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Abstract 

The regulation of stem cell fate by using the physicochemical signals is a hot research topic in 

tissue engineering. Compared to biochemical growth factors, mechanical stimulation such as 

surface nanostructures can remodel the microenvironment in which cells are located to via their 

own physical properties. To fabricate bioresorbable nanostructures with an optimal design for 

cell differentiation, a robust and versatile process chain needs to be developed. In this work, a 

process chain combining self-assembled mold inserts and injection molding was proposed to 

fabricate nanopillars with different aspect ratios as the substrates for cell culture. Herein, the 

optimal parameters affecting the anodic oxidation process for mold inserts and the injection 

molding process for nanopillar were investigated. The injection-molded nanopillars were then 

applied to the differentiation experiments of bone marrow mesenchymal stem cells (BMSCs). 

The results showed that nanopillar structures with different aspect ratios were precisely 

fabricated through the process chain. Nanopillars had a significant osteogenic differentiation 

inducing effect on BMSCs, and the inducing effect became stronger with the increase in the 

aspect ratio. Compared with the addition of osteogenic inducers, nanopillar substrates exhibited 

a better effect in inducing differentiation and provided an alternative protocol for differentiation 
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induction. 

Keywords: Polymers; High aspect ratio; Nanopillar arrays; AAO templates; Injection molding; 

Stem cell culture and differentiation 

 

1. Introduction 

Nanofabrication is an established technology with a plethora of life science related 

applications ranging from biosensing detection[1,2], optomechanical analysis[3,4], 

antibacterial and infiltration analysis[5,6], and bioengineering[7,8]. As a highly 

interdisciplinary research field, tissue engineering utilizes the self-replication ability and 

differentiation potential of stem cells[9,10] as fundamental elements to repair, replace, and 

regenerate defective tissues[11]. Cell culture is one of the most fundamental technologies in 

the fields of biology and medicine[12]. By using nanostructures to construct a cell culture 

method that is closer to the physiological environment of the body, it can provide cells with a 

biomimetic environment for growth and information transmission[13,14]. Current studies have 

demonstrated that nanomaterials can regulate the biological behaviors of bone-related cells, 

and thus be applied to induce osteogenic differentiation and treat postmenopausal 

osteoporosis[15,16]. Moreover, compared with biochemical growth factors, nanostructures 

have almost no potential side effects on the human body, and have good biological stability and 

health safety[17–21]. 

Nowadays, with the development of nanostructure processing technologies such as nano-

assembly[22], etching, plasma nanofabrication[23], laser modification[24] and 

nanoimprinting[25], the preparation methods of ordered nanostructures have gradually matured. 

Most fabrication technologies for nanostructures are difficult to enable mass production; 

therefore, it is necessary to develop a robust and versatile process chain. The combination of 

the self-assembled anodic aluminum oxide (AAO) and the mass production advantages of 

injection molding can greatly overcome the challenges and reduce the high costs associated 

with nanostructure fabrication. The research on nano injection molding technology mainly 

focuses on process control, among which increasing the mold temperature is one of the most 

effective methods to improve the molding quality of nanostructures, especially for high aspect 
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ratio nanopillars[26–28]. Therefore, it is necessary to explore the process parameters related to 

self-assembled AAO and injection molding to meet the applications of nanopillars.  

Due to their excellent biocompatibility, polymeric substrates with surface nanostructures 

are often used to simulate microenvironments for biological experiments. In addition, 

polymeric materials have shown excellent processability, temperature resistance, and high 

elastic modulus, rendering them as ideal candidates for being used as substrates where one can 

fabricate nanostructures on their surface. The physical clues, particularly the nano-morphology 

of substrates, play a crucial role in guiding stem cell differentiation[29–31]. Many scholars 

have attempted to simulate the cellular microenvironment for different types of cells, such as 

immune cells[32], tumor cells[33], nerve cells[34], heart cells[35], bone cells[36] and stem 

cells.[37–41] Numerous types of stem cells are commonly used in tissue engineering,which 

include embryonic stem cells, mesenchymal stem cells, neural stem cells, and hematopoietic 

stem cells[42]. Among them, osteogenic differentiation of stem cells is one of the most widely 

studied fields. Currently, research on the effect of nanopillar structure size on osteogenic 

differentiation mainly discusses the influence of height in the low aspect ratio range of 100-

500 nm[43], with scarce studies investigating the effects of polymeric nanopillars with higher 

aspect ratios on the fate regulation and cell differentiation needs[44]. 

Based on the application demand for inducing the differentiation of bone marrow 

mesenchymal stem cells (BMSCs), a process chain combining self-assembled AAO templates 

as the mold inserts and injection molding was proposed to fabricate surface nanopillar 

structures with different aspect ratios as the substrates for cell culture and osteogenic 

differentiation, as shown in Fig.1. Compared with previously reported nanostructure 

fabrication techniques such as nanoimprinting, 3D printing and soft lithography, the injection 

molding strategy proposed herein enables high-throughput and reproducible fabrication of 

nanopillar substrates for cell culture, with reduced manufacturing costs and promising 

industrial translation potential. Moreover, based on the established regulatory mechanism of 

substrate surface topography in modulating stem cell fate[17,31], that nanopillars facilitate 

stem cell osteogenic differentiation via mechanical stimulation and the YEP-related signaling 

pathways[39,45], the injection molding experiments of nanopillars with different aspect ratios 

were systematically conducted. The influence of process parameters on the anodic oxidation 
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and injection molding was explored to improve the fabrication quality of nanopillars. Based on 

this, the height and diameter of nanopillars can be adjusted over a large range, resulting in 

structures with different aspect ratios. When the BMSCs were cultured on the substrate surface, 

their activity, proliferation, cell morphology, differentiation-related proteins were analyzed at 

different periods to explore the effect of different aspect ratio nanopillars structures on the 

osteogenic differentiation of BMSCs. 

 

Figure 1. Schematic diagram showing the PC substrate with nanopillars by injection molding 
based on the AAO mold insert to induce osteogenic differentiation of BMSCs. By adjusting the 
preparation process of AAO mold inserts and the injection molding process of polycarbonate 
(PC), the formation of nanopillar arrays with different aspect ratios was achieved. Based on the 
results of cell culture and biomarker analysis, the effect of nanopillars on osteogenic 
differentiation of BMSCs was characterized. 

2. Experimental Section 

2.1. Preparation of AAO mold insert 

The preparation of AAO mold insert includes two steps. One is the electrolytic polishing 

to reduce the surface defects, and the other is anodic oxidation to generate nanopore structures. 

In these experiments, high-purity aluminum sheets with a thickness of 1 mm were used as the 

anode and high-purity graphite was used as the cathode for the electrolytic reaction. The 

experimental setup is shown in Fig.S1. 

Initially, 68% perchloric acid (Top Journal Agent, China) and anhydrous ethanol 

(HengXing Chemical Reagent, China) was mixed in a volume ratio of 1:6.The aluminum sheet 



5 

 

was placed into the mixture, with a 15 V DC power (WANPTEK, China) for 25 min to 

accomplish the polishing process. Throughout the entire process, the electrolyte temperature 

was maintained at 10 ℃. After the polished aluminum sheet was cleaned, the AAO template 

with nanopore structure was fabricated by the secondary anodic oxidation process under 

constant voltage. The phosphoric acid (Yien Chemical Reagent, China, ≥85wt.%) solution was 

used as the electrolyte, which was controlled at 0~4 ℃ through a circulating water bath. A 

mixed solution of 30 g/L chromium trioxide (Macklin Biochemical, China) and 50 ml/L 

phosphoric acid was then prepared to remove the oxide layer at 75 ℃ for 30 min. The second 

anodizing process was performed under the same experimental conditions after removing, 

cleaning, and drying the anodic oxide film. To prepare structures with different aspect ratios 

for biological applications, AAO mold inserts with highly ordered and adjustable depths were 

prepared for injection molding by adjusting the anodizing parameters as shown in Table S1. 

2.2. Fabrication of surface nanostructures by injection molding 

An injection mold with a size of 126 mm × 126 mm was designed where the mold insert 

can be quickly installed by utilizing a pressing plate and a cover plate between the inserts of 

the moving and fixed halves. The method of electrical heating and oil cooling was applied to 

realize the vario-thermal technology. The prepared AAO mold insert was cut into a size of 25

×25 mm, and then fixed in the mold cavity on the injection molding machine (Sodick 

LD05EH2, Japan). The PC (Iupilon® S-3001R, China) was used as the molding material to 

fabricate nanopillar substrates, due to its good biocompatibility. The effects of process 

parameters on the structural evolution of nanopillars were studied, in order to control the aspect 

ratio of injection-molded nanopillars. To ensure accuracy of experimental data, benchmark 

parameters were set as mold temperature of 140 ℃, injection speed of 18 cm3/s, holding 

pressure of 110 MPa, holding time of 5 s, melt temperature of 290 ℃, and cooling time of 120 

s. The investigation of process parameter effects was carried out by changing a single factor 

separately. The initial values of each process parameter are shown in Table S2.  

2.3. Characterization of the nanostructures 

The prepared AAO mold insert was characterized by a field emission scanning electron 

microscopy (FE-SEM, TESCNA MIRA 3, Czech Republic). The contact angle gonio meter 



6 

 

(JC-2000D, POWEREACH, China) was used to analyze the surface contact angle of injection-

molded parts to characterize their wettability. After spraying gold on the parts using a spray 

gold analyzer (Leica, EM ACE200, Germany), the microstructure of the injection-molded 

nanopillar was observed under the SEM. 

2.4. Cell Culture and Cell Viability 

2.4.1. Cell Culture 

The BMSCs used in this work were extracted from Sprague-Dawley rats and purchased 

from the Stem Cell Bank of the Chinese Academy of Sciences (CAS). The purchased BMSCs 

were cultured in a 37 °C incubator containing 5% CO2. The cells were put in a growth culture 

medium containing DMEM medium (Gibco, USA), 10% fetal bovine serum (Gibco, USA), 1% 

penicillin-streptomycin (Gibco, USA). 

2.4.2. Cell Viability Assay 

The live/dead cell staining kit (BB-4126, BestBio, China) was used to visually evaluate 

the survival status of cells on matrices with different aspect ratios of nanopillars. Four groups 

of sterilized substrate samples were placed in a well plate, and logarithmic growth length 

BMSCs were taken for cell counting and cell concentration adjustment. The samples were 

seeded into a 6-well plate at 2×105/well and cultured for 24 h and 48 h, respectively. The 

staining solution was prepared according to the instructions of the viability staining kit and 

stained in a 5% CO2, 37 ℃ constant temperature incubator for 20 min. The fluorescence was 

then captured using a confocal laser scanning microscope (Olympus FV1200, Japan). 

2.4.3. CCK-8 Cell Proliferation Assay 

The CCK-8 (IV08-100, Invigentech, USA) was used to quantitatively evaluate cell 

proliferation and explore the survival, proliferation, and diffusion of stem cells. The sample 

was placed in a well plate, taking the logarithmic growth length BMSCs for cell counting, by 

adjusting the cell concentration, and inoculating them into a 6-well plate at 1× 105/well. After 

1, 3, and 6 days of culture, the supernatant was discarded and washed with PBS. Culture 

medium containing 10% CCK-8 reagent was added at 100 µL/well and incubated in a 5% CO2, 

37 ℃ constant temperature incubator for 2 h. A 100 µL solution was taken into a 96-well plate 
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and the absorbance was detected at 450 nm by a microplate reader (SPARK 10M, TECAN, 

Switzerland). 

2.5. Cell Staining for BMSCs Differentiation 

2.5.1. Immunofluorescence Staining 

The F-actin is the main component of the cytoskeleton, providing mechanical support for 

cells, which can be stained red by Rhodamine Phalloidin to observe cell migration morphology  

[46,47]. The expression of Vinculin can indicate the cell's adhesion, migration ability, and 

response to the microenvironment, which can be stained green by Goal Anti Rabbit IgG (H+L) 

FITC conjugated. The nucleus DNA can be stained blue by DAPI solution, which is commonly 

used for nuclear staining. In this study, four groups of sterilized substrate samples with different 

aspect ratios were placed in a well plate, and logarithmic growth length BMSCs were taken for 

cell counting. The cell concentration was adjusted and seeded into a 6-well plate at 2 × 105/well. 

After 48 h of cultivation, the supernatant was discarded and washed with PBS. Subsequently, 

a 4% paraformaldehyde (SL1830, Coolaber, China) was added for cell fixation. At next step 

the cell was washed three times with PBS, soaked in 0.5% Triton-X-100 reagent (T8200, 

Solarbio, China) for 5 min to change the selective permeability of the cell membrane.  

Thereafter, it was blocked with 5% BSA (bovine serum albumin) (164210-50, Procell, China) 

for 1 h and washed once with PBS, and then added Vinculin primary antibody (26520-1-AP, 

Proteintech Group, China) working solution and incubated overnight at 4 ℃. Next, Replaced 

the fluorescent secondary antibody labeled with FITC (S0008, Affinity, China), and incubated 

at room temperature for 1 hour. Finally, added a mixture of Rhodamine-Phalloidin (CA1610, 

Solarbio, China) and DAPI (4', 6-diamidino-2-phenylindole) staining (C0060, Solarbio, China), 

and incubated at room temperature for 10 min. 

2.5.2. Alkaline phosphatase (ALP) Staining 

The cultivation operation of BMSCs was the same as described in the previous section. 

Discarded the medium, and added 4% paraformaldehyde for cell fixation. After staining 

according to the instructions in the ALP kit (C3250S, Biyotime, China), the ALP was observed 

under a fluorescence microscope (TI2-U, Nikon, Japan). At the same time, the cells were 

washed with PBS, and added 300 µL/well of Western and IP cell lysis buffer. By collecting the 
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lysate, the absorbance was measured at 405 nm using a microplate reader (SPARK 10M, 

TECAN, Switzerland) according to the instructions of the ALP detection kit (P0321, Biyotime, 

China). The control group was cultured with BMSCs in normal medium, while the model group 

was cultured with commercial osteogenic differentiation medium for BMSCs (PD-003, Procell, 

China) which contains DMEM medium, FBS, dexamethasone, β-sodium glycerophosphate, 

ascorbic acid and transferrin. The 6-well plate material used for cell culture in the experiment 

was polypropylene (PP), and alkaline phosphatase (ALP) staining and quantitative detection 

were performed at day 7 and day 14, respectively. 

In this study, two materials, PP and PC, were adopted as cell culture substrates. To exclude 

the influence of substrate material differences on the osteogenic differentiation of BMSCs, we 

first compared the experimental outcomes between the control group and the model group, and 

confirmed that the PP substrate had no notable impact on BMSC osteogenic differentiation. 

Afterwards, the model group was defined as the positive control and the control group as the 

negative control, so as to further investigate the regulatory effects of PC substrates with 

different aspect ratios on BMSC osteogenic differentiation. 

2.5.3. Calcium Nodule Staining  

The cultivation operation of BMSCs was the same as described in the previous section. 

Taken the test after 21 days of cultivation, discarded the culture medium, fixed the BMSCs 

with 4% paraformaldehyde, washed them once with PBS after fixation, and then stained with 

Alizarin Red (C0148S, Biyotime, China) for about 10 mins. Washed it 1-2 times with distilled 

water, and then the calcium nodule staining by Alizarin Red S (ARS) were observed under the 

microscope. Images of ARS-stained calcium nodules were processed using ImageJ software, 

and the ARS staining area under different experimental conditions was quantified. With the 

model group as the reference, all data were normalized to realize the quantitative analysis of 

ARS staining results. 

3. Results and Discussion 

3.1. Surface nanostructures on AAO mold inserts 

In this study, the preparation of nanopillar substrates with different aspect ratios was 

achieved by changing the depth of nanopores in the AAO mold insert. The surface order degree 
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at 135 V and 165 V was lower than that prepared at 195 V, as shown in Fig. 2(a-c). Hexagonal 

structures from the surface can be observed. From the cross-section of the AAO, it can be 

observed that as the applied voltage increased, the growth rate and the final depth of nanopore 

also increased significantly, as shown in Fig. 2(e-f). The concentration of phosphoric acid was 

adjusted in the electrolyte to obtain appropriate process parameters. When the concentration 

was increased to 0.2 M and 0.3 M, the uniformity of nanopores diameter distribution was 

significantly better than that of 0.1 M (over 72.3% of the nanopores have a diameter of 

approximately 200 ± 20nm), and the nanopore surface exhibited a standard hexagonal structure, 

as shown in Fig. 2(g-i). The growth rate of nanopores was slower at the concentration of 0.1 

M, while the growth rate of nanopores was basically the same at concentrations of 0.2 M and 

0.3 M, as shown in Fig. 2(j-l). For this reason, it was determined to use 195 V and 0.2 M 

phosphoric acid concentration for the study. 

The changes in current density during the primary and secondary anodizing processes 

were analyzed, as shown in Fig. 2(m) and 2(n). It was shown that at the moment of connecting 

to a high voltage electric field, the current density reached its maximum, and then gradually 

decreased. The current density of secondary anodizing was more stable than that of primary 

anodizing, basically stable at around 2500 A/cm2. In order to maintain the stability of the 

nanopillar diameter, the reaming process was applied to keep the pore size at around 200 nm, 

as shown in Fig. S2. The corresponding, the thickness of AAO with different reaction times 

was measured, as shown in Fig. 2(o). The film thickness was positively correlated with the 

reaction time. Thickness was analogous with reaction time and reached 1.5 ± 0.3 µm at 10 s 

and 8.5 ± 0.9 µm within 60 s. Therefore, nanopore structures with different aspect ratios can 

be obtained by controlling the thickness of the AAO through controlling the reaction time. 
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Figure 2. Surface (a-c) and cross-sectional (d-f) SEM images of AAO template at 135V, 165V 
and 195V respectively; Surface (g-i) and cross-sectional (j-l) SEM images of AAO template at 
0.1M, 0.2M and 0.3M of phosphoric acid concentrations respectively; (m) Current density 
curve during the primary anodic oxidation; (n) Current density curve during the secondary 
anodic oxidation; (o) Relationship between reaction time and AAO film thickness. 

3.2. Nanopillars with different aspect ratios by injection molding 

The high aspect ratio structure at the nanoscale is prone to tensile fracture and deformation 

defects in injection molding. To investigate the influence of different process parameters on the 

quality of injection molding of high aspect ratio PC nanopillars, single-factor experiments were 

conducted on different process parameters, as shown in Fig.S3. More detailed information on 

the regulation during the injection molding process can be seen from the supplementary 

information and Fig. S4. In terms of the replication quality of nanopillars, increasing the mold 

temperature was the most effective method. The process parameters for subsequent cell culture 

substrates were as follows: melt temperature of 290 ℃, cooling time of 150 s, and mold 

temperature of 140 ℃, holding time of 1 s and holding pressure of 20 MPa. 

During the demolding process, the nanopillars were stretched due to the demolding force 
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generated by the adhesion between the polymer and the mold insert, resulting in the higher 

nanopillars than the depth of the nanopores. The smallest part of the diameter appeared in the 

middle of the nanopillars due to the stretching. When the mold temperature was lower than the 

thermal deformation temperature of PC at 124 ℃, the polymer could not enter the nanopores 

for filling, as shown in Fig. 3(a-c). As the mold temperature increased, more polymer melts 

were filled into the nanopores. At the same time, the greater deformation caused by stretching 

were also observed, as shown in Fig. 3(d-f) and Fig. 3(n-o).  

By optimizing the process parameters of injection molding, the fabrication of nanopillars 

with different aspect ratios can be achieved. Based on this, four groups of nanopillar structures 

with the same diameter of 200 nm but different aspect ratios were selected for cell culture. The 

aspect ratios of the nanopillars on the culture substrates were 0, 2.5, 6.5, and 10, encoded as (g) 

PC, (h) PC-2.5, (i) PC-6.5, and (j) PC-10, as shown in Fig. 3(g-j). The increase of the aspect 

ratio appears to be influencing the transparency of the samples in a reverse analogous function. 

In Fig. 3(k-m), the height and aspect ratio of the three components increased linearly, which 

was consistent with the regulation of the aspect ratio of nanopores in this study, as shown in 

Fig. 3(p). This provides a good basis for exploring the effects of different aspect ratios of 

nanopillars on stem cell proliferation and differentiation. 



12 

 

 

Figure 3. SEM images of AAO mold insert (a) and injection-molded nanopillars at 110 ℃ (b), 

120℃ (c), 130℃ (d), 140℃ (e), 150℃ (f) mold temperatures; Nanopillar incubation substrates 
with aspect ratios of 0 (g), 2.5 (h), 6.5 (i) and 10 (j) ; SEM images of PC substrates with of 

aspect ratios of 2.5 (k), 6.5 (l) and 10 (m); (n) Tensile ratio variation of nanopillars relative to 

1000nm deep nanopores with different mold temperatures; (o) Height and diameter of 
nanopillars with different mold temperatures, (p) Aspect ratio statistics of nanopillars. 

3.3. Adhesion and Proliferation of BMSCs on PC Nanopillar 

To detect the proliferation and cellular activity of BMSCs on nanopillars with different 

aspect ratios, live/dead cell staining was performed on cells cultured on the structure surface. 

Living cells were stained green with calcein, and the dead cells were stained red with propidium 

iodide, as shown in Fig. 4. The staining was performed after 24 h and 48 h of culture, and there 

was no significant cell death in all four groups, indicating normal proliferation activity. BMSCs 

on the surface of the substrate with nanopillars shown a more circular morphology after 24 h. 

This was because the cell density was low in the early stage of culture, and the surface 

nanopillars inhibited cell migration and adhesion, rather than leading to cell death. Regardless 
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of the reason, this result clearly demonstrates the effect of the presence of nanopillars on the 

culture surface to the morphology of BMSCs. Evidently, the cells can still adhere and 

proliferate on the culture surface without any signs of becoming apoptotic, which can be 

considered as an early sign of biocompatibility. 

The CCK-8 test directly reflects on the proportion of live cells in the sample. This 

experiment employed unmodified commercial culture dishes as the control sample, where cell 

status was detected at 1, 3 and 6 days, respectively, and the results were shown in Fig. S5. From 

the first day to the third day, the proliferation trend of BMSCs was not significant. Initially, the 

activity of BMSCs that were cultured on nanopillars was slightly lower than that of the control, 

indicating that the PC nanopillars had inhibitory effects on the proliferation of BMSCs. From 

the third to the sixth day, the proliferation activity of BMSCs in all groups significantly 

increased, with doubled the number of cells compared to before. It is important to note that, 

the proliferation activity of the PC-2.5 group was lower than that of the other groups. The 

proliferation of BMSCs was influenced by the mechanical properties of the surface of 

nanopillars. Due to the higher substrate surface stiffness in the PC-2.5 group, there was a 

greater resistance to cell growth. However, as the aspect ratio increases, the substrate surface 

stiffness becomes lower and the resistance to BMSCs decreases. In addition, previous studies 

have shown that changes in cell morphology and proliferation were closely related to cell 

differentiation[45]. Therefore, it can be preliminarily inferred that nanopillars with different 

aspect ratios have varying degrees of effects on the differentiation of BMSCs. Further testing 

of cell cytoskeleton and differentiation-related indicators will be conducted. 



14 

 

 

Figure 4. Fluorescence microscopy images of live/dead cell staining of BMSCs cultured on 
nanopillar substrates with different aspect ratios for 24 h and 48 h. Living cells were stained 

with Calcein-AM and showed green fluorescence, while dead cells were stained with PI 

(Propidium iodide) and showed red fluorescence. 

3.4. BMSCs differentiation by PC nanopillars 

The fluorescence microscopy images of F-actin, Vinculin, and cell nucleus staining of 

BMSCs cultured for 48 h were shown in Fig. 5. The experiment showed that the proliferation 

of BMSCs was significantly slowed down, the cell morphology changed, and the adhesion 

proteins of the cells were clearly distinguished. Based on the results of F-actin staining, the cell 

morphology of MBSCs on different culture can be compared. In Fig. 5(a), (e), (i) and (m), the 

cell morphology in the PC group tended to be more polygonal and the cell morphologies in 

PC-2.5, PC-6.5, and PC-10 groups were slender. Our hypothesis is that it may be due to the 

decrease in surface stiffness of the culture caused by the increase in the aspect ratio of the 
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nanopillars. The staining results of Vinculin showed that the fluorescence intensity of PC-6.5 

and PC-10 groups was much higher than that of PC and PC-2.5 groups, as shown in Fig. 5(b), 

(f), (g) and (n), indicating that high-aspect-ratio nanopillars enhanced the adhesion and 

mechanosensing of BMSCs, which may be associated with subsequent osteogenic 

differentiation[47,48]. In nuclear staining, it was found that the density of cells with nanopillars 

was lower than that of the PC group, as shown in Fig. 5(c), (g), (k) and (o). The weakening of 

cell proliferation may also be related to cell differentiation. Therefore, the decrease in cell 

density may indicate that BMSCs have a certain differentiation trend on substrates with 

nanopillar structures. 

 

Figure 5. Fluorescence staining microscopy images of BMSCs after 48 h culture on PC (a-d), 

PC-2.5 (e-h), PC-6.5 (i-l), and PC-10 (m-p) substrates, respectively. F-actin was stained with 

red fluorescence by Rhodamine Phalloidin; Vinculin was stained with green fluorescence by 
Goal Anti Rabbit IgG (H+L) FITC conjugated staining; The cell nucleus was stained blue by 
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DAPI solution. 

The ALP is also considered as an initial marker of osteoblast phenotype and differentiation, 

as the ALP is a by-product of osteoblast activity. In order to characterize the effect of inducing 

differentiation, a control group and a model group were utilized. Based on the ALP staining 

results, as well as the quantitative detection of ALP activity in Fig. 6(b), it was found that the 

control group did not show significant ALP activity, indicating that BMSCs did not undergo 

osteogenic differentiation. However, in the model group, BMSCs had normal osteogenic 

differentiation due to the action of osteogenic medium and inducing agents, and ALP activity 

gradually increased with time. Due to the absence of nanostructures on the substrate surface of 

the PC group, it was impossible to induce osteogenic differentiation of BMSCs through 

external stimulation, therefore ALP was not stained on the PC surface. However, a certain 

staining effect was observed in the contact area between the PC substrate and the 6-well plate 

substrate, as the changes in the two materials affected the state of the cells. Focusing solely on 

the groups with nanopillars, the quantitative analysis showed that the ALP activity of the PC-

2.5, PC-6.5, and PC-10 groups was higher than that of the model group, proving that the 

nanopillars can effectively induce the differentiation, analogously with the aspect ratio of 

nanopillars. 
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Figure 6. (a) The optical images of ALP staining results; (b) ALP activity quantitative by 

absorbance detection of BMSCs cultured on different substrates for 7 and 14 days; ALP 

staining microscopy images of BMSCs cultured for 7 or 14 days in the control group (c), (f), 

model group (d), (g), PC group (e), (h), PC-2.5 group (i), (l), PC-6.5 group (j), (m), and PC-10 

groups (k), (n). 

The calcium nodule is one of the late markers of osteogenic differentiation, mainly formed 

by hydroxyapatite deposition. The ARS staining was performed on the day 21 of BMSCs 

culture. As shown in Fig. 7(a), the BMSCs in the model group produced a large number of 

calcified nodules under the action of chemical induction reagents, indicating the osteogenic 

differentiation of BMSCs. The calcium nodules in the control group, PC group, and PC-2.5 

group were relatively few, while the staining effect of the calcium nodules in the PC-6.5 group 

and PC-10 group was significant, comparable to the staining effect of the model group, as 

shown in Fig. 7(b). By comparing the ARS staining of BMSCs on PC nanopillars with different 

aspect ratios, it was found that the control group had almost no calcium nodules, and the PC 

group had a small amount, while the ARS staining effects were more pronounced in the PC-

2.5, PC-6.5, and PC-10 groups, indicating that the nanopillars structure had an inducing effect 

on the osteogenic differentiation, as shown in Fig. 7(e-g). In addition, the quantitative results 

of ARS staining presented in Fig. 7(h) indicated that the PC-10 group showed the most 

significant staining effect, even significantly higher than the model group, indicating that as 

the aspect ratio of the nanopillars increased, the surface stiffness of the substrate decreased, 

and nanopillars had a stronger osteogenic differentiation induction effect on BMSCs. 
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Figure 7. (a)The optical images of calcium nodules stained with ARS after culturing BMSCs 

on different substrates for 21 days; Calcium nodules staining microscopy images of BMSCs 

cultured for 21 days in the control group (b), model group (c), PC group (d), PC-2.5 group (e), 

PC-6.5 group (f), and PC-10 groups (g); (h) Normalized results of ARS staining based on the 

model group. 

Combining the experimental results with the previously reported conclusion that 

nanopillar stiffness regulates osteogenic differentiation, the stiffness of the nanopillars 

fabricated in this study was analyzed and calculated. Based on the force analysis model at the 

free end of the cantilever beam shown in Fig.S6, the stiffness of nanopillars was calculated in 

the supplementary materials. The Formula (S-5) demonstrates that nanopillar stiffness is 

directly correlated with the aspect ratio. The analytical results reveal that, under the condition 

of a constant diameter, nanopillars with a larger aspect ratio exhibit lower stiffness. Moreover, 

nanopillars with lower stiffness exert a superior promoting effect on the osteogenic 

differentiation of BMSCs. 

Considering the potential adverse effects of 21-day cell culture on PC nanopillars, the PC-

10 group with the lowest stiffness was selected to observe the surface morphology of 

nanopillars before and after cell culture. After 21 days of culture, the cells on the PC nanopillars 

were thoroughly removed, and oxygen plasma treatment was applied to clean the sample 

surface. The morphological characteristics of nanopillars were characterized by SEM, as shown 
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in Fig.S7. The nanopillar structure and morphology remained intact without obvious fracture 

after long-term cell culture, and their structure, morphology and arrangement were highly 

consistent with those before cell culture. These results demonstrate that the fabrication method 

developed in this study is robust and applicable to long-term induction culture of stem cells. 

Taken together, it can be concluded that the nanopillars could provide constant external 

stimulation to adherent BMSCs, which affect the morphology of the cytoskeleton, the 

production of Vinculin, and the osteogenic differentiation of BMSCs. Nanopillars with 

different aspect ratios exhibit distinct bending stiffness. As the aspect ratio increases, the 

nanopillars become softer with reduced stiffness. Based on the mechanical differences between 

hard and soft nanopillars[30,31,39], mechanical stimulation is transduced through YAP and 

other related pathways[45,47], thereby driving varying degrees of osteogenic differentiation in 

BMSCs. Based on the experimental results, the nanopillar structures with different aspect ratios 

have different induction effects on BMSCs, that the larger the aspect ratio, the stronger the 

induction effect on BMSCs.  

4. Conclusions 

In this work, a process chain combining self-assembled mold inserts and injection molding 

was proposed to fabricate nanopillar structures with different aspect ratios as the substrates for 

cell culture. The optimal parameters affecting the anodic oxidation process for the mold inserts 

and the injection molding process for the nanopillar substrates were investigated. Nanopore 

structures with different aspect ratios can be obtained by controlling the thickness of the AAO 

through controlling the reaction time. In the injection molding process, increasing the mold 

temperature was the most effective method to improve the height of nanostructures considering 

the replication quality, and nanopillars with aspect ratios of 2.5, 6.5, and 10 were obtained. The 

injection-molded nanopillars were then applied to the culture and differentiation experiments 

of bone marrow mesenchymal stem cells. The results in evaluation indicators such as the ALP 

activity and calcium nodules indicated that as the aspect ratio of the nanopillar increases, their 

ability to induce osteogenic differentiation was enhanced, and the degree of differentiation 

induced by the nanopillars was greater than that of the model group induced by osteogenic 

inducers, with the PC-10 group showing the most significant differentiation induction effect. 
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Our research can be applied to the manufacturing of a wider range of polymer materials and 

structures, enriching the methods for regulating stem cell fate in biomaterials and providing 

new research directions for tissue regeneration in different organs. 
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