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ABSTRACT: Nanoscale surface topography is an effective
approach in modulating cell-material interactions, significantly
impacting cellular and nuclear morphologies, as well as their
functionality. However, the adaptive changes in cellular metabolism
induced by the mechanical and geometrical microenvironment of
the nanotopography remain poorly understood. In this study, we
investigated the metabolic activities in cells cultured on engineered
nanopillar substrates by using a label-free multimodal optical
imaging platform. This multimodal imaging platform, integrating
two photon fluorescence (TPF) and stimulated Raman scattering
(SRS) microscopy, allowed us to directly visualize and quantify
metabolic activities of cells in 3D at the subcellular scale. We
discovered that the nanopillar structure significantly reduced the cell spreading area and circularity compared to flat surfaces.
Nanopillar-induced mechanical cues significantly modulate cellular metabolic activities with variations in nanopillar geometry further
influencing these metabolic processes. Cells cultured on nanopillars exhibited reduced oxidative stress, decreased protein and lipid
synthesis, and lower lipid unsaturation in comparison to those on flat substrates. Hierarchical clustering also revealed that pitch
differences in the nanopillar had a more significant impact on cell metabolic activity than diameter variations. These insights improve
our understanding of how engineered nanotopographies can be used to control cellular metabolism, offering possibilities for
designing advanced cell culture platforms which can modulate cell behaviors and mimic natural cellular environment and optimize
cell-based applications. By leveraging the unique metabolic effects of nanopillar arrays, one can develop more effective strategies for
directing the fate of cells, enhancing the performance of cell-based therapies, and creating regenerative medicine applications.
KEYWORDS: Nanotopography, Nanopillar, Cell metabolism, Metabolic dynamics, Multimodal imaging, Multivariate analysis,
Unsupervised clustering

■ INTRODUCTION
Engineered nanoscale surface topography has demonstrated
significant potential in modulating cell-material interactions by
offering distinct physical cues to which cells respond.1−4 It can
effectively guide the interaction between materials and
biological systems, mimicking natural structures such as viral
spike proteins.5,6 Nanopillar arrays consist of repeating
patterns of freestanding cylinders, usually with diameters
measuring a few hundred nanometers. These nanopillar arrays
are notable for their high surface area-to-volume ratio,
biocompatibility, and precise control over their geometry and
material composition.7,8 Because of these beneficial properties,
nanopillar platforms are being developed for various
fundamental research purposes and clinical applications in
the biomedical field.9 Recent studies have employed nanopillar
arrays for a variety of purposes, including biomolecule delivery,
development of advanced nanobioelectronics for neuronal and
cardiac electrophysiology,10−13 and cancer malignancy detec-
tion platforms.14

Previous studies have shown that cells cultured on nanopillar
arrays exhibit markedly altered behaviors compared to those
grown on flat substrates, and the physical structure of
nanotopography can greatly impact cellular growth, adhesion,
proliferation and differentiation.15−19 It is crucial to under-
stand these physical alterations for optimizing the design and
application of nanotopographic materials in biomedical
contexts.20−22 Numerous studies have shown that nanopillars
can alter cell and nuclear biophysical properties such as the
stiffness and spreading area.23,24 However, the impact of
nanopillars on cellular metabolism has been less explored.
Understanding this has far reaching implications for the
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development of new biomedical technologies. For example,
modulating cellular metabolism through engineered surfaces
could enhance the efficacy of cell based therapies, improve the
design of drug delivery systems, and lead to novel approaches
for tissue engineering.25

Optical imaging technologies provide direct, noninvasive
means for investigating the metabolic activities of cells. We
have developed a multimodal optical imaging platform,
combining two-photon fluorescence (TPF) microscopy and
stimulated Raman scattering (SRS) microscopy, for visualizing
cellular metabolic activities in situ at the subcellular level.26,27

TPF microscopy allows for high resolution deep tissue
imaging, and more importantly, for evaluating cellular
metabolism via autofluorescence imaging of autofluorescent
biomolecules such as reduced nicotinamide adenine dinucleo-
tide (NADH) and flavin adenine dinucleotide (FAD).26,28,29

SRS microscopy enables the imaging of various biomolecules
(lipids, protein, etc.) based on their vibrational chemical
bonds.30−32 Combined with heavy water (D2O) labeling, SRS
can further visualize metabolic dynamics of biomolecules in
cells and tissues.33

In this study, we employed a novel multimodal optical
imaging platform combining TPF and SRS microscopy to
investigate the effects of nanopillar arrays on cellular
metabolism. Our findings revealed that nanopillar structures
not only altered cellular and nuclear morphologies but also
significantly influenced key metabolic processes. Specifically,
we observed that cells cultured on nanopillars exhibited
reduced oxidative stress, decreased protein and lipid synthesis,
and lower lipid unsaturation compared with those on flat
substrates. Through multivariate analysis, we identified distinct
metabolic profiles that clearly distinguished cells on nanopillar
surfaces from those on flat surfaces. Importantly, we found that
variations in nanopillar geometry, particularly the interpillar
spacing, had a more significant impact on cellular metabolic
activity than diameter differences. These insights enhance our
understanding of how engineered nanotopographies can be
used to control cellular metabolism and offer new possibilities
for designing advanced cell culture platforms and optimizing
cell-based applications in fields such as regenerative medicine
and drug development.

■ MATERIALS AND METHODS

Nanopillar Fabrication
Nanopillar chips were fabricated on a 4 in. fused quartz wafer. The
wafers underwent RCA cleaning using SC1 and SC3 solutions
followed by spin rinsing and drying. AZ 1512 photoresist was then
spin-coated at 4000 rpm for 45 s, achieving a thickness of
approximately 1.2 μm. Using a custom design file, the wafers were
patterned and exposed with a Heidelberg MLA system at 375 nm with
a dosage of 300. After patterning, the substrates were developed with
AZ400 developer for 30 s. Chromium (Cr) was deposited via an
electron beam evaporator. A lift-off process using RR41, acetone, and
isopropyl alcohol (IPA) followed, removing excess photoresist.

The substrates were etched for 50 min using reactive ion etching
(RIE) with argon (35 sccm) and chlorotrifluoromethane (25 sccm)
under conditions of 50 mT and 200 W. Subsequently, the wafers were
wet etched in a chromium etchant and then in a buffered oxide etch
(BOE) to remove the exposed quartz. Finally, the wafers were diced
into 1 cm × 1 cm chips for further preparation, and three different
configurations of nanopillars were tested with different diameter (d)
and pitch (p) sizes, d1p2.5 (diameter 1 μm, pitch 2.5 μm), d1p3.5,
and d2p4.5.

Nanopillar Preparation
Nanopillar chips were prepared for cell seeding following a previously
described protocol. In brief, the chips were sterilized and then washed
sequentially with ethanol and deionized (DI) water.34,35 After being
washed, they were air-dried. The dried chips were then subjected to
ultraviolet ozone (UVO) treatment for 10 min to clean the surface.

Following UVO treatment, the chips were incubated with a 0.1
mg/mL poly-L-lysine (PLL) solution for 30 min at room temperature.
After incubation, the chips were washed with DI water and
subsequently treated with a 0.5% glutaraldehyde solution, followed
by another incubation with the 0.1 mg/mL gelatin solution for 30 min
each. After these treatments, the chips were washed again with DI
water and stored in phosphate-buffered saline (PBS) until they were
ready for cell seeding.
Cell Culture and Seeding
HeLa cells (ATCC) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich, USA) and 1% penicillin-streptomycin
(P/S, Sigma-Aldrich, USA). Cells were detached using TrypLE
Express Enzyme (1X) (Gibco, USA). Following detachment, the cells
were centrifuged and the supernatant was removed to obtain a cell
pellet. This pellet was then resuspended in fresh DMEM.

For the media containing D2O, 10 mg of DMEM powder was
mixed with 4.7 mL of Milli-Q water (H2O). Then, 4.7 mL of D2O was
added to the culture medium along with 0.5 mL of fetal bovine serum
(5% FBS), and 0.1 mL of penicillin/streptomycin (1% P/S). The
solution was thoroughly mixed via vortex.

The cells were maintained in the incubator at 37 °C with 5% CO2.
For cell seeding, a droplet containing 50,000 cells was carefully added
to each nanopillar chip. The chips were then incubated at 37 °C for 8
h to allow the cells to fully attach and spread on the surface. Cells
were fixed with 4% paraformaldehyde (Electron Microscopy Sciences,
USA) for 10 min at room temperature, followed by three washes with
PBS. Next, the cells were permeabilized with 0.1% Triton X-100
(Sigma-Aldrich, USA) for 10 min at room temperature and washed
three times with PBS. Samples were then incubated for 5 min with
4′,6-diamidino-2-phenylindole (DAPI) (Thermo Scientific, USA) for
nuclear staining, followed by a 20 min incubation with Alexa 594-
phalloidin (Invitrogen, USA) at room temperature for actin staining.
Shape Analysis Method. Images were captured using an Echo

Revolve microscope equipped with a 20× Plan Fluorite objective.
Fluorescent image analysis and morphology measurements were
conducted using ImageJ 1.53 (NIH, US). The area, perimeter, and
circularity of the objects were calculated using the “Analyze Particles”
command in ImageJ. Circularity was computed using the following
formula:

Circularity
4 Area

Perimeter2= × ×

Label-Free Multimodal Optical Imaging
An upright laser-scanning microscope (DIY multiphoton, Olympus)
with a 25x water objective (XLPLN, WMP2, 1.05 NA, Olympus) was
utilized for near-IR throughput. Synchronized pulsed pump beam
(tunable 780−990 nm wavelength, 5−6 ps pulse width, and 80 MHz
repetition rate) and Stokes beam (wavelength at 1031 nm, 6 ps pulse
width, and 80 MHz repetition rate) were supplied by a picoEmerald
system (Applied Physics & Electronics) and coupled into the
microscope. The pump and Stokes beams were collected in
transmission by a high NA oil condenser (1.4 NA). In two photon
fluorescence (TPF) mode, pump laser beam at 781 and 860 nm were
used to excite reduced nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD) molecules, respectively. The
related filters for NADH and FAD are 460 ± 10 nm and 515 ± 10 nm
nm. All images obtained were 512 × 512 pixels, with a dwell time 8 μs
and average 2. In SRS mode, the fixed Stokes beam and a tunable
pump laser were used. A high optical density (O.D.) short-pass filter
(950 nm, Thorlabs) was used to completely block the Stokes beam
and only allowed the pump beam into a Si photodiode for the
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detection of the stimulated Raman loss signal. The output current
from the photodiode was terminated, filtered, and demodulated by a
lock-in amplifier at 20 MHz. The demodulated signal was input into
the FV3000 software module FV-OSR (Olympus) to generate image
during laser scanning. All images obtained were 512 × 512 pixels with
a dwell time 40 μs. The pixel size is 0.25 um x 0.25 um. Each image
series typically contained 3−5 cells. We acquired 10−12 slices per
image stack, with a step size of 1 um.
Image Segmentation
Before segmenting the images, all of the 3D image stacks were
compressed into 2D images for better display by selecting the
maximum intensity value along the z-axis for each x-y position.
QuPath36 was used to segment the cell cytoplasmic and nuclear
regions based on the protein image for all of the quantitative analysis
(Figure S2).
Multivariate Analysis
All analyses were based on the pixel values of ratiometric images.
20000 pixels were randomly chosen from cells on both flat and
nanopillar surfaces, and the generated data sets were used as the input
for the downstream analysis. Uniform Manifold Approximation and
Projection (UMAP), pairwise scatter plot, and hierarchical cluster
heatmap, and all of these data analysis pipelines were performed using
home-built python scripts.
Statistical Analysis
All of the quantitative results are from images of 10−12 cells cultured
on both flat and nanopillar substrates. One-way ANOVA tests were
performed through Python and GraphPad Prism. A p-value <0.05 is
considered statistically significant.

■ RESULTS AND DISCUSSION

Multimodal Imaging of Cells on Nanopillar Arrays

To study the effects of surface topography on cellular
metabolism, we first fabricated the nanopillar arrays for the
seeding of HeLa cells (Figure 1A). The process began with
photoresist coating and patterning, followed by chromium

deposition, lift-off, and deep reactive ion etching (DRIE). The
process concluded with wet etching, which defined the
nanopillar structures. These structures were then characterized
using scanning electron microscopy (SEM) to confirm their
precise architecture. Then, the nanopillar arrays were coated
with ECM to enhance cell attachment and proliferation. The
interaction of cells with these nanotopographies led to notable
cellular and nuclear deformation.

To study the metabolism alternation induced by nano-
topography, we employed a multimodal optical imaging
platform (Figure 1B). In TPF imaging mode, laser beams at
781 and 860 nm were used to excite reduced nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FAD) molecules, respectively. In SRS imaging mode, a
tunable pump laser beam (780−990 nm) and a fixed Stokes
laser beam (1031 nm) were used to visualize different
vibrational modes. Additionally, by incorporating 50% heavy
water (D2O) into the HeLa cell culture medium, we observed
the metabolic dynamics of the cells. This was evidenced by the
appearance of a new peak around 2100−2200 cm−1 in the
Raman spectra of HeLa cells, compared to the normal
condition without D2O. This peak signified the formation of
carbon-deuterium (C−D) chemical bonds in the newly
synthesized biomolecules. Corresponding SRS images visual-
ized newly synthesized proteins (CDP) and lipids (CDL),
providing insights into metabolic activities in cells. Further-
more, our findings indicated that newly synthesized lipids
(CDL) were primarily localized on the basal regions of the cells
(Figure S1). To capture these localized changes and provide a
comprehensive analysis, we employed 3D imaging to study
cellular metabolism in this study. For quantification and
display purposes, each 2D image represents the maximum
projection of the respective 3D image stack. By utilizing 3D
imaging, we were able to visualize and analyze the nanopillar-
induced alterations in cellular morphology and metabolism

Figure 1. Fabrication and characterization of nanopillar arrays and a multimodal imaging setup. (A) Schematic illustration of the fabrication process
of nanopillar arrays. Scanning electron microscopy (SEM) images showed the detailed structure of the nanopillars. Then, the nanopillars were
coated with extracellular matrix (ECM) proteins, followed by cell seeding, leading to cell and nuclear deformation observable under microscopy.
(B) Schematic figure of the multimodal optical imaging platform combining TPF and SRS enabled a 3D visualization of cells with high spatial
resolution and imaging of various biomolecules. (C) Raman spectra of HeLa cells under normal and 50% heavy water (D2O) conditions
highlighting the shifts in carbon−hydrogen (C−H) and C−D chemical bonds. SRS images revealed the C−D signal shown in the 50% heavy water
condition, allowing visualization of metabolic dynamics, including newly synthesized proteins and lipids.
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with improved accuracy and detail as compared to relying
solely on 2D imaging.
Morphology Changes of Cells and Nuclei on Nanopillar
Substrates

Fluorescent microscopy images and morphological analysis of
cells stained with actin-phalloidin and nucleus (DAPI) on the
nanopillar and flat surfaces showed that nanopillar sizes (pitch
and diameter) significantly impacted the cell area, cell
circularity, nuclear area, and nuclear circularity (Figure 2A).

We tested cells on various nanopillar configurations
including d1p2.5 (diameter 1.058 ± 0.062 μm, center-to-
center pitch 2.574 ± 0.184 μm, height= 1.552 ± 0.095 μm),
d1p3.5(diameter 1.011 ± 0.065 μm, center-to-center pitch
3.565 ± 0.054 μm, height= 1.558 ± 0.080) and d2p4.5
(diameter 2.077 ± 0.062 μm, center-to-center pitch 4.558 ±
0.052 μm, height= 1.554 ± 0.056), and flat substrate as
control. We have designated areas without nanopillars on the
chip to use as the internal control to enable a direct
comparison between flat and nanopillar regions (Figure 1A).
The different pitch and diameter parameters tested in the study
allowed for the investigation of the roles of surface topography
on cellular and nuclear functions.

Cells on nanotopographies showed a smaller cellular area,
with those cultured on d1p3.5 structures having the smallest
area (1206 ± 690.2 μm2), compared to those on flat surfaces
(1710 ± 936.7 μm2) (Figure 2B). This behavior aligned with
previous research which claimed that cells on nanotopog-
raphies tend to have a smaller area.17

Cells on nanopillar surfaces showed lower circularity values,
suggesting more deformation of cells with irregular shapes
compared with those on the flat surface (0.53 ± 0.16; Figure
2C). This implies that nanopillar surfaces promoted cell

elongation and cellular deformation due to the physical
constraints imposed by the nanopillars.

The shape of the nucleus also followed cellular morphology,
where cells on nanopillar surfaces had smaller nuclear areas,
with those cultured on d1p2.5 having the smallest nuclear area
(221.3 ± 44.25 μm2), compared to those on flat surfaces
(271.5 ± 61.45 μm2) (Figure 2D).

Interestingly, nuclear circularity showed an opposite trend to
that of cell circularity. Cells on nanopillar surfaces, such as
d1p3.5 (0.68 ± 0.09), had higher nuclear circularity compared
to those on flat surfaces (0.59 ± 0.09) (Figure 2E). This
suggests that while the cell body became more irregular on
nanopillar surfaces, the nucleus maintained a more regular
shape, possibly due to the cytoskeletal support that was
maintaining nuclear integrity.

These results highlight that such physical cues can impact
cellular functions such as differentiation, gene expression, and
metabolism that are crucial for cellular fate by changing cellular
and nuclear morphology.37,38

Cell Metabolism Alteration by Nanopillar−Cell
Interactions

Understanding cellular metabolism on engineered nano-
structured surfaces is crucial for advancing biomedical
applications. We investigated the effects of nanopillar
substrates on cellular metabolic processes spatially and
quantitatively, including the optical redox ratio, protein
turnover, lipid turnover, and lipid unsaturation levels, through
our multimodal optical imaging platform (Figure 3A).

FAD and NADH, functioning as electron carriers during
cellular respiration, play a key role in cellular metabolism.39

The optical redox ratio, defined as FAD/(FAD+NADH) ratio,
is a crucial indicator of cellular oxidative stress and

Figure 2. Morphological analysis of cells cultured on flat and nanopillar surfaces. (A) Cell area, (B) cell circularity, (C) nuclear area, and (D)
nuclear circularity quantified for cells on flat surfaces and nanopillar surfaces with different diameter and pitch configurations: d1p2.5, d1p3.5, and
d2p4.5. (E) Representative fluorescence microscopy images of cells stained for nuclei (blue) and actin (red) on flat and nanopillar surfaces.
Statistical significance was determined using the one-way ANOVA test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar, 40 μm.
d1p2.5: diameter of nanopillar is 1 μm and the center-to-center pitch between nanopillars is 2.5 μm.
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Figure 3. Multimodal imaging of metabolic activities of cells cultured on flat and nanopillar (d1p2.5) substrates. (A) 3D multimodal imaging of
HeLa cells showing various metabolic markers on flat and nanopillar substrates, respectively. (B−H) Visualization of the optical redox ratio, protein
turnover, lipid turnover, lipid unsaturation in cells on flat versus nanopillar surfaces, respectively. Protein turnover refers to the ratio of newly
synthesized proteins (CDP) to total protein (CHP), and lipid turnover represents the ratio of newly synthesized lipids (CDL) to pre-existing lipids
(CHL). (C, E, G, I) Quantitative analysis of optical redox ratio, protein turnover, lipid turnover, lipid unsaturation in cells on flat surfaces in
contrast to nanopillar surfaces. The analysis included the segmentation of cytoplasmic and nuclear regions for comparison (n = 10 cells). Statistical
significance was determined using the one-way ANOVA test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar, 10 μm.
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mitochondrial activity.40 While typically optical redox ratio was
associated with cytoplasmic and mitochondrial activities, it was
known that the nucleus also contains FAD and NADH.41,42

Recent studies characterized and compared the redox status
between nuclear and cytoplasmic compartments of cancer cells
to find the potential biomarkers for breast cancer aggressive-
ness.43 By analyzing the ratiometric images of FAD/(FAD
+NADH) (Figure 3B), we revealed that HeLa cells cultured on
nanopillar arrays exhibited a relatively lower optical redox ratio
in the nuclear regions compared to cells on flat substrates.
There was no difference in the redox ratios in the cytoplasmic
compartments between cells on different substrates. This shift
suggested that the unique topographical features of nanopillars
modulated mitochondrial function and redox homeostasis in

cells. Moreover, these findings showed that nanopillar arrays
increased the surface area with which cells interacted and
created distinct mechanical environments, influencing intra-
cellular signaling pathways that regulate oxidative stress
responses. The quantitative results of the optical redox ratio
(Figure 3C) further supported the notion that nanotopography
reduces the metabolic activities within the cells.

To investigate the metabolic dynamics of lipids and protein
in HeLa cells, we incorporated 50% D2O into cells and used
SRS imaging to detect the C−D bonds that represent newly
synthesized biomolecules within the cells (Figure 3D, F). The
protein and lipid turnover ratios of newly synthesized protein/
lipids to pre-existing protein/lipids were significantly lower in
cells cultured on nanopillar substrates, in both the nucleus and

Figure 4. Multivariate analysis of metabolic profiles in cells cultured on flat and various nanopillar surfaces. (A) UMAP analysis of pixel clusters
from cells on both flat (blue) and nanopillar (d1p2.5) surfaces (red). (B) Pairwise scatter plots of metabolic profiles of pixels including redox ratio,
lipid unsaturation, protein turnover, and lipid turnover. (C) Hierarchical clustering heatmap of metabolic profiles for cells on flat and nanopillar
(d1p2.5) surfaces. (D) UMAP analysis of pixel clusters from cells on different nanopillar configurations: d1p2.5 (red), d1p3.5 (purple), and d2p4.5
(green). (E) Pairwise scatter plots of metabolic profiles of pixels from cells across different nanopillar configurations. (F) Hierarchical clustering
heatmap of metabolic features for cells on different nanopillar configurations (d1p2.5, d1p3.5, d2p4.5). (G−J) Violin plots in the redox ratio,
protein turnover, lipid turnover and lipid unsaturation between cytoplasmic and nuclear regions for cells on nanopillar surfaces d1p2.5 and d1p3.5,
respectively (n = 10 cells). Statistical significance is determined by using one-way ANOVA test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001. d1p2.5: diameter of nanopillar is 1 μm and the pitch between nanopillars is 2.5 μm. d1p3.5: diameter of nanopillar is 1 μm and the pitch
between nanopillars is 3.5 μm. d2p4.5: diameter of nanopillar is 2 μm and the pitch between nanopillars is 4.5 μm.
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cytoplasm, compared to cells on flat surfaces (Figure 3E, G).
This difference implies that mechanical cues from the
nanopillars affected cellular signaling pathways involved in
protein and lipid biosynthesis and degradation. The altered
protein and lipid turnovers may have implications for cell
growth, differentiation, and response to environmental stimuli.
The mechanical stress triggered by nanopillar topography
likely played a critical role in modulating these cellular
processes, offering insights into how physical alterations from
the extracellular environment influence cellular metabolic
dynamics.

Lipid compositions are crucial for maintaining cell
membrane fluidity and facilitating cellular signaling. Lipids
with long saturated fatty acids can result in thicker, less elastic,
and less fluid membranes because of the tighter packing.
Unsaturated fatty acids do the opposite due to the kinked acyl
chains44 Recent research has shown that nontopographic
materials can enable transient openings and breach the nucleo-
cytoplasmic barrier.45 The mechanical stress induced by the
nanopillars likely affected lipid unsaturation level in cells
because they changed the cells’ physical properties. Figures 3H
and 3I show decreased lipid unsaturation in cells on nanopillar
substrates, potentially due to enhanced lipid desaturation
processes. This adaptation helped balance changes in the cell
membrane structure caused by the mechanical forces driven by
the nanopillars. The spatial distribution and quantitative
analysis between these metabolic changes highlighted the
complex relationship between cellular metabolism and the
physical properties of the nanopillar substrates. Nanopillar
arrays not only altered the mechanical environment of cells but
also influenced key metabolic pathways.
Multivariate Analysis of Metabolic Profiles

The intricacies of cellular metabolism are profoundly
influenced by the physical characteristics of the substrate on
which cells are cultured. To classify those cells based on their
metabolic activities and uncover correlations between various
metabolic features, we utilized multivariate analysis to explore
the metabolic alterations of cells grown on nanopillar surfaces
versus those on flat surfaces. Specifically, we randomly selected
20000 image pixels from 10 to 12 cells on both nanopillar
(d1p2.5, d1p3.5, d2p4.5) and flat substrates, with four
metabolic profiles for each pixel.

Notably, the UMAP (Uniform Manifold Approximation and
Projection) analysis, a dimensionality reduction technique for
visualizing high-dimensional data,46 clearly distinguished cells
cultured on nanopillar surfaces (d1p2.5) from those on flat
surfaces according to their metabolic profiles (Figure 4A). This
finding underscored the significant impact of nanotopography
on cellular metabolism, independent of morphological visual-
ization. Further examination through pairwise scatter plots
revealed distinct distributions of values of key metabolic
profiles (Figure 4B), emphasizing that the most significant
metabolism differences for classifying cells on nanopillar arrays
and flat surfaces were driven by the metabolic dynamics.
Additionally, the hierarchical clustering heatmap demonstrated
higher positive correlations between metabolic dynamics and
redox ratio/lipid unsaturation in cells on nanopillars compared
to those on flat surfaces (Figure 4C). The heatmap results
indicated that the interactions between the cell and nanopillars
could trigger interconnected metabolic activity alternations,
such as changes in protein and lipid turnover, which in turn
could significantly influence other metabolic profiles.

To delve deeper into how the geometry of nanotopography
affects the cellular metabolism, we expanded our multivariate
analysis to include different nanopillar configurations (d1p2.5,
d1p3.5, and d2p4.5). We compared nanopillar arrays with the
same diameter but different pitch parameters (d1p2.5 and
d1p3.5), and those with different diameters but the same
interpillar spacing (d1p3.5, d2p4.5). Interestingly, the UMAP
analysis distinctly separated the d1p2.5 clusters from the other
two configurations, while the d1p3.5 and d2p4.5 clusters
converged into a localized region (Figure 4D). This result
suggested that interpillar spacing played a more crucial role in
modulating cellular metabolism than the diameter. It aligned
with the hypothesis that increased spacing between nanopillars
induces more substantial changes in cell morphology,
subsequently altering the cellular metabolism. Pairwise scatter
plots further clarified these differences by revealing exclusive
metabolic profiles (Figure 4E). Hierarchical clustering
heatmaps based on the similarities of various metabolic profiles
cross different nanopillar configurations elucidated that cells on
nanopillars with larger interpillar spacing (d1p3.5) had
relatively lower correlation similarity between protein and
lipid synthesis compared to those with smaller interpillar
spacing (d1p2.5) (Figure 4F). Finally, a quantitative analysis of
each metabolic profile between d1p2.5 and d1p3.5 revealed
that larger interpillar spacing (d1p3.5) surfaces led to a lower
redox ratio, higher protein and lipid syntheses, and higher lipid
unsaturation (Figure 4G−J). These results underscored the
specific metabolic alterations achieved by manipulating the
geometry of nanopillars, particularly the interpillar spacing.
The ability to fine-tune cellular metabolism through
engineered nanotopographies offers valuable insights into
designing advanced therapeutic strategies and biomaterial
interfaces.

■ CONCLUSION
In this study, we utilized a novel multimodal optical imaging
platform that integrates TPF and SRS microscopy to visualize
and quantify cellular metabolic changes in response to
engineered nanotopographies. Our multimodal technology’s
key innovation of our multimodal technology was the
integration of two-photon fluorescence (TPF) and stimulated
Raman scattering (SRS) microscopy into a single, uniformed
platform. This platform allows for visualizing multiple
molecular and cellular features at the same region of interest.
Our results revealed that nanopillars not only altered cellular
and nuclear morphologies but also significantly influenced
cellular metabolic activities. Specifically, nanopillars led to
relatively lower oxidative stress and lipid unsaturation within
cells along with significantly reduced protein and lipid
syntheses. These alternations could be attributed to the
physical constraints imposed by nanopillars through mechano-
transduction mechanisms.47 Nanopillars likely created local
areas of high curvature on the cell membrane potentially
leading to clustering of mechanosensitive proteins such as
integrins.48 This clustering would activate various signaling
cascades to influence the cytoskeleton organization and cellular
metabolism. Furthermore, the nuclear deformation observed in
our study might lead to changes of chromatin organization,
potentially affecting gene expressions related to metabolic
processes.49 The reduced oxidative stress that we observed in
cells on nanopillars could be a result of mitochondrial
dynamics or activation of antioxidant pathways in response
to mechanical stress. Additionally, the decreased protein and
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lipid syntheses could be linked to AMPK signaling pathways
activated by nanotopography-induced mechanical stress.50 By
applying the multivariate analysis technique, we identified
metabolic differences between cells on nanopillars and those
on flat substrates. Notably, we observed that the geometry of
the nanopillars, particularly the interpillar spacing, had a
notable impact on cellular metabolic alterations, offering
deeper insights into modulating cellular metabolism via
engineered nanotopographies.50 Using hierarchical clustering
heatmaps, we captured cluster similarities and correlations
among various metabolic profiles, further elucidating the
interconnectedness of metabolic changes within cells.

Overall, these findings highlighted that the physical
microenvironment manipulation by the nanopillars induced
metabolic reprogramming in cells, which provided crucial
insights into how nanotopographies can be engineered to
modulate cellular metabolism and offer new possibilities for
biomedical applications. For instance, in drug delivery systems,
understanding how cells interact with and respond metabol-
ically to nanostructures could inform the design of more
effective nanocarriers, potentially improving drug uptake and
efficacy. For regenerative medicine strategies, engineered
scaffolds with defined nanotopographies could be created to
guide tissue formation by controlling cell metabolism,
potentially enhancing the success of tissue engineering
approaches. Moreover, the observed changes in lipid
metabolism and membrane properties on nanopillar substrates
could inform the development of new strategies for
manipulating cell membrane permeability with potential
applications in drug delivery and cell-based therapies.

From those nanopillar configurations tested in our study, we
revealed that controlling the interpillar space can cause more
significant effects on cell metabolism compared to nanopillar
diameter. However, to fully understand and harness these
effects, a wider range of nanopillar configurations need to be
tested for more precise and effective manipulation of cell
metabolism through nanotopographies.
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