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Introduction: Cells exhibit high sensitivity and a diverse response to the nanotopography

of the extracellular matrix, thereby endowing materials with instructive performances for-

merly reserved for growth factors. This finding leads to opportunities for improvement.

However, the interplay between the topographical surface and cell behaviors remains incom-

pletely understood.

Methods: In the present study, we showed nanosurfaces with various dimensions of

nanopits (200–750 nm) fabricated by self-assembling polystyrene (PS) nanospheres.

Human adipose-derived stem cell behaviors, such as cell morphology, adhesion, cytoskeleton

contractility, proliferation, and differentiation, were investigated on the prepared PS nanopit

surface.

Results: The osteogenic differentiation can be enhanced by nanopits with a diameter of

300–400 nm.

Discussion: The present study provided exciting new avenues to investigate cellular

responses to well-defined nanoscale topographic features, which could further guide bone

tissue engineering and stem cell clinical research. The capability to control developing

biomaterials mimicking nanotopographic surfaces promoted functional tissue engineering,

such as artificial joint replacement, bone repair, and dental applications.
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Introduction
Current studies that focus on cell response to the surrounding nanotopography

provide us with new directions in the field of tissue engineering and regenerative

medicine.1 The nanotopography of a material surface plays an important role on the

regulation of mesenchymal stem cell (MSC) differentiation with comparable effi-

ciency to chemical treatments.2–4 Given the hierarchically composed structure of

bone, osteogenic cells are surrounded by various topographical features with

different sizes in a mineralized organic matrix environment, as follows: macro-

features such as cell morphology, collagen fiber networks, calcium phosphate

mineral crystallites, and interconnecting honeycomb pores.5,6 Cells can “sense”

substrate topography, morphology, elasticity, and surface patterns ranging from 10

nm to 100 μm,7 by the cellular sensory machinery which can integrate such

complex nanoscale physical information at the cell/extracellular matrix (ECM)

interface into a biochemical environmental signal to regulate intracellular signaling

and the corresponding cell function.8,9 The surface roughness at the micro/
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nanoscale promotes osseointegration by enhancing cell

differentiation and local factor production.10–12

Therefore, designing implant surfaces with unique topo-

graphical structures has become necessary. They have

great potential for the manufacturing of future superior

orthopedic implants.

Recently, the nanoscale surface topography was pro-

ven to have highly promising effects on regulating survi-

val, proliferation, migration, and differentiation of adult

MSCs.13,14 Implant materials with nanostructured sur-

faces have shown promising applications in orthopedic

surgical field.15 The nanoscale surface morphology

remarkably determines cellular responses, which have

an important role in the optimization of medical implant

biocompatibility.16 However, the exact mechanism under-

lying a cell’s response to these fundamental nanoscale

surface topographic features remains unclear. The exist-

ing knowledge does not prescribe the optimal nanotopo-

graphy for a specific biomedical application and the

possible surface patterns that could be the optimal nano-

topography for a specific biomedical application.17

Therefore, to obtain desirable cellular responses, well-

defined nanoscale topographic features with tunable para-

meters are required for a particularly designed implant

surface.18 The development of precisely controllable

nanoscale surface topographic features for cell response

study is necessary and important, thereby leading to the

comprehensive understanding of the determination of

cellular behavior and cell fate through topographic

features.

However, most of the existing works on nanotopo-

graphy for cell study relies on complex and expensive

nanofabrication processes, such as nanoimprint lithogra-

phy and electron beam to make nanoscale surface struc-

tures for investigating cellular responses. In the present

study, polystyrene (PS) nanospheres with different dia-

meters (200–750 nm) were prepared on glass substrates

by a simple one-step self-assembly method. Human

adipose-derived stem cells (hADSCs), as one of the

autologous stem cells for tissue regeneration, were eval-

uated for their behavior after being in contact with

varied sizes of PS nanopits. With varying diameter of

nano-PS spheres (from 200 nm to 750 nm, defined as

PS-200 to PS-750), well-ordered and periodically

arranged nanostructures were obtained, and the effect

of nanostructures on hADSCs osteogenic differentiation

was systemically studied.

Materials and Methods
Preparation of PS Nanopit Surfaces
Monodispersed PS spheres with uniform size distribution

and variable sizes (diameter from 200 nm to 750 nm) were

purchased from Alfa Aesar Chemical Co., Ltd., Shanghai,

China. The round SiO2 substrates (diameter 13.5 mm,

thickness 1 mm) were ultrasonically cleaned with water

(5 min), acetone (10 min), and alcohol (10 min). Then,

they were rinsed with deionized water and dried with

nitrogen. A piranha solution was used to make the sub-

strates highly hydrophilic and easily bond with PS spheres

by immersing SiO2 in the solution at 80°C for 1 h. A

monolayer hexagonal close-packed array of monodis-

persed PS spheres with diameters from 200 to 750 nm

were formed on a SiO2 surface using a self-assembly

process19 by vertically inserting the clean substrates into

various PS solution with different PS sphere sizes.

Surface Characterization
The morphology of PS nanopit surfaces was observed by

scanning electron microscopy (SEM), and the diameters of

the PS spheres were measured using image J software

(https://imagej.nih.gov/ij/; National Institute of Health,

Bethesda, MD, USA).

Cell Culture
hADSCs were purchased from Cyagen Biosciences,

China. hADSCs were cultured with basal α-MEM medium

supplemented with 10% fetal bovine serum and 1% peni-

cillin-streptomycin and incubated at 37°C and 5% CO2.

Cell Morphology, Attachment, Viability,

and Proliferation
Cell morphology, spreading, viability, and proliferation on

PS nanopit surfaces, SiO2 flat control, and tissue culture

plates (TCP) were investigated. The samples were placed

into 24-well plates for sterilization by immersing into 75%

ethanol overnight and washing with sterile phosphate-

buffered saline (PBS) prior to use. A total of 20,000

cells per well were seeded on the samples and control

surfaces. For cell morphology and adhesion observation,

hADSCs were stained by fluorescein diacetate (FDA) and

propidium iodide (PI) after culturing for 24 h and then

observed by confocal laser scanning microscopy (CLSM).

Cell morphology and spreading on the samples were

also detected with SEM. After culturing for 24 h, cells

were fixed with 2.5% glutaraldehyde, dehydrated with
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gradient ethanol solution. Then, they were subjected to

supercritical point drying. Cells were sputter-coated with

gold prior to observation by SEM.

Cell proliferation on PS nanopit surfaces was deter-

mined by cell counting kit-8 (CCK-8). After culturing for

1, 4, and 7 days, the absorbance of the culture medium

after incubation with CCK-8 was assayed by a microplate

reader at 450 nm. FDA/PI staining was also performed at

1, 4, and 7 days to directly visualize living and dead cells

to determine hADSC viability.

Alkaline Phosphatase (ALP) Activity Assay
After culturing for 1, 7, 14, and 21 days, the hADSCs on

different substrates were digested from the samples and

transferred into centrifuge tubes, washed with PBS, and

centrifuged. The remaining cell pellet was resuspended in

0.2% Nonidet P-40 solution and sonicated in ice-water

bath for 2 min. The ALP activity at different time points

was analyzed using a fluorescence-based ALP detec-

tion kit.

Quantitative Polymerase Chain Reaction

(PCR)
The cellular RNA was extracted from hADSCs after cul-

turing on PS nanopit surfaces for 7, 14, and 21 days. Next,

the concentration and purity of RNA were determined by

a Q-5000 spectrophotometer at 260/280 nm7. The expres-

sion of Col1, Runx2, OCN, OPN, and β-actin utilized for

the normalization of any differences in the amount of total

RNA was quantified by a 7500 Real-Time PCR system.

The relative transcript levels of the target gene were nor-

malized to β-actin and expressed as the mean ± SD (n = 3

for each group).

Cell Immunohistochemical Staining

Analysis for Osteogenesis Differentiation
The hADSCs were seeded on PS nanopits and control

surfaces and cultured for 21 days for cell immunohisto-

chemical staining analysis. Briefly, cells were fixed with

4% paraformaldehyde solution for 10 min and then per-

meabilized with 0.2% Triton X-100 for 10 min. The fixed

cells were blocked with 10% goat serum for 30 min at 37°

C and then incubated with primary antibodies against

osteocalcin (mouse monoclonal anti-OCN) and osteopon-

tin (rabbit polyclonal anti-OPN) at 4°C for 12 h. For OPN

and OCN staining, cells were incubated with Alexa Fluor

488-labeled secondary antibodies (goat anti-rabbit and

goat anti-mouse, respectively) in 5% goat serum for 30

min at 37°C. After staining, the cells were washed with

PBS and stained using phalloidin-conjugated Alexa Fluor

568 (30 min, for F-actin) and Hochest 33,258 (10 min, for

nuclei). Finally, CLSM was used for immunohistochem-

ical analysis.

The ALP activity and calcium deposition of hADSCs

on the samples were also stained using ALP staining kit

and alizarin red staining kit, respectively, according to the

manufacturer’s instruction. The results were observed and

photographed by an optical microscope with a digital

camera.

Statistical Analysis
The data between groups were analyzed using one-way

ANOVA in GraphPad Instant software. Data were reported

as mean ± standard deviation; P < 0.05 or 0.01 was

considered significant (n = 3).

Results
PS Nanopit Surface Morphology
The PS nanopits with various diameters were prepared and

characterized by SEM (Figure 1). The PS nanospheres

with average diameters of 200, 300, 400, 500, 600, and

750 nm were self-assembled onto SiO2 substrates. The

pure SiO2 substrate control was characterized as 0 nm.

Moreover, flat TCP surfaces were characterized as blank

control. A bottom-up self-assembling strategy was utilized

to form an arrayed architecture of nanopits. SEM demon-

strated that well-defined diameter and mono-dispersed PS

nanospheres were formed on the flat SiO2 surfaces.

Cell Morphology of hADSCs
The morphology of cells was visualized by using SEM

(Figure 2). Cultured cells grew alone the nanopits and

showed distinguished morphology. On TCP, flat SiO2 sur-

face (0 nm) and PS-200, PS-300, PS-400, cells showed

a random morphology. However, cells exhibited an elon-

gated morphology on PS-500, PS-600, PS-750. Cells on

PS-500 to 750 exhibited poor spreading, whereas those on

PS-300, PS-400 had much larger spreading area, which

means that PS-300, PS-400 strengthened cell adhesion and

spreading.

Cell Viability and Proliferation of hADSCs
The viability and proliferation of hADSCs on PS nanopits

were investigated using live/dead staining and cck-8 assay.
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As shown in Figure 3, almost no dead cells were found on

the flat TCP to PS-400. The number of dead cells slightly

increased within PS-600 to PS-750 at day 7, but all topo-

graphies showed good cytocompatibility, and only less

than 10% of dead cells were found on PS-750, thereby

indicating good cytocompatibility after the construction of

PS nanopit-topography. Figure 3B shows that cells on PS-

750 had lower viability values than that on the flat TCP to

PS-600 at day 1 (P < 0.01). At days 4 and 7, PS-600 and

PS-750 showed poorer viability than the flat TCP to PS-

500 (P < 0.05). Cell proliferation results showed that

hADSCs proliferated on all substrates with time increasing

from day 1 to day 7. PS-300 and PS-400 considerably

promoted cell proliferation compared with PS-600 and

Figure 1 SEM images of PS nanopits with various diameters on SiO2 substrates: (A) 200 nm, (B) 300 nm, (C) 400 nm, (D) 500 nm, (E) 600 nm, and (F) 750 nm (scale bar =

500 nm).

Figure 2 SEM images and cell morphology model of hADSCs on TCP and nanopits after 1 day of culturing.
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PS-750. These results are consistent with the observation

presented in Figure 2, as the cells showing better spread on

PS-300 and PS-400 than the others.

Cell Differentiation of hADSCs
Three principal periods were identified in the whole osteo-

genic differentiation process: cell proliferation, ECM

maturation, and matrix mineralization. ALP activity is

one of the earliest phenotypic markers for osteogenic

differentiation.20 ECM is a complex and heterogeneous

network of adhesive protein and growth factors that sup-

port and guide cells. Cell immunohistochemical staining

analysis results are shown in Figure 4A. Cells on PS-500

to 750 showed elongated and thin morphology, which was

similar to CLSM and SEM images in Figure 2. Compared

with flat TCP and PS-200 to PS-400, the spreading area of

cells was generally smaller on PS-500, PS-600, and PS-

750, and cell spread seemed limited. The reason could be

the different distances and spaces between the neighboring

pits with different diameters of PS nanospheres. For exam-

ple, the diameter of the PS nanospheres on PS-500 was

approximately 500 nm, and the space and distance

between the nanopits can be close to 500 nm. Thus, cross-

ing the distance from one pit to another might be difficult

for cells. The suitable distance and space for hADSC

spread on PS nanopits could be between 0 and 400 nm.

Moreover, the distinct morphology of hADSCs could be

caused by different diameters of pits which caused differ-

ent stretching resistance, thereby affecting the rearrange-

ment of cytoskeleton. As shown in Figure 4, the cell

Figure 3 (A) Viability and (B) proliferation of hADSCs on TCP and various PS nanopits for 1, 4, and 7 days. *P < 0.05; **P < 0.01.
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cytoskeleton dramatically changed with increasing nanopit

diameter up to 500 nm. Consistently, for actin staining, the

fluorescent intensities on PS-300 and PS-400 were higher

than those on PS-200, PS-500, PS-600, and PS-750.

Vinculin is an important protein that affects stem cell

differentiation to a large extent, and high expression of

vinculin may result in high degree of osteogenic

differentiation.21 This finding could explain the osteogenic

differentiation of hADSCs improved by PS-300 and

PS-400.

To investigate the effect of PS nanopits on the osteogenic

differentiation of hADSCs, ALP expression was analyzed

(Figures 4B and 5A). The ALP-stained images (Figure 4B)

21 days after culture showed the highest color intensity for

PS-300, thereby indicating the highest ALP expression.

ARS staining of calcium deposition (Figure 4B) showed

the same trend. The highest level of calcium deposition

was found on PS-300. Quantitative analysis of ALP activity

(Figure 5A) showed that at all time points (days 1, 4, 7, 14,

and 21), PS-200, PS-300 and PS-400 had the top three

highest levels of ALP activity, whereas PS-600 and PS-750

had the lowest levels. PS-300 showed maximum ALP

expression compared with TCP and other surfaces at day

14, which was consistent with the ALP staining results.

In addition, other osteogenic differentiation-related

gene markers (COL1, OCN, OPN, and RUNX2) were

also upregulated for PS-200 to 400 (Figure 5B) at all

time points (day 7, 14, and 21). PS-300 showed the highest

level of gene expression for all gene makers at all time

points.

Figure 4 Directional differentiation of hADSCs on TCP and PS nanopits. (A) Immunohistochemical staining of OCN and OPN in ADSCs grown on TCP and PS nanopits

on day 21. The bars are 30 μm. (B) Alizarin red S (ARS) staining of calcium deposition (Ca) of ADSCs grown on TCP and PS nanopits on day 21. The bars are 100 μm. (C)

Schematic of directional differentiation of hADSCs on TCP and PS nanopits.
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Combining all the results, we can conclude that osteo-

genic differentiation was remarkably enhanced by PS-200

to PS-400, particularly by PS-300.

Discussion
Despite much efforts to develop an optimal topographical

surface to enhance osteogenic differentiation, studies have

been conducted with limited cell types and patterns.22

Several nanoscale topographical features, such as

pillars,23–25 grooves,10,26 grids,27 or other pattern

features24,28,29 but rarely nanopits, are used for studying

differentiation of hADSCs. To advance in this field, var-

ious strategies have been tested to fabricate nano-sized

surfaces. Traditional methods include photolithography or

electron beam. However, these methods share the same

disadvantages, such as high cost, long fabrication process

(polishing substrate, spinning coating, exposure, and etch-

ing process), and clean room requirement. For nanotopo-

graphy fabrication, electronic beam lithography exposure

process is generally time-consuming. On the contrary,

direct laser printing is not limited by laser diffraction,

which mostly generates period patterns on a micrometer

scale. Interestingly, the self-assembly method shows great

potential in fabricating nanoscale patterns in a simple and

fast way.30 Nanoscale surface topographical cues can be

tailored to regulate stem cell fate in a similar way as the

Figure 5 ALP and gene marker expression levels of hADSCs on TCP and PS nanopits for 1, 7, 14, and 21 days. (A) ALP expression concentration of hADSCs on TCP and PS

nanopits. (B) Quantitative real-time polymerase chain reaction (qRT-PCR) of gene marker expression of hADSCs on TCP and PS nanopits for 7, 14, and 21 days. The y-axis

represents the relative expression (2-ΔCT) normalized to the expression level of the housekeeping gene GAPDH. COL1: collagen type-1; OPN: osteopontin; OCN:

osteocalcin; Runx2: runt-related transcription factor 2. *P < 0.05; **P < 0.01; ***P < 0.005.

Dovepress Zhao et al

International Journal of Nanomedicine 2020:15 submit your manuscript | www.dovepress.com

DovePress
3287

http://www.dovepress.com
http://www.dovepress.com


ECM.31 Understanding the cell–material interaction parti-

cularly on a well-defined surface is important for funda-

mental stem cell research and biomedical applications of

implants, particularly on nano-sized surfaces. Thus, the

present study has proven that nanostructured topography

with different sizes of PS nanospheres can regulate the cell

function of hADSCs in the absence of any exogenous

factors.

The actin-cytoskeleton and cytoskeletal tension play

important roles for stem cell behavior by regulating cell

anchorage.32 In the present study, a remarkable difference

in actin-extensions of hADSCs was observed on various

PS nanopit surfaces. The hADSCs showed enhanced cell

attachment and actin extensions on PS-300 and PS-400

compared with the other PS nanopits (200, 500, 600, and

750 nm), indicating that 300–400 nm nanopit topography

provided better space and distance for the formation of

actin-cytoskeleton, cell anchorage, and spread.

The unique nanotopography has also been proven to

trigger different cellular responses, such as cell adhesion,

proliferation, and differentiation.33 Cellular responses to

a biomaterial surface are closely related to the surface

chemistry and surface topographical structures.34 In the

present study, the effects of surface chemistry can be

ignored, because the same PS material is used for fabricat-

ing the surface. The only difference was the diameter of

the PS nanosphere. Evident differences were found for

cells on the PS-500 to PS-750. Cells showed a more dis-

tinguished morphology than that on other nanopits. Cells

respond to topographical features by changing their mor-

phology, focal adhesion, and cytoskeleton. At the smooth

surface and small size of nanopit surface, cells exhibited

a good spreading behavior. However, cell spreading was

less when the size increased (500–750 nm). In this case,

the skeleton of cell changed with increasing topographic

parameter. The observed effects of nanopits on cell beha-

vior may be attributed to integrin-mediated cell adhesion

regulation. Focal contact formation was impaired when the

neighboring pit distance was larger than 400 nm. In addi-

tion, the viability of hADSCs showed a remarkable

decrease when the nanopit diameter was larger than 400

nm. Similar effects of nano-topography on cell morphol-

ogy were observed (Figure 3). The results of the present

study are consistent with those of previous studies, in

which the ability of nanotopography could modulate cell

adhesion and spread. Our study provided the precise para-

meter (300–400 nm) of PS nanopits that can improve

hADSC adhesion and spread.

A previous study suggested that nanogroove patterns

enhance osteogenesis, because these patterns provide sui-

table mechanical stimulation, which is generally consid-

ered to be a key factor for osteogenesis.35 An upregulation

of focal adhesion kinase (an osteogenesis promoter) is

found when osteoblasts are cultured on specific micro-

groove patterns. Reports speculating the possible signaling

proteins involved in the mechanotransduction are

identified.36 A signaling pathway may be involved and

triggered by specific nanoscale topographical cues for

regulating hADSC osteogenic differentiation when cells

are in contact with corresponding biochemical stimuli.

These works demonstrated that surface topographical fea-

tures can trigger a related signaling pathway that elicits

specific cell response when synergizing with correspond-

ing biochemical stimuli.35 However, nanotopography

alone without biochemical stimuli cannot govern cellular

differentiation. By contrast, our study evidently showed

that PS nanopits (300 and 400 nm) remarkably enhanced

hADSC osteogenic differentiation in the absence of

growth factors and other biochemical stimuli.

The upregulated differentiation on PS-300 and PS-400

surfaces may be due to different reasons. First, the enhanced

cell adhesion, including more integrin clusters and vinculins

on samples, triggers faster cell proliferation to reach conflu-

ence and subsequently stimulates higher differentiation.37

Second, the hADSC spreading was improved by PS-300

and PS-400. The nuclear expansion may be induced by the

spreading of cell filaments through mechanotransduction.38

Such nuclear expansion can lead to the upregulated gene

expression of bone-specific gene markers, such as ALP,

OCN, and OPN, which was confirmed by quantitative PCR

(Figure 5). Notably, PS-300 and PS-400 showed enhanced

hADSC osteogenic differentiation compared with TCP and

SiO2 surfaces, without improving cell proliferation of

hADSCs compared with the controls (Figure 3). Therefore,

the enhanced osteogenic differentiation by PS-300 and PS-

400 could mostly be attributed to the upregulated gene

expression of OCN and OPN coursed by higher cell spread-

ing of cell filaments (Figure 2).

Recently, Liu’s group39 developed polylactic acid (PLA)

nanopillar arrays using anodic aluminum oxide nanowell

arrays as templates. The prepared PLA nanopillar arrays

have the same center-to-center distance but different dia-

meters (100, 200, and 300 nm). Their study indicated that

hADSC differentiation can be driven by nanopillar arrays,

particularly by nanopillar arrays with a diameter of 200 nm.

Another study suggested that nanopillar arrays (silicon
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nanopillar arrays with critical dimensions in the range of

40–200 nm) can enhance osteogenic differentiation of

human mesenchymal stem cells.14 Although different nanos-

tructure surfaces are used, the specific cell responses to

nanoscale topography are confirmed in the present study.

Moreover, the present study offers a new nanopit structure

with directional osteo-differentiation effect of hADSCs.

Conclusion
We reported a facile yet effective self-assembling strategy for

precise control and patterning of PS nanotopography. We

demonstrated that hADSCs were intrinsically sensitive to

the nanoscale topological cue and responded to PS nanopit

surfaces. Some of the responses were as follows: reducing

cell spreading, enhancing cell adhesion, and enhancing

osteogenic differentiation. We provided direct experimental

evidence showing that the osteogenic proliferation can be

enhanced by nanopits with a diameter of 300–400 nm. The

current work provided in-depth knowledge on topographical

features that influence or control stem cell osteogenic differ-

entiation and developed a nanoscale model surface that could

be used as a platform for further stem cell–nanotopography

interaction study.
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