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Abstract 
 
Topography can considerably influence cell adhesion, movement, proliferation, and differentiation. 
All these activations that induce the altered behavior occur inside the cell, which is always 
heterogeneous and highly volume-occupied. The macromolecular crowding inside the cell 
influences the reactivity and distribution of proteins and poly-nucleic acids and their folding, 
association, and diffusion. Therefore, spatiotemporal readout of crowding in response to external 
stimuli such as topography may provide better understanding of material-induced cell activation. 
Here, HEK293T cells were transfected with a fluorescence resonance energy transfer (FRET)-
based sensor for direct evaluation of the macromolecular crowding inside living cells that are 
stimulated by wave-like surface topographies with different wavelengths ranging from 0.5 μm to 
25 μm. An increased macromolecular crowding was observed for cells cultured on 0.5 μm and 2 
µm topographies. The 2 μm induced a larger cell area and nucleus formation, high metabolic 
activities, proliferation rate, and more protein expression, correlated with increased focal adhesion 
and myosin tension but not YAP-TAZ transduction. These findings provide key insights in 
topography triggered macromolecular crowding and provides useful information to better 
understanding interfaces between cells and materials and thereby give direction to identify specific 
mechanisms. 
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4.1 Introduction 
 
Cells and their interaction with their environment is pivotal for the development of the cells as it 
obtains a broad range of stimuli from the extracellular matrix (ECM)1 but also from interacting 
with materials2. Stimuli from the cellular microenvironment includes (bio)chemical cues (e.g., 
surface chemistry3, extracellular matrix proteins4,5, and growth factors6) and physical cues (stiffness7 
and topography8–10) and these cues have a significant influence on the cellular behaviors11. It is well-
established that surface topography significantly affects cell morphology and orientation through a 
phenomenon termed as contact guidance12. While the biochemistry of the ECM and available 
cytokines produced by other cells will affect cell proliferation and differentiation, it has been 
investigated that cells can sense surface patterns between 10 nm and 100 μm13 and the nano- and 
micro-scale topography play a pivotal role in controlling fundamental cell behaviors. Our previous 
work has demonstrated that topography has a significant influence on cell morphology14, 
attachment, migration15, proliferation, and differentiation14,16and even the mechanical property of 
single cells17. 
 
Altered physical states of the cell, e.g., morphology, spreading, mechanical properties, and 
rearrangement of the cytoskeleton are all dependent on intracellular processes, which are occurring 
in a crowded, confined space. Almost 80% of the cytoplasmic volume is composed of water, the 
other 20-30% of the volume is filled with biomacromolecules, for example, ribosomes, proteins, 
nucleic acids, and a variety of enzymes and intermediate metabolites, various nutrients and 
macromolecular monomers. Accordingly, The total concentration of macromolecular components 
range from 50 to over 400 mg ml−1, depending on the cell type18. The most basic and often 
dominant contribution of macromolecular reactions inside cells are assessed as volume 
exclusion19,20, which is an entropic effect arising from the mutual impenetrability of 
macromolecules. The excluded volume dominate processes such as proteins and poly-nucleic acids 
conformation, aggregation and diffusion21, and other molecular associations, transport, and 
enzymatic reactions. Considerable research efforts have been devoted to the important effects of 
the excluded volume of macromolecular crowding created in vitro by using high concentrations of 
natural or synthetic macromolecules in the surrounding medium to affirm the thermodynamic 
equilibria and dynamics of biomolecular self-assembly22. 
 
The annexation of high concentrations of macromolecules in vitro enhances: folding of 
polypeptide chains to form functional proteins, assembly of oligomeric protein structures23,24 and 
efficiency of some molecular chaperones. Additionally, volume exclusion induced by 
macromolecular crowding increments the extent of actin polymerization, accelerate the enzyme 
reaction rate25 and metabolic pathways26,27. Some culture media polymeric additives like Ficoll, 
dextran, polyethylene glycol (PEG), and poly(N-vinylpyrrolidone) (PVP) have been frequently used 
as crowding agents, which have been added to in vitro cultures to create high crowding conditions. 
For instance, high concentrations of macromolecules such as bovine serum album and Ficoll 70 
accelerate the protein refolding kinetics28. Others have validated the biological advantages of 
macromolecular crowding using carbohydrate-based macromolecules or different macromolecules 
of various sizes (10−500 kDa), which were added to the culture medium and  dramatically enhanced 
the deposition of extracellular matrix, and further boost progenitor cell differentiation and 
proliferation through creation of excluded volume29,30. Recent studies have demonstrate that the 
crowding in the extracellular medium directly lead to arrangement of extracellular matrix protein 
deposits, cytoskeleton alignment, and the resulting cell-matrix cooperation further affecting hMSCs 
adhesiveness, reproduction, and movement31. It is important to highlight that macromolecular 
crowding is also applied in the field of materials science and affects the molecular self-assembly, 
controls material structures and physical properties, is applied during synthesis of nanomaterials, 
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and provides great potential of functional materials, cell surface engineering, and bioreactors32. 
Our previous work has demonstrated that the topography of a surface will influence the cell 
mechanical property and further impacts the osteogenic differentiation of mesenchymal stem 
cells13,33. Macromolecular crowding inside the cell influences the reactivity and distribution of 
participating protein and nuclei reactions and therefore it is hypothesized that topography has a 
significant influence on the macromolecular crowding. In this study, we used a previously 
developed FRET-based sensor, which has the FRET pair m-Cerulean (cyan fluorescent protein) 
and m-Citrine (yellow fluorescent protein), positioned at the N terminus and C terminus, 
respectively, for directly measuring the crowding inside living cells34. The changes in fluorescence 
are a result from FRET efficiency adjustment, which increases with increasing macromolecular 
crowding. HEK293T cells, as previously used, were transfected with this FRET-based sensor and 
seeded on PDMS substrates with a wave-like topography varying in wavelength and amplitude. 
Furthermore, cell morphology, metabolic activities, protein expression, and the mechanical 
transduction were also investigated to connect the altered macromolecular crowding with altered 
cell behavior. Spatiotemporal readout of crowding rather than invoking it with polymeric additives 
is a compelling tool for better understanding the interactions between cells and materials and allows 
us to investigate in the role of macromolecular crowding during the cell developmental stages. 

4.2 Methods 
 
4.2.1 PDMS substrate preparation 
To prepare the wave-like substrate, 18 g liquid PMDS base (Sylgard 184, Dow Corning) and curing 
agent were mixed in a ratio of 10:1 or 15:1. Before deposited into a cleaned squared polystyrene 
petri dish, the air bubbles were removed by applying vacuum and the mixture was cured at 85 °C 
for 2 h. Subsequently, the elastomer slab was cut into a 9 × 9 cm diameter disks for further use. 
To fabricated the aligned wave-like topographic substrates the stretch-oxidation-release method 
were used as described previously17and summarized in Table. 1.  
 
4.2.2 Imprinting 
For the purpose of guarantee the consistent chemical composition and stiffness properties but 
different topographic, the prepared aligned topographic substrates were served as a mold. 30 g 
freshly prepared PDMS mixture in a weight ratio of 10:1 for precursor and curing agent was poured 
on the top of fabricated wrinkle mold, subsequently cured at 70 °C overnight. After curing, the 
mold was removed providing a fresh identical wave-like PDMS substrate. Additionally, the new 
substrates were post-treated with air plasma at 500 mTorr for 10 min for further use. 

4.2.3 Topography characterization by atomic force microscopy (AFM) 
Topography was characterized by atomic force microscope (Nano-scope V Dimension 3100 
microscope, Veeco, United States) managing in tapping mode in air. Bruker SCANASYST-AIR 
(0.4 N m-1) and NP (0.017 N m-1) cantilevers made from silicon nitride with silicon tips (model 
DNP-10 tip) were used before each measurement. AFM images were analyzed by Nano-Scope 
Analysis software.  

4.2.4 Cell culture 
HEK293T (passage 12) were cultured in Dulbecco's modified Eagles Medium-High Glucose 
(DMEM-HG) (Gibco) medium, consisting of 10% (v/v) fetal bovine serum (Gibco), 2 mM L-
glutamine (Gibco), and 1% penicillin/streptomycin (Invitrogen). Cells were incubated at 37 °C 
under 5% CO2 atmosphere. The medium was refreshed every 2 days and cells were harvested at 
almost 80% confluency. The confluent cells were routinely sub-cultured by trypsinization and were 
used for further studies. 
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4.2.5 Macromolecular crowding sensor transfection 
For transfection experiments, HEK293T cells were seeded in a six-well plate (Thermo Scientific) 
at the density of 2 × 105 cells/well. When reaching 70%-80% confluency, HEK293T cells were 
transfected with plasmid DNA encoding crowding sensor conforming to the manufacturer’s 
instructions. That is 100 µl of  serum-free Opti-MEM (Thermo fisher) incubate with 1 µg of  the 
pc-DNA 3.1 plasmid encoding for the crowding sensor and 3 µl of Lipofectamine 2000 (Thermo 
fisher) separately for 10 min, then mix together for 20 min. Then cells were washed with warm 
Opti-MEM medium, and 400 µl warm optimum was supplemented per well and 200 µl of lipoplex 
mixture solution were dropped immediately. After 4 h incubation at 37 °C with 5% CO2 the Opti-
MEM medium was exchanged to normal growth medium. After 24 h, prepared aligned wave-like 
patterns were sterilized with 70% ethanol for 30 min and washed three times with Phosphate-
buffered saline (PBS) and cutting to fit 24-well plate before cell seeding. Afterwards, transfected 
HEK293T cells were harvested by trypsinization and seeded onto the substrates at 6 × 104 cells 
per well. 
 
4.2.6 Confocal fluorescence microscopy of  HEK293T cells 
The expression of the crowding sensor in the HEK293T cells was evaluated by delta vision elite 
confocal fluorescence microscopy, which was equipped with a environment controller to maintain 
37 °C with 5% CO2 atmosphere and also make it possible for analyzing living cells. The 
fluorescence intensity of the crowding sensor was excited using a 405 nm laser, and the emission 
was detected at 450-505 nm and 505-797 nm. The m-Citrine intensity (450-505 nm) was plotted 
versus the m-Cerulean intensity (505-797 nm) for each cell and analyzed with ImageJ software. 
Cells with intensities higher than 20% of the maximum capacity of the detector were excluded 
from the analysis. At least 20-50 single cells were taken into consideration. Three independent 
experiments were performed with the same set to evaluate the crowding ratio in separate samples. 
 
4.2.7 Immunostaining 
For immunostaining, HEK293T were seeded onto the wrinkle topographic substrates which were 
cut into circular disks matching the diameter of 24-well plate at a density of 6 × 104 and cultured 
in DMEM-HG with 10% FBS to allow the free spread for 24 h. Afterwards, HEK293T were first 
washed with PBS and fixed using 3.7% paraformaldehyde (Sigma) for 20 min, then the cell 
membrane was permeabilized with 0.5% Triton X-100 solution for 3 min, followed by blocking 
with 5% bovine serum albumin (Sigma) in PBS for 30 min. Substrates were then incubated with 
the primary antibody for Vinculin (Sigma, clone hVin-1, 1:100)，p-MLC (Cell Signaling, #3675, 
1:100), Ki67 (Abcam, ab15580,1:100) or YAP-TAZ (Santa Cruz Biotechnology, SC-101199, 1:100) 
for 1 h, then incubated with secondary antibody of FITC-labeled or Texas Red X-labeled goat-
anti-mouse antibody (Jackson Immunolab,1:100) for 1 h. Cell cytoskeleton and nuclear were 
incubated with tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin (Sigma, D9564, 1:200) 
or 4′, 6-diamidino-2-phenylin-dole (DAPI) and respectively for 1 hour. At last, the images were 
taken by LEICA TCS SP8 CLSM. Additionally, focal adhesion analysis was performed by Focal 
Adhesion Analysis Server35, and cell and nuclear area was evaluated by Fiji software. Cell elongation 
was calculated by the ratio of the cell length and width. For each substrate, at least 60 cells were 
calculated. Three independent experiments were performed. 
 
4.2.8 Hydrogen peroxide generation 
Hydrogen peroxide production was evaluated using a cell-permeable fluorogenic probe of 
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Thermo Fisher, USA) 
as described previously36. The HEK293T cells were cultured on the wrinkle topography, then 
treated with 10 µM CM-H2DCFDA (general ROS indicator) in HBSS buffer. Incubate the cells in 
the dark for 30 min at 37 °C. The cell treated without H2DCFDA as the wild type (WT) group was 
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used as a control and cells treated with H2O2 (100 μM) together with H2DCFDA served as the 
positive control group. Remove the loading buffer, treated the cells with normal prewarmed fresh 
DMEM medium, allow a short recovery time for 1 h. Then cells were harvested, washed once, 
centrifuged for 5 min at 1000 r/min, and resuspended in 1×PBS. Oxidation of these probes was 
detected by flow cytometer of FITC fluorescein using 492 nm excitation and 520 nm emission 
settings and at least 10,000 cells were collected. Fluorescence was read by Canto flow cytometers 
(BD Biosciences) and data were further analyzed using Kaluza analysis software (Beckman coulter, 
USA). The fluorescent intensity was obtained from experiments were performed in triplicate by 
using the same settings.  

4.2.9 Cell metabolic assay 
Cell metabolic activity was tested by XTT assay (AppliChem A8088). In short, the HEK 293T cells 
were cultured on the PDMS substrates for 24 h, 200 μl of mixtures with activation reagent and 
XTT reagent (in a volume ratio of 1:50) were added into each 24-well plate, and incubated at 37 °C 
with 5% CO2 for 3 hours until a purple precipitate was visible. Subsequently, the reagent was 
transferred to a 96-well plate, and the absorbance was measured with a microplate reader (Bio-Rad, 
USA) at the wavelength of 485 and 690 nm, respectively. Experiments were performed in triplicate. 

4.2.10 Total protein expression 
To extract total protein of HEK293T, the cells growth on the winkle topography were harvest and 
centrifugation for 5 min at 1,000 rpm, the cells were collected. Then cells were lysed using RIPA 
buffer composed of 50 mM Tris-HCl (pH 7.5), 0.25% Na-deoxycholate, 1% Nonidet P-40, 150 
mM NaCl, 1 mM EDTA, and complete protease inhibitor cocktail tablets (Roche, USA). Protein 
concentration was measured using the BCA Protein Assay kit (Thermo Fisher, USA). To measure 
the protein concentration on different surfaces, 200 μl activation reagent of BCA reagent A and B 
with the ratio of 20:1 were added to each well. And the standard protein with known concentration 
was added as a reference. All the samples were incubated at 37 °C for 30 mins. The absorbance of 
individual standard and all the samples was recorded by  the microplate reader at 562 nm. Use the 
standard curve to determine the protein concentration of each unknown samples. Experiments 
were performed in triplicate. 

4.2.11 Statistics 
All data points are expressed as mean values ± standard deviation. Statistical analysis was 
performed with Origin 9.0 software. All data were analyzed using one-way analysis of variance 
(ANOVA) with Tukey’s test to determine differences between groups. *P < 0.05, **P < 0.01, and 
***P < 0.001, respectively. 

4.3 Results 
 
4.3.1 Wave-like PDMS topography formation and characterization 
The aligned wave-like topographies of PDMS-based substrates were fabricated using our 
previously described strain-oxidation-release procedure17. By changing the elastomer deformation, 
air pressure, stretching ratio, and plasma oxidation time as summarized in Table 1, wrinkle 
topographies with different dimensions can be prepared. A particular imprinting method and post-
treatment of plasma oxidation were used to guarantee the same chemical composition and 
mechanical properties with the only variable being the topography dimensions. These topographies 
have been deployed for determining the influence on cell behaviors and macromolecular crowding 
in living cells. The wrinkle topographies were prepared of varied dimensions, which were 
represented as wavelength (W; μm) and amplitude (A; μm), and measured with Atomic Force 
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Microscopy (AFM) (Figure 1). The topographies with different wrinkle sizes are described as W0.5, 
W2, W10, and W25, and the Flat topography without stretch was used as the control surface. The 
wavelength and amplitude are corelated, and both increase synchronously. The specific values for 
wavelength and amplitude are presented in Figure. S1. 

Table 1. Conditions for different size of aligned PDMS substrates 
 

 

 

 

 

 

           Wavelength and amplitudę are abbreviated as W and A, respectively, and the unit for W and A is μm. 
 

 

Figure 1. Representative AFM images of  the structured PDMS surfaces and height profiles of  the wave-
like PDMS substrates and wavelength, amplitude of  created wrinkled surface as further described as W0.5, 
W2, W10, and W25. Data are recorded as mean ± standard deviation (SD) (n = 30 wrinkles). Scale bar is 5 
μm and applies to all images. 

4.3.2 Macromolecular crowding in living cells is influenced by topography 
To resolve the state of  macromolecular crowding inside living cells grown on topographic 
substrates, HEK293T cells were transfected with the crowding sensor. The cells were transferred 
to the topography substrates after transfection and subsequently cultured for 24 hours. The 
fluorescence output and thereby the ratio between fluorescence of  the different fluorophores 
within the expressed FRET system were analyzed by scanning delta vision elite confocal 
microscopy as shown in Figure 2a. The difference in fluorescence intensity of  the FRET donor 
and acceptor pair is an indicator for the macromolecular crowding, a lower intensity in fluorescence 
of  the acceptor correlates to attenuated macromolecular crowding. We obtained the mean FRET 
ratios and thereby the macromolecular crowding inside cells by plotting the slope of  the m-Citrine 
versus the m-Cerulean intensity providing the quantified FRET ratios as a comparison value for 
the intracellular macromolecular crowding (Figure 2b). Furthermore, the crowding was 
determined after transfection on Flat PDMS after 24 h and with induced macromolecular crowding 
using culture additives. After the addition of  175 mM sorbitol, FRET ratio were analyzed every 5 
or 10 min, and we concluded that the crowding sensor works accordingly inside the cells for 

Substrate 

Ratio of 
prepolymer 
and cross-

linker 

Operating 
Pressure 

Plasma 
Time  

Stretch 
percent 

(%) 

W0.5/A0.05 10:1 14 Torr 60 s 30 
W2/A0.5 10:1 25 mTorr 15 s 30 
W10/A3.5 10:1 25 mTorr 650 s 20 
W25/A3.6 15:1 25 mTorr 25 min 10 
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monitoring and determination the change of  FRET ratio in living cells as displayed in Figure S2. 
The sorbitol induced crowding ranges from a FRET ratio of  1.2 before stimulation to a maximum 
of  1.4 upon introducing sorbitol. 

We found that the crowding values for HEK293T were the highest for topography dimensions of  
W2 (1.70 ± 0.07) and W0.5 (1.62 ± 0.08), while the larger topography dimensions of  W10 (1.34 ± 
0.04) and W25 (1.38 ± 0.06) had a significantly lower ratio. In contrast, removing the specific 
topography stimulus by using a Flat surface, the FRET ratio of  1.19 ± 0.09 was significantly lower 
compared with all other substrates. These FRET ratios indicate that topography has an important 
influence on intracellular macromolecular crowding. Importantly, the sensor used in this study has 
minimal chemical interactions to exclude interactions with intracellular components or self-
association, and the sensor readout was also reversible in eukaryotic cells34. The excluded volume 
effect influences molecular associations, transport, protein conformation, folding, diffusion, 
association of  poly-nucleic acids, and enzymatic reactions as was shown using additives in the 
culture medium. Tricking is that compared to sorbitol exposure, topographies W10 and W25 
induce a similar crowding while W2 and W0.5 induce even a higher macromolecular crowding. This 
finding not only indicates that the macromolecular crowding in living cells may therefore function 
as a valuable sensor for studying material-induced cellular alterations and investigate the 
repercussion of  different biomaterial properties on the cell function because of  cell behavior. Also 
it shows that using physicochemical material properties are able to produce similar response as 
molecular stimulation of  the cells via the culture medium as is targeted when administrating drugs. 
Since the macromolecular crowding has an influence on many intracellular processes, more specific 
characterization of  the intracellular processes were investigated to elucidate potential correlations 
between topography, macromolecular crowding, and cellular functions. 
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Figure 2. Monitoring cytoplasmic macromolecular crowding inside living cells that is induced by 
topography. a, Represented delta vision elite Confocal microscopy images and ratio-metric FRET of  the 
macromolecular crowding sensor expressed in HEK293T cells grown on the wrinkle substrate. The N 
terminus and C terminus positioned with FRET pair m-Cerulean (cyan fluorescent protein) and m-Citrine 
(yellow fluorescent protein), respectively, the ratio of  the pair change for direct resolve of  the crowding 
inside the living cell. Scale bar is 100 μm. b, FRET ratios of  the sensor in HEK293T cells interface with 
PDMS topographies. The quantification data of  FRET ratio is analyzed by Image J software. Experiments 
were performed in triplicates. Data is shown as mean ± standard deviation (SD) (n=at least 60 cells) and *P 
< 0.05. 

4.3.3 Topography-induced cell morphology and adhesion 
Topography cues of  the substrate may significantly affect the cell shape and orientation of  cells 
through a sensation known as contact guidance37. An altered shape or spreading profile may have 
consequences for the overall cellular volume and hence the macromolecular crowding. The 
topography influence on the cell shape was determined after allowing the cells to freely attach and 
spread for 24 hours. Subsequently, the cell area, nuclear area, cell aspect ratio, and nuclear aspect 
ratio were further quantified to gain insight into the cell morphology influenced by topography. 
The cytoskeleton and nucleus of  HEK293T were stained and visualized by confocal laser scanning 
microscopy (CLSM). As indicated in Figure 3a, the cell morphology in terms of  spreading was 
strongly altered by the topographic stimuli on which the cells were located. The cell area and nuclear 
area were quantified and shown in Figure 3b and Figure 3c. The cell spreading area increased 
simultaneously with increasing wavelength and amplitude dimensions up to W2 and decreased 
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upon further increasing the wavelength and amplitude dimensions up to W25. Largest average cell 
area of  HEK293T were observed on W2. Furthermore, the cell area for Flat and W25 was 
significantly lower (236 μm2 and 302 μm2) compared to the cells area on W0.5 (312 μm2) and W2 
(359 μm2). The area of  the nucleus on the substrates showed the same trend as the cell area and 
both have a similar development as the macromolecular crowding. Previously, we demonstrated 
that the cell aspect ratio (CAR), a measure for cell elongation, of  mesenchymal stem cells is strongly 
dependent on the topography and followed the same pattern as the surface aspect ratio16. The 
results concerning the CAR as shown in Figure 3d and Figure 3e, indicate that for both the cells 
and nuclei no altered elongation was observed irrespective of  the topography and therefore is not 
a contributing factor to the macromolecular crowding. 

Since the topography has an important impact on the cell spreading and the macromolecular 
crowding inside the cells, the expression of  interface factors between ECM transmitting mechanical 
forces and cell cytoskeleton like focal adhesions (FAs) were further explored. FAs are adhesion 
plaques organized by integrins and protein complexes that can be stimulated by topography, which 
plays a prominent role in cell adhesion, movement, and stem cell differentiation38. Based on our 
previous studies, topographical stimuli can strongly affect the generation and organization of  focal 
adhesion complexes and affect cell migration behaviors39 and stem cell fate14,16. To investigate the 
distribution of  focal adhesion of  the cells after 24 hours of  cell seeding on the W0.5, W2, W10, 
W25 and the Flat substrates, HEK293T were immunofluorescence staining for vinculin and the 
fluorescence images were obtained by CLSM. As displayed in Figure 3f, differences in focal 
adhesion morphology were observed. The FAs expression of  W2 substrate facilitated additional 
adhesion sites and showed more well-defined vinculin spread than others. In contrast, less vinculin 
expression was achieved for cells cultured on W10, W25 and Flat surfaces, which indicates that 
vinculin expression was enhanced on W2. The focal adhesion distribution of  cells on the different 
topographical patterns were further quantified, as shown in Figure 3g. The FA area for cells 
growth on W2 and W0.5 showed higher FA area per cell than cells cultured on the other substrates. 
These results indicate that, compared to substrate of   W10, W25 or Flat, W2 facilitates the 
expression of  FA, consistent with that observed from the immunofluorescent images but does not 
result in transferring the topography directionality onto the cell morphology. It does correlate with 
the increased spreading of  the cells as shown in Figure 3b and a similar trend is observed as the 
macromolecular crowding. 



73 
 

 

Figure 3. Cell morphology and focal adhesion expression. a, Typical immuno-fluorescence microscopy 
picture of  HEK293T grown on wave-like surface with different topographic size. F-actin were stained with 
TRITC-labeled phalloidin (red) and cell nucleus stained with DAPI (blue), respectively. Scale bar is 50 μm. 
b, Quantitative analysis of  cell area and c, Nuclear area. d, Cell aspect ratio and e, Nuclear aspect ratio of  
cells growth on topographic wrinkle substrates. f, Representative fluorescent staining of  nuclei (cyan), F-
action (red) and vinculin (yellow) for HEK293T after 24 hours grown on different substrates. Scale bar is 
50 μm. g, Quantifiable analysis of  FA area per cell. Data are shown as mean ± standard deviation (SD) (n 
= at least 60 cells), and data are shown as mean ± standard deviation (SD), three independent experiments, 
and *P < 0.05,**P < 0.01, ***P < 0.001. 

4.3.4 Myosin transduction and YAP-TAZ mechanical transduction 
Topotaxis and mechanotaxis may result in specific cellular behavior and these phenomena are 
mediated via the adhesion between cell and interface/substrate. The Myosin light chain 9 (MYL9), 
which is widely expressed in different tissues and influence cell attachment, movement, and 
division40 by adjusting cytoskeletal contractility and tension. Recent research demonstrated that the 
sensing of  topography is regulated by myosin contractility mediated by the actin architecture but 
independent of  focal adhesion41. To investigate the cytoskeletal contractility and tension of  cells 
cultured on the topographical substrates, cell tension was further investigated and characterized by 
phosphorylated myosin II to identify if  cell tension of  HEK293T is regulated by the topography 
and if  this would correlate to the changes in macromolecular crowding. HEK293T cells were 
assessed by immunofluorescence staining of  myosin II, which was performed after 24 hours of  
culture. The immunostaining results shown in Figure 4a, display stronger fluorescence intensity 
for HEK293T cells on W2 and W0.5 topography as compared to W10, W25 and Flat. Furthermore, 
the quantified myosin II expression, as shown in Figure 4b was normalized by cell number and 
indicates that cell contractility and tension is enhanced on the W2 and W0.5 topography. 

As topography was a critical factor for engineered biomaterial interfaces to direct behavior via 
topotaxis, YAP/TAZ is a well-established key mechanical signal transducer which is progressively 

javascript:void(0);
javascript:void(0);
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regarded as underlying regulator of  the physical stimuli. YAP/TAZ regulates the gene expression 
and is located either in the cytoplasm or nucleus depending on the physical stimuli the cell receives. 
It has been well-demonstrated that topography influences cell behavior by YAP/TAZ activity and 
its localization into the nucleus increased cell migration and proliferation42. YAP/TAZ is emerging 
as a well-established controller for cells behavior, organoid biology, controlling stemness, tissue 
development and regeneration in 2D and 3D, in stationary or dynamic procedure, from a range of  
elastic and viscoelastic stimuli, over solid to fluid states43. The cell shape and polarity will generally 
affect the localization of  YAP/TAZ and is indicative how the cell senses the mechanical properties 
and topography44. The YAP/TAZ expression of  HEK293T was determined by 
immunofluorescence staining after cells were cultured on the wave-like substrates for 24 hours. As 
shown in Figure 4c, cells cultured on Flat, W0.5 and W2, W10 and W25 substrates, YAP/TAZ is 
predominantly located in cytoplasm and very little of  the cells display nucleus localization. The 
topography has no effect on the localization of  YAP/TAZ, which correlates well with the lack of  
cell alignment in the direction of  the topography as that would be mediated through the YAP-TAZ 
pathway. These results indicate that the macromolecular crowding here is not influenced by means 
of  mechanotaxis and topotaxis. 

 

 

 

 



75 
 

 

Figure 4. Cell tension and YAP-TAZ mechanical transduction on substrate. a, Represented immuno-
fluorescence micrographs of  HEK293T cells cultured on the specific surfaces for 24 h. Nuclear (blue), 
cytoskeleton (Red), and myosin II (Green). b, Quantification of  myosin II fluorescence intensity normalized 
by the mean values of  the Flat group. c, Presentational micrographs of  YAP/TAZ localization in HEK293T 
growth on specific topography for 24 h. Scale bar represents 50 μm. Data are shown as mean ± standard 
deviation (SD) (n = at least 100 cells, three independent experiments), and *P < 0.05, **P < 0.01, ***P < 
0.001.  
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4.3.5 The ROS generation, metabolic activity, and cell total protein expression 
The redox process is increasingly considered to be a key element in regulating cellular signaling 
cascades, and the reactive oxygen species (ROS) are conservative regulators of  many cell functions. 
The advent of  nanotechnology provides the capacity to construct controlled geometries to create 
a basic understanding of  the key features that affect catalyst activities45. Some studies reported that 
the start of  the cell cycle and division of  HL-60 cells is associated with ROS production and higher 
DNA synthesis rate regulated by the MEK/ERK pathway46. We determined ROS generation in 
cells cultured on wave-like substrate that displayed the most extreme deviations (Flat, W2, and W25) 
by using a ROS probe indicator, which passively diffuses into cells and interact with intracellular 
esterase and glutathione and other thiols. Subsequently it will be oxidized and yields a fluorescent 
adduct inside the cell that can be followed and quantified. Cells populations were analyzed using 
Flow Cytometry (FACS) (Figure 5a) and showed no deviation in ROS generation on the different 
topography substrates. The cells without ROS probe indicator presented as wild type (WT) and 
works as reference. As a positive control (PC), addition of  H2O2 (100 µM) was done. As Figure 
5a indicates, the ROS generation showed 95.76%, 93.80%, and 95.95% of  active populations, 
respectively. The PC showed 96.64% of  cell positive for ROS, suggesting that ROS is implicated 
in the observed cell behaviors and that a signaling pathway susceptible to ROS is also involved. 
The oxidation stress intensity was quantified as shown in Figure 5b, the viability of  ROS in cells 
grown on Flat, W2 and W25 did not significantly change, in contrast, almost 2 times increased 
oxidation stress intensity was observed in the PC group. Therefore, ROS production is not 
associated to the topography stimulation onto the cells and not related to the macromolecular 
crowding. 
 
To further evaluate the metabolic activity of  HEK293T on different topographies after 24 hours 
of  culture, cell proliferation assays (XTT) were performed. The results (Figure 5c) indicated that 
the HEK293T grown on W0.5 and W2 displayed 1.5 and 1.7 times higher metabolic activity, 
respectively, compared with the cells grown on the Flat substrate. While W10 and W25 showed 
reduced XTT levels of  0.6 and 0.8 times lower than the Flat control. The metabolic activity was 
corrected by the flat group to exclude cell state variations. As metabolic activity may be associated 
to several processes, cell proliferation was investigated by using Ki67 immunostaining as a 
proliferation marker. Cells were allowed to spread freely on the represented topographic patterns 
of  Flat, W2 and W25 for 12 h, 24 h and 48 h (Figure S3a). The quantification of  the proliferation 
(Figure S3b) indicates that cell density increased during culture  for all used topographies. However, 
the proliferative capacity of  the cells is always higher on W2 for all time points and particularly 
after 24 h. The percentage of  Ki67-positive cells were found to be 37.2%, 53.8%, 39.1% on Flat, 
W2 and W25, respectively. The higher proliferative capacity is in good accordance with the XTT 
results. Since higher metabolic activity and proliferation require increased protein synthesis47, the 
protein production was also investigated as it could account for the macromolecular crowding. The 
cells cultured on the topographies W2 and W25 as well as those cultured on Flat were harvested 
after 24 h of  culture and lysed to determine total protein expression assay. As Figure 5d shows 
below, a significant difference is observed, as the total concentration of  protein of  Flat, W2 and 
W10 is 60 µg/ml, 200 µg/ml, and 80 µg/ml, respectively. The 2 µm wrinkle wavelength showed a 
significant increased protein expression compared to W25 and Flat. 
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Figure 5. The ROS generation, metabolic activity, and total protein expression of  HEK293T cells cultured 
on wave-like substrate. a, ROS generation of  HEK293T cells, cultured on different substrates, were analyzed 
by FACS. The chart shows the percentage of  ROS positive cells. b, Quantification analysis of  
immunofluorescence of  ROS generation about cells grown on PDMS substrates. Cells grown without ROS 
probe (wild type group (WT)) and cells treated with H2O2 (positive control group (PC)) works as negative 
and positive control group, respectively. The percentage of  ROS positive cells (%) and mean fluorescence 
intensity (M) were analyzed by Kaluza software. c, The metabolic activity of  HEK293T cultured on different 
substrates after 24 hours by XTT. d, Total protein expression of  cells grown on Flat, W2 and W25 substrates. 
Values are expressed as means and S.D., and obtained from three independent experiments. *p < 0.05, **p 
< 0.01, ***p < 0.001.  
 
4.4 Discussion 
 
The cell-material interface is of  great importance for tissue engineering and considerable research 
efforts have been devoted to the important influence of  topography on cellular activity like cell 
adhesion, reproduction, motility and differentiation. Macromolecular crowding takes place in the 
highly volume-occupied cytosol and has a profound impact on intracellular processes, reaction rates, 
and the physical property of  the cell. The mechanisms connecting external influences and 
intracellular behaviors is pivotal to understand the cell materials interfaces but it is still limitedly 
investigated. It has been demonstrated that the crowding inside the cell has a great influence on 
protein and nuclear generation, folding, diffusion, and enzymatic reactions. Previous studies focus 
on created a high crowding conditions by adding high concentrations of  macromolecules such as 
Dextran, Ficoll, PEG, and PVP that dehydrate cells to study the influence induced of  
macromolecular crowding on cell behavior. Although it provides insights, it does not illustrate what 
occurs naturally inside the cell. In this study we induce cellular alterations by means of  topography 
as cells would encounter when biomaterials are applied and study the influence it has on 



78 
 

macromolecular crowding inside HEK293T cells by using a FRET-based sensor rather than 
directing the crowding by means of  additives.  

As Figure 2 showed the wrinkle platform with different wavelengths and amplitudes have an 
influence on the cell crowding, and the W2 surface showed higher crowding than the other surfaces. 
As our previously work reported, the wrinkle topography can change the single cell stiffness and 
has an influence on single cell stiffness, stem cells growth on the W0.5 and W2 group showed 
higher stiffness than others and stem cells differentiation behaviors concomitantly changed17. 
Others also demonstrate that the microenvironment affects the mechanical properties of  cells, thus 
after cell adhesion and spreading, water efflux will lead to cell volume decreases and increased 
stiffness or comparable intracellular macromolecular crowding and strongly influences cell 
functions48. The inside stiffness change or the volume adjustment of  HEK293T growth on 
topographic surface need to further investigated as it could be an associated phenomenon with 
increased macromolecular crowding. 

To determine the cell and materials interfaces, the cell morphology change on the wave-like 
substrate were also investigated. Cell alignment and morphological features are essential for the 
cellular structural maturity and function expression of  various cells like fibroblast and 
cardiomyocytes49, epithelial cells50, endothelia cells51, vascular smooth muscle cells52, etc. Previous 
studies in our group have confirmed that aligned topographies induced human bone marrow 
derived-MSCs cells elongation53, and diverse cell aspect ratio (CAR) induced by the wrinkle 
topography. While the cell alignment and cell elongation shape did not play a key role in this case, 
it may well connect macromolecular crowding to such behaviors in other cell systems. While the 
general cell elongation here did not reach elongation factors as other studies, it provides us with 
the opportunity to identify whether cell elongation matters or that topography-driven influences 
may be cell type dependent. Various investigations have focused on the MMC and its influence on 
ECM secretion and collagen distribution, some of  the proved addition of  MMC can benefit the 
morphogenesis change of  murine kidney stem cells (KSCs) into extremely branched aggregates54. 
Since cell shape and size partly affect the heterogeneity of  cytosol components and further affected 
the crowding adjustment, cell area and nuclear area were also investigated. It can be clearly conclude 
from Figure 3a, Figure 3d and Figure 3e that the cell area and nuclear area were influenced by 
the wrinkle surface, bigger cell area and nuclear can be found on W2 substrate. 
 
It has been demonstrated that topography dimensions stimulated cell behaviors by modulate 
mechanical properties, like cytoskeleton organization, focal adhesion, and components of  YAP 
signaling cascade. Micro- or nanoscale topography medicated cell functions and mechanisms by 
regulated focal adhesion formation and focal adhesion maturation of  RhoA/ROCK pathway55. 
Immunofluorescent staining of  FA markers (Vinculin) were observed indicate that cells gathering 
on wav-like platform have an influence on cell adhesion distribution, and cell tension (myosin II) 
of  HEK293T were also regulated by substrate that cell growth on. The W2 surface showed higher 
focal adhesion and myosin II contractility, suggesting that the nano-topography regulate the cells 
mechanical transduction by focal adhesion and myosin contractility. Recent works suggested that 
YAP/TAZ entry in the nucleus occurs by LING-regulated nuclear stretching, increasing the 
throughput of  nuclear pores for the purpose of  enabling YAP/TAZ to be located into the nucleus 
and functions as crucial regulator for mechanical signals56. Even though some studies illustrate that 
macromolecular crowding has been shown to increase the nuclear localization of  YAP57, in this 
case, there is no difference in YAP-TAZ location on these substrates. Other investigations indicated 
that increased cell crowding can possibly induce the YAP/TAZ  turned off, and the YAP and TAZ 
integrate mechanical cues expression regulated response to the upstream signals and downstream 
response like the Hippo signaling, Wnt-YAP-TAZ signaling, or GPCR signaling58. Further 
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examination is needed to elucidate the components of  YAP/TAZ signaling cascade, such as the 
associated upstream regulators, in the regulation crowding stimulated by the topography platform. 
 
It has been demonstrated that molecular crowding played an important role in switching from 
oxidative phosphorylation to overflow metabolism59. Others established that macromolecular 
crowding improved the combination of  superoxide dismutase and xanthine oxidase and is 
beneficial to the function of  superoxide dismutase60. The ROS generation of  cells on the wrinkle 
surface were also investigated, but from the FACS analysis there is no significate difference among 
various substrate, suggestion that macromolecular crowding increase is not due to the topography 
induced generation of  reactive oxygen species.  
 
To further investigate the metabolic activity of  cells cultured on the wave-like topography, XTT 
assays were performed, and it can be conclude that higher metabolic activity can achieved in W0.5 
and W2. Also, the metabolic activity correlated well with the macromolecular crowding trend. The 
enhanced metabolic activity leading further to the proliferation of  the cells and subsequent to the 
protein expression inside the cells stimulated by topography stimuli, indicated that W2 exhibit 
higher proliferation capacity and expressed more protein than the other surfaces. We can conclude 
from that the more macromolecular crowding here may due to the more protein production 
because of  stimulated proliferation. While is may differ substantially between different cell types, 
for HEK293T cells the topography affects the proliferation and hence the cell metabolic activity 
as well as the cell spreading which are known to be correlated61. 
 
4.5 Conclusion 
 
In this study, topographic substrate with variable nano- or macro-scale size induced 
macromolecular crowding inside living HEK293T cells and various cell behaviors of  the material-
cells interfaces, e.g., cell shape, mechanical transduction, metabolic activity, cell proliferation, and 
protein production were investigated. To gain more insight, by controlling the PDMS synthesis 
ratio and plasma oxidation stress made it easily and efficient to fabricate the wrinkle patterns. It is 
worth noting that imprinting methods were used to remove chemical or stiffness influence in order 
to emphasize topological factors on cell behaviors. This study demonstrated that the topography 
dimension has an influence on cell macromolecular crowding, and the highest intensity was found 
for cells grown on W0.5 and W2. Furthermore, cell spread area and nuclei area were altered by the 
wrinkle surface. Substrates of  W2 induced higher cell area, showed higher metabolic activity and 
was associated with increased proliferation and therefore protein expression was increased. The 
increased macromolecular crowding in this case was found to be correlated with increased 
proliferation, which is induced by the topography. These findings provide more insights for 
macromolecular crowding induced by topography and contributes to better understanding the 
interaction between cells and biomaterials and by further extending this concept towards stem cells, 
many new insights for tissue engineering and regenerative medicine approaches may be elucidated. 
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4.6 Supporting information 

The wave-like topographies were generated of  varied dimensions (wavelength (W; μm) and 
amplitude (A; μm)) of  W0.5A0.05, W2A0.5, W10A3.5 and W25A3.6. The different surface 
topographies are further described as Flat, W0.5, W2, W10, and W25. The wavelength and 
amplitude are dependent and both increase simultaneously as is shown in Figure S1. 

 

Figure S1. Wavelength and amplitude of  the AFM images about the aligned wrinkle structured obtained 
after imprinting. Data are reported as mean ± standard deviation (SD) (n = 30 wrinkles). 

For the purpose to verification whether the crowding sensor was functional in living cells, 
HEK293T cells were transfected with the sensor and sensor sensitive for 175 mM sorbitol were 
imaged by delta vision elite confocal microscope. The sensor readout were determined from the 
slope of  the m-Citrine versus the m-Cerulean intensity and quantitative analysis concluded from 
Imag J software. After the addition of  175mM sorbitol, a clearly color change (Fig. S2a) and FRET 
ratio (Fig. S2b) change trend of  the sensor due to the osmotic upshift during time change, which 
is comparable to the results of  previous research. And the different values maybe due to different 
machine used and the cell culture environment. So we concluded that the crowding sensor works 
well inside the cells for monitoring and determination the FRET ratio change in living cells. 
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Figure S2. Monitoring cytoplasmic crowding in living cells. a, Confocal microscopy images and ratio metric 
FRET of  the sensor expressed in HEK293 cells in the presence or absence of  sorbitol. Scale bar, 63 µm. b, 
FRET ratios of  the sensor in HEK293 cells versus time during osmotic upshift. Experiments were 
performed in triplicates. Error bars are errors in the slopes of  m-Citrine versus m-Cerulean intensities of  
10-50 cells. 
 
Additionally, cell proliferation ability were  performed after cell freely spread on the represented 
topographic patterns of  Flat, W2 and W25 for 12 h, 24 h and 48 h by Ki67 immune-staining (Fig. 
S3a). The statistical analysis (Fig. S3b) indicate that cell density increased along the culture time 
and proliferative character of   24 h were retained higher than 12 h and 48 h. Ki67-positive cells 
interface with wrinkles for 24 h found in 37.2%, 53.8%, 39.1% on Flat, W2 and W25, respectively. 
Higher proliferative ability can be achieved on W2 than other groups. 

 
Figure S3. Ki67 proliferation assay. a, Representative images of  the HEK293T cells growth on wave-like 
patterns for 12 h,24 h and 48 h. Cell nuclear were stained in blue (DAPI) and proliferating Ki67 positive 
cells were stained in red. b, Average percentage of  Ki67positive cells. Data are shown as mean ± standard 
deviation (SD) (n = at least 200 cells), and data are shown as mean ± standard deviation (SD), three 
independent experiments, and *P < 0.05,**P < 0.01. The scale bar is 100 μm to all images. 
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