differentiation of hDPSC to osteo-
blasts observed in our studies is consistent with what has
already been reported for MSC.30,61 Thus, taking into consider-
ation that hDPSC are of mesenchymal phenotype, the reported
results are not surprising. However, our studies allow us to
examine the differentiation process as a function of both
density and size of surface nanotopographical features. The
evident trend associated with all three sizes of nanotopography
is an increase in osteogenic differentiation with increasing
surface feature density. The greater differentiation to osteo-
blasts towards higher nanotopography density seems to corre-
late with the increased number of cells shown in Fig. 3 and 4.
However, while cell density reached maximum in region 4 of
the gradients the differentiation increases throughout the
sample. The later suggests that cell surface number and
density are not sufficient to explain the phenomena that were
observed. Another interesting observation points to the
increase in surface area. It appears that the greater surface
area on samples of 16 nm nanotopography (Fig. 1) induced
the strongest alkaline phosphatase staining intensity per
individual cell (Fig. 7 and 8).

The complex interplay between biological cells and bio-
interfaces is yet to be fully uncovered. This study and a
number of others unambiguously point to the important role
that surface nanotopography plays in modulating cellular
responses. A large number of parameters come into play in the
interactions between the surface and the cells. The attachment
of proteins in terms of amount, types, orientation and unfold-
ing are all significant in determining cell fate. Furthermore,
the effect of physical cues in terms of physical and mechanical
modulation of cell membrane and cytoskeleton have recently
been attributed critical importance.23,48,62 The differentiation
of hDPSC to osteoblasts on rough surfaces can also be related
to the natural response of these cells when needed to repair
bone tissue, which is inherently rougher. The results of this
study can be important in the rational design of implantable
devices and tissue engineering scaffolds where the modulation
of specific tissue growth is important. Furthermore, this study
can instruct the design of tools and devices such as bio-
reactors, culture substrates and vehicles needed for the
growing field of cell therapies, which are considered by many
as the future of medical treatment, pointing to the possibility
to control stem cell fate without the use of soluble factors such
as growth factors and cytokines. The latter is important
because it can make cell therapies more affordable as surface
engineering is more cost effective and safer than the use
soluble factors.

Experimental
Materials

Allylamine (AA) (98%, Aldrich), hydrogen tetrachloroaurate
(99.9985%, ProSciTech), trisodium citrate (99%, BHD
Chemicals, Australia Pty. Ltd), 2-mercaptosuccinic acid (97%,
Aldrich), were used as received.

Plasma polymerization

Plasma polymerization was carried out in a custom-built
reactor with a 13.56 MHz plasma generator.63 Deposition of
allylamine plasma polymer (AApp) was carried out at a
pressure of 0.2 mbar for 2 min. Power used for deposition was
40 W. Using these conditions, a polymer film of thickness
23 nm was obtained. To achieve an overcoating of 5 nm, the
time of deposition was 20 s. Before deposition, all substrates
were cleaned by applying air plasma for 2 min at 50 W.

Synthesis of gold nanoparticles (AuNP)

AuNP were synthesized using hydrogen tetrachloroaurate
(HAuCl4). Particles of 16, 38 and 68 nm diameter were
synthesized by varying the amount of 1% trisodium citrate from
1 ml to 0.3 ml, respectively.64 Surface modification of these nano-
particles was performed by using 2-mercaptosuccinic acid.65

Gradient formation

Allylamine coated surfaces were immersed in a solution of
gold nanoparticles in a time controlled manner. The speed of
immersion was controlled using Zaber T-LSR series, a compu-
ter controlled motorised linear slide using Zaber’s software.
For 16, 38 and 68 nm nanoparticles the speed of immersion
was 10, 30 and 75 s mm−1 respectively. After immersion, all
samples were thoroughly washed using Milli-Q water to
remove the weakly bound nanoparticles.

Atomic force microscopy (AFM)

An NT-MDT NTEGRA SPM atomic force microscope (AFM) was
used in non-contact mode to provide topographical images.
Silicon nitride non-contact tips coated with Au on the reflective
side (NT-MDT, NSG03) were used and had resonance frequen-
cies between 65 and 100 kHz. The amplitude of oscillation was
10 nm, and the scan rate for 5 μm × 5 μm images was 0.5 Hz.
All images were scaled relative to the maximum height for like-
sized AuNP immobilized surfaces.

X-ray photoelectron spectroscopy

XPS analysis was used to determine the surface composition of
the plasma polymer and the deposited AuNP. XPS spectra were
recorded on a Specs SAGE XPS spectrometer using Al Kα radi-
ation source (hν = 1253.6 eV) operated at 10 kV and 20 mA.
Elements present in a sample surface were identified from the
survey spectrum recorded over the energy range 0–1000 eV at
pass energy of 100 eV and a resolution of 0.5 eV. The areas
under selected photoelectron peaks in a wide scan spectrum
were used to calculate percentage atomic concentrations
(excluding hydrogen). High-energy resolution (0.1 eV) spectra
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were then recorded for pertinent photoelectron peaks at pass
energy of 20 eV to identify the possible chemical binding
environments for each element. All the binding energies (BEs)
were referenced to the C 1s neutral carbon peak at 285 eV, to
compensate for the effect of surface charging. The XPS analysis
area was circular with a diameter of 0.7 mm. The processing
and curve-fitting of the high-energy resolution spectra were
performed using Casa XPS software.

Cell culture

Human dental pulp stem cells (hDPSC). Normal human
impacted third molar were isolated with informed consent of
patients undergoing routine extractions at the Dental Clinic of
the University of Adelaide, under approved guidelines set by
the University of Adelaide and Institute of Medical and
Veterinary Science Human Subjects Research Committees.
Tooth surfaces were cleaned using 2% chlorhexidine before
cutting around the cementum–enamel junction by using steri-
lized discs. Then, the cracked open to reveal the pulp
chamber. The pulp tissue was gently isolated then digested in
a solution of 3 mg ml−1 collagenase type I and 4 mg ml−1

dispase for 1 h at 37 °C. Individual cells were obtained by
passing the cells through a 70 μm strainer. Cultures were
established by seeding dental pulp cells at density of 5 × 105

into T-75 flasks in culture media, (DMEM supplemented with
10% fetal bovine serum, 2 mM glutaMAX, 100 IU mL−1 penicil-
lin, and 100 μg ml−1 streptomycin) (all from Life
Technologies), then incubated at 37 °C in 5% CO2 for 1 week.
The cell culture medium was changed to remove non-adherent
cells 12 h after cell seeding. The cells were collected and ana-
lyzed for minimal criteria to define human mesenchymal stem
cells.15 Briefly, primary hDPSCs were fixed in 4% formalin for
20 min. Cells were treated with blocking solution of 10%
serum from the species in which the secondary antibody was
raised for 30 min to block non-specific binding of the primary
antibodies. The cells reacted with primary antibodies diluted
in dPBS for 16 h at 4 °C. Antibodies anti-CD14, anti-CD34,
anti-CD45, anti-COL II was used as a negative marker and anti-
CD44, anti-VCAM-1, anti-COL III, anti-COL I, and anti-FGF-2
was used as positive marker. Secondary antibodies conjugated
with FITC or PE was used to detect the primary antibodies.

HDPSC attachment to gradient surfaces. Prior to incubation
of hDPSC on the gradients of 16, 38 and 68 nm monodis-
persed AuNP with a homogeneous overcoating of AApp on
these surfaces, the AuNP gradient coverslip glasses were washed
with copious amounts of sterile Dulbecco’s phosphate-buffered
saline solution (PBS) (Sigma) to remove any excess residuals.
Then, the coverslips were sterilized with 400 U ml−1 penicillin,
400 mg ml−1 streptomycin, and 500 ng ml−1 amphotericin B
(Life Technologies) in sterile PBS for 1 h then were washed
three times in sterile PBS. Coverslip samples containing the
AuNP gradients with a homogeneous overcoating of AApp were
placed in 24-well plates (Nunc) and seeded with hDPSC at a
density of 5 × 104 cells per ml per well in fresh cell culture
medium. As controls, cells were also plated onto sterile round
13 mm AApp coated glass coverslips (n = 3) at the same density.

Cell adhesion and proliferation. Cells were seeded onto the
surface of sterilized 16, 38 and 68 nm AuNP gradients with a
homogeneous overcoating of AApp at a cell density of 5 × 104

cells per ml per well. Sterile round 13 mm AApp coated glass
coverslips were used as control. Cells were incubated for 12
and 72 h at 37 °C with 5% CO2, in a humidified incubator.
After the incubation time, the cells were gently rinsed with
PBS to remove unattached cells. Then cultured cells were fixed
with 4% paraformaldehyde solution (Electron Microscopy
Science) for 10 min. The samples were rinsed again in PBS
and then were incubated in 0.1% Triton X-100 in PBS at room
temperature for 5 min, then rinsed with PBS. Nuclei of cells
were stained with 2 μg ml−1 Hoechst 33342 (Life Technologies)
for 10 min at room temperature. Actin was stained with
100 µM TRITC-labelled Phalloidin (Sigma-Aldrich) for 1 h.
hDPSC attachment and proliferation were monitored by full
automated high content screening microscopy (Operetta,
PerkinElmer). Gradients were divided into five equally broad
regions of increasing AuNP density (regions from low density
of AuNP of the gradient: 0.5–2.9 mm = region 1, 2.9–5.3 mm =
region 2, 5.3–7.7 mm = region 3, 7.7–10.1 mm = region 4, and
finally 10.1–12.5 mm = region 5). The cell density was evalu-
ated by counting the number of attached cells at five different
regions for each region on the gradient surfaces for the 3 days
of culture. Cell attachment and cell proliferation experiments
were repeated three times on independent samples.

Osteogenic differentiation assay. The differentiation of
hDPSC into the osteo lineage was assessed via immunofluores-
cence technique detecting the alkaline phosphatase (ALP)
activity. The cells were incubated on 16, 38 and 68 nm AuNP
gradients with a homogeneous overcoating of AApp and round
13 mm AApp coated glass coverslips (control) at density of 5 ×
104 cells per ml for 24 h in low-glucose DMEM containing 10%
FBS. Afterwards, medium was replaced by osteogenic medium
(StemPro® osteogenesis differentiation kit). hDPSC were culti-
vated up to 21 d under differentiation conditions, while
medium was changed every three days. To investigate the
effects of the AuNP gradient on hDPSC behavior (in separate
experiment), no other bioactive factors were added to the
culture medium (low-glucose DMEM supplemented with 15%
fetal bovine serum, 2 mM glutaMAX, 100 IU ml−1 penicillin,
and 100 μg ml−1 streptomycin). Feeding was performed every
three days with fresh low-glucose DMEM medium consisting
in 15% fetal bovine serum, 2 mM glutaMAX, 100 IU ml−1 peni-
cillin, and 100 μg ml−1 streptomycin. ALP activity was applied
after 21 d of differentiation. In order to stain for ALP, cultured
cells were gently rinsed with PBS and fixed in 4% paraform-
aldehyde solution for 10 min at room temperature. To allow
the primary antibodies to enter the cells, the samples were
rinsed again in PBS and then incubated in 0.25% Triton X-100
in PBS at room temperature for 5 min, then blocked with
10% serum (in PBS) from the species that the secondary
antibody (donkey) was raised in for 1 h at room temperature.
Immunofluorescence was performed by incubating the cells
with rabbit anti ALP monoclonal IgG (ALP, Santa Cruz, diluted
1 : 200 in PBS) as a osteo lineage marker. After incubation with
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the primary antibodies for overnight at 4 °C and washing three
times with PBS, the secondary antibody, FITC-conjugated
donkey anti rabbit (Santa Cruz, diluted 1 : 100 in PBS) was
added for 1 h at room temperature. Negative controls were
carried out by eliminating the primary antibody labelling step
from the procedure, which in all cases resulted in a complete
loss of signal from fluorescence-labelled secondary antibodies.
Finally, the nuclei were counterstained with 2 μg ml−1 Hoechst
33342 in PBS for 10 min, rinsed with PBS. Gradients were
divided into five equal regions of gradually increasing AuNP as
previously described, and cell behavior was compared between
each zone. Images were obtained on a full automated inverted
fluorescence microscope (Operetta) equipped with Harmony
imaging and analysing software. Immunofluorescence analysis
was repeated in three independent experiments.

Conclusions

This study reveals the role of surface nanotopography on the
attachment, proliferation and differentiation of hDPSC. We
designed and utilized gradients of nanotopography generated
from three different sized gold nanoparticles (i.e. 16, 38 and
68 nm) which had uniformly tailored outermost surface chem-
istry of plasma polymerised allylamine. hDPSC adhered in
greater numbers and proliferated faster on the regions of the
gradients with higher density of nanotopography features.
Nanoparticles diameters of 16 nm were most effective in
enhancing cell attachment with those of 38 nm and 68 nm
showing greater proliferation rates. Moreover, we found that
greater surface nanotopography density directed the differen-
tiation of hDPSC to osteogenic lineages and the 16 nm sized
nanotopography being the strongest driver. In addition to
being the first work to explore the effect of surface roughness
on hDPSC, this study demonstrates that carefully tuned
surface nanotopography can be used to manipulate and guide
the proliferation and differentiation of these cells. The out-
comes of this study can be important in the rational design of
the next generation of biomedical devices and tissue engineer-
ing constructs where control over the growth of different
tissues is required. These results are also important for the
growing field of cell therapies where control of stem cell fate is
an essential requirement.
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