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Micro/nano topographic structures have shown great utility in many biomedical areas including cell therapies,
tissue engineering, and implantable devices. Computer-assisted informatics methods hold great promise for the
design of topographic structures with targeted properties for a specific medical application. To benefit from these
methods, researchers and engineers require a highly reusable “one structural parameter — one set of cell re-
sponses” database. However, existing confounding factors in topographic cell culture devices seriously impede
the acquisition of this kind of data. Through carefully dissecting the confounding factors and their possible
reasons for emergence, we developed corresponding guideline requirements for topographic cell culture device
development to remove or control the influence of such factors. Based on these requirements, we then suggested
potential strategies to meet them. In this work, we also experimentally demonstrated a topographic cell culture
device with controlled confounding factors based on these guideline requirements and corresponding strategies.
A “guideline for the development of topographic cell culture devices” was summarized to instruct researchers to
develop topographic cell culture devices with the confounding factors removed or well controlled. This guideline
aims to promote the establishment of a highly reusable “one structural parameter — one set of cell responses”
database that could facilitate the application of informatics methods, such as artificial intelligence, in the rational
design of future biotopographic structures with high efficacy.

1. Introduction

Micro/nano topographic structures have extensive applications in
many medical fields, such as oral implants, orthopedic implants, and
cardiovascular stents (Fig. 1) [1-3]. The underlying mechanisms are
very complicated, including changing the conformation of adsorbed
proteins, modulating the focal adhesion activity and cytoskeleton dy-
namics, etc [4,5]. So far empirical “Trial and Error” is the most widely
adopted approach to develop micro/nano topographic structures that
can trigger desired cell responses [6]. In this manner, scientists fabri-
cated many micro/nano topographic structures and then tested their
influences on cell responses one by one to screen out an ideal candidate.
Although this approach has made a significant contribution to the
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development of biomaterials, serious problems such as low efficiency
still exist. Informatics-driven methods such as quantitative
structure-activity relationships (QSAR) have been proposed to address
this issue [7]. QSAR is a method to find the quantitative mathematical
relationship (often represented as “biological response = function (prop-
ertyl, property2, property3 ...)” between biological responses and phys-
icochemical properties (e.g., shape, dimension, density, stiffness, and
functional groups) through data mining based on a large-scale experi-
mental dataset. With informatics methods, the biological responses of
numerous complicated micro/nano topographic structures with
different structural parameters can be rapidly predicted, and a selected
set of highly promising candidates can be efficiently screened out to be
tested in the laboratory for following application in real medical devices.
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Fig. 1. Wide applications of biomicro/nano topographic structures in medical fields. Micro/nano topographic structures have an extensive application in many
medical fields, such as dentistry, orthopedics, cardiovascular, neurology, gastroenterology, hepatobiliary surgery, tumor therapy, etc.

Despite the promising prospects of informatics methods, the lack of
suitable high-quality databases significantly impedes their application
[8]. To establish high-quality databases of micro/nano topographic cell
responses, sufficient experimental data linking “one structural param-
eter” with “one set of cell responses” (named “micro/nano topographic
cell responses”) should be extracted and integrated from published
literature. However, contrary to the rapidly increasing number of pub-
lished papers, the reusability of micro/nano topographic structures to
guide cell responses seems low. For example, Oh et al. reported that
nanotubes with 70 nm-100 nm diameters showed better osteoblastic
differentiation than nanotubes with smaller diameters [9]. While Park
et al. found opposite results: nanotubes approximately 15 nm in diam-
eter were more favorable for osteoblastic differentiation than larger
tubes [10]. Prineas et al. noted that few studies on nanotoxicology
provide consistent results due to insufficient nanomaterial character-
izations and poorly defined experimental conditions [11]. Low reus-
ability has made it extremely difficult to establish a high-quality
database and seriously reduces the prediction capacity and accuracy of
the informatics-driven methods.

The highly variable reporting components of experimental results is
one of the reasons for the low reusability, and Minimum Information
Reporting in Bio-Nano Experimental Literature (MIRIBEL) has been
proposed to solve this issue [12]. However, even with MIRIBEL, reus-
ability is still unsatisfactory because there are many confounding factors
involved in the establishment and application of topographic cell culture
devices. For example, autoclaving, which is the most widely used ster-
ilization method in biological researches, was reported to probably
cause surface alteration of titanium nanotubes [13]; thus, the cell re-
sponses tested after sterilization actually cannot be precisely linked to
the structural parameters characterized before sterilization. In addition,
it was reported that some substrate materials for generating topographic
structures may be partially degraded by mRNA or protein extraction
reagents, which would cause degradation of experimental samples [14]
and then affect the accuracy of the gene expression or protein synthesis
results.

Therefore, it is necessary to carefully control or remove confounding
factors when developing and applying topographic cell culture devices
for the establishment of a highly reusable “one structural parameter —
one set of cell responses” database. Many potential confounding factors
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need to be taken into consideration. After careful dissection, we found
that these factors were derived from three major processes: 1) structure
generation, 2) cell culture, and 3) cell response analysis (Table 1). It then
came to us that a corresponding guideline based on removing these three
types of confounding factors may need to be proposed to guide re-
searchers to correctly achieve this purpose.

Developing biotopographic cell culture devices with controlled
confounding factors should become a preliminary requirement before
initiating micro/nano topographic cell response researches. It is the
authors’ ambition that the proposed guideline can greatly improve the
reusability of “one structural parameter — one set of cell responses”
research outcomes. After that, a high-quality database could be estab-
lished through data extraction and integration, and informatics-driven
methods such as QSAR can be applied in the efficient prediction and
rational design of biomicro/nano topographic structures, effectively
facilitating the development of advanced topographic biomaterials with
shorter research cycles, lower costs and ultimately wide applicability.

In this work, the classification and detailed reasons for the emer-
gence of confounding factors were first carefully dissected, and the
corresponding guideline requirements for topographic cell culture de-
vice development were proposed to remove or control them. Based on
these requirements, we then suggested potential strategies to meet them.
We attempted to develop a topographic cell culture device with
controlled confounding factors based on these guideline requirements
and corresponding strategies. During practice, some strategies were
confirmed to be effective, while others were proven to require further
optimization. After careful optimization, we successfully developed a
topographic cell culture device meeting most of the guideline re-
quirements, thus controlling or removing the unwanted confounding
factors.

2. Materials and methods

Fabrication and characterization of topographic structures with well-
defined parameters: Replica molding and polydimethylsiloxane (PDMS)
were chosen as fabrication method and substrate material respectively.
Briefly, the templates were thoroughly cleaned in milli-Q H,O and
ethanol by ultrasonic cleaning. The PDMS kit (Dow Corning, USA) was
mixed in the mass ratio of 10:1 (base: crosslinker) with mechanical
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Table 1
Confounding factors existing in topographic cell culture devices that impede the establishment of high-quality topographic cell responses database.
Steps Confounding factors derived from cell culture Example
device
Structure 1. Structural inconsistency in a surface Random topographic structures generated by surface roughening [37].
Generation 2. Inconsistent physical properties Inconsistent stiffness between control and topographies [38].
3. Additional bioactive chemicals Fluorine residual on the topographic structure after hydrofluoric acid treatment [39].
Cell Culture 1. Physicochemical instability during sterilization ~ Autoclaving sterilization process probably causes alteration of surface properties of titanium nanotube
Application [13].
2. Physicochemical instability during immersion During immersion, the topographies on biodegradable materials, such as PLGA, might deform due to
swelling or degradation [40].
3. Moveable or non-fixable during immersion Due to the low density, some cell culture devices, such as collagen membranes, cannot keep immobility in
the culture medium.
4. Cytotoxicity Many toxic reagents might be introduced during the fabrication process, such as the etching process in the
photolithography method.
Cell Response 1. Disturbed signal transmission and collection The opaqueness of some metal-made cell culture devices hinders the cell density and cell status

Analysis during the morphological assay

2. Non-fixable during cell adhesion force assay

assessment before cell response detection.
During hydrodynamic shear assay by shear force [41], the force may not be normally applied to cells on

non-fixable substrates.

3. Structural change during wound-healing assay
structures.

4. Interference with transmittance during

absorbance test

5. Interference with mRNA or protein extraction

During wound-healing assay, physical scratch using pipette tip [28] might destroy the topographic

Some topographic substrates change the transmission of visible light [42,43], thus interfering with the
detection of absorbance in CCK-8 or MTT assays.
The topographic substrates may react to the mRNA or protein extraction reagent, thus causing the

degradation of samples [14].

6. Interference with the relative quantification of
mRNA or protein expression

Topographic substrates can regulate cytoskeletal dynamic [31] so that may influence the expression of
some housekeeping genes, such as p-actin or a-tubulin, of which the constant expression in other cases was

helpful to correct sample loading deviation in RT-qPCR or WB.

stirring, which was then spread on the templates under vacuum (—0.1
MPa) for 30min. After being cured in the oven for 1 h at 100 °C, solid-
ified PDMS films with defined topographic structures were peeled off
from the templates gently. To improve the resolution of topographic
structures, n-hexane was added at different volume ratios to decrease
the viscosity of PDMS. The geometric morphologies of generated topo-
graphic structures were characterized by scanning electron microscope
(SEM, SU8220, Hitachi, Japan).

Assessment of chemical properties and structure-independent differences
in physical properties: The chemical composition was measured through
X-ray photoelectron spectroscopy (XPS, ESCALab250, Thermo Fisher
Scientific, USA), and the chemical bond and functional group distribu-
tion were measured through Fourier transform infrared spectroscopy
analyzer (FTIR, Nicolet/Nexus 670, Thermo Fisher Scientific, USA). The
surface stiffness was measured by atomic force microscopy (AFM,
Dimension FastScan, Bruker, Germany). To identify the experimental
conditions that affect surface stiffness, different ratios of coupling agent
(5:1, 10:1, 15:1, 20:1, 25:1) and different heating temperatures (80 °C,
100 °C, 120 °C, 140 °C, 160 °C) were applied to synthesize the
substrates.

Assessing the geometric and physicochemical stability of generated topo-
graphic structures during sterilization conditions: In ethanol sterilization,
substrates were immersed in 75% ethanol for 30min then dried in air at
room temperature; In UV sterilization, substrates were treated with UV
light for 30min (254 nm, 100 pW/cmZ) in a laboratory hood (about 50
cm from UV source). For autoclaving, substrates were placed in an
autoclave at 121 °C for 30min. In y-ray sterilization, substrates were
exposed to y-ray irradiation at 75 kGy with a dose rate of 10 kGy/h. After
sterilization processes, the geometric morphologies, surface stiffness,
chemical properties of sterilized and unsterilized topographic structures
were characterized respectively by SEM, AFM, XPS, and FTIR.

Assessing the geometric and physicochemical stability of generated topo-
graphic structures under immersion environment: PDMS substrates were
immersed in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher
Scientific, USA) or deionized water under a humidified environment (37
°C, 5% CO») for 0, 7, 14, 21, 28 days. Then the geometric morphologies,
surface stiffness, chemical properties of soaked and unsoaked topo-
graphic structures were further characterized as aforementioned.

Assessing the immobility of the cell culture devices during immersion:
PDMS substrates were adhered to the cell culture plate and immersed in
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DMEM under a humidified environment (37 °C, 5%CO,) for 1, 3, 5, 7
days. Then the interfaces between the substrates and the bottom of the
cell culture plate were observed. The side view pictures were taken by a
camera (D610, Nikon, Japan).

Assessing the structure-independent cytotoxicity: After being sterilized,
the cell culture devices were immersed by DMEM supplied with 10%
fetal bovine serum (FBS, Thermo Fisher Scientific, USA) and 1% peni-
cillin/streptomycin (Thermo Fisher Scientific, USA) for 24 h. Raw264.7
cells were seeded on a 96-well culture plate at a density of 2000 and
cultured with the collected immersion medium, then incubated in a
humidified environment (37 °C, 5%CO5). After 1, 3, and 5 days, cell
viability was detected by a CCK-8 assay.

Transparency, fluorescence interference, magnetic property assessment,
and cell morphology evaluation: The transparency of PDMS substrates
were recorded by a camera. The magnetic property was assessed by
direct SEM observation, XPS, and FTIR evaluation. Fluorescence inter-
ference was assessed by visualizing PDMS substrates under different
fluorescence channels. Then Raw264.7 cells were seeded on the sub-
strates at a density of 10%. Cell density and cell status were observed by
light microscopy (Axio vert.A1, Zeiss, Germany). Subcellular structures,
including nuclear, cytoskeleton, and focal complex were observed by
confocal microscopy (FV3000, Olympus, Japan) through visualizing
DAPI (Blue, Beyotime, China), Actin-Tracker (Green, Beyotime, China),
and Vinculin (Red, Abcam, USA). The direct interaction between the
cells and the topographic structures was observed by SEM.

Immobility assessment during shear stress and hydrodynamic flow assay:
DMEM was added into each well of the 12-well plate with or without
substrates. Then the plate was placed on an Orbital Shaker (Essenscien,
USA) at 200 rpm/min for 5 min, and the interfaces were observed as
aforementioned. After confirming the immobility during shear stress,
Raw264.7 cells were seeded on the substrates and cultured for 30 min at
37 °C with 5%COs, then the plate was placed on the oscillator at 200
rpm/min for 5 min. The supernatant was collected for further calcula-
tion of detached cells. The residual cells were scraped off to calculate the
adhered cells. The cell number was detected by a cellometer (Nexcelom
Bioscience, USA).

Geometric stability assessment after wound preparation and wound-
healing assay: To assess the geometric stability after wound prepara-
tion, Raw264.7 cells were seeded onto the substrates and incubated at
37 °C to obtain a confluent monolayer. Wounds were created on the
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Fig. 2. Removing or controlling confounding factors derived from structure generation. (A-C) Achieve a well-controlled “one structural parameter” difference: (A)
Schematic of generating topographic structures choosing replica molding as method and PDMS as substrate material. (B) SEM images of nanostructures generated by
PDMS diluted with n-hexane in different volume ratios, and (C) different micro/nano topographic structures generated after optimizing the viscosity of PDMS. (D-E)
Ensure consistent chemical properties: (D) Chemical formula of PDMS. (E) FTIR showed the chemical bonds of generated topographic structures. (F) XPS showed the
chemical composition and structure of generated topographic structures. (G-I) Achieve consistent structure-independent physical properties: (G) Young’s modulus of

PDMS in different experimental conditions. (H) Young’s modulus of the same topographic structure that prepared under different conditions. (I) Young’s modulus of

different topographic structures that prepared under the same condition.

surfaces by scratching with a 200 pL pipette tip and were observed by
SEM. To avoid the geometric change after physical scratching, healing
inserts were used to prepare the wounds, and the geometric stability was
testified by SEM. After that, the wound-healing process was captured at
0, 24, 48, and 72 h by a fluorescence microscope.

Confounding absorbance assessment and CCK-8 assay: To assess
whether the substrates would introduce confounding absorbance, the
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sterilized substrates were adhered to the bottom of the 96-well plates.
Detection reagents were added to each well and incubated at 37 °C with
5%CO; for 1h at dark. Then the absorbance at 450 nm was measured by
a microplate reader (BioTek, USA). To remove the confounding absor-
bance, the reacted solution was transferred to a new 96-well plate and
was measured again under the same condition. After that, Raw264.7
cells were seeded on the substrates with a density of 2000 and incubated
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for 24h, and a CCK-8 assay was performed in this way.

Assessment of mRNA quality and housekeeping genes expression: Total
mRNA was extracted by mRNA-Quick Purification Kit (ES Science,
China). The quantity and quality of the extracted mRNA were analyzed
by a spectrophotometer (NanoDrop One, Thermo Fisher Scientific,
USA). The expression of commonly used housekeeping genes (GAPDH,
18-S, p-actin, primers were outlined in Tab. S1) was assessed by RT-
qPCR. The melting curves were recorded to further assess the quality
of samples. CT (threshold cycle) values for each sample were recorded to
detect the expression of housekeeping genes.

Protein quality and housekeeping proteins expression assessment: The
cells were lysed by the mixture of RIPA (CWBIO, China) and Protease
inhibitor cocktail (CWBIO, China) for 30 min at low temperature. The
protein concentration was subsequently measured by BCA protein
quantitative kit (CWBIO, China). The expression of commonly used
housekeeping proteins was detected by western blot (a-tubulin 1: 5000;
B-actin 1:1000; GAPDH 1:50000). The semi-quantitative analysis was
carried out as previously described [15].

Statistical analysis: Data were analyzed using GraphPad Prism 7
(GraphPad Software, USA). Results were expressed in the form of mean
+ standard deviation (SD). Statistical analyses were performed accord-
ing to one-way ANOVA. Statistical significance was confirmed at P <
0.05.

3. Results and discussion

3.1. Removing and controlling confounding factors derived from structure
generation

Ideally, we would expect the generated topographic structures to
possess only one variant parameter, i.e. structure difference, so that we
can study the cell responses toward the pure structural parameter effect
without any side interference factors. However, the structural features
are sometimes poorly controlled because the size and shape controlla-
bility of some fabrication methods are unsatisfactory. For example, the
surface roughening methods cannot well control the size and shape of
topographic structures, so the random topographies generated by these
methods have multiple variable geometric parameters, and we cannot
precisely link the cell responses to “one structural parameter”. In addi-
tion, the chosen substrate materials are sometimes not compatible with
the chosen fabrication method. For example, when choosing substrate
materials with low mechanical strength, such as hydrogels, for the
model transfer methods, topographic structures cannot maintain integ-
rity during mold release. Well-controlled structural features thus
become the first requirement of topographic devices.

However, it is almost impossible to achieve only one variant
parameter due to the substrate materials having their physicochemical
properties. Hence, it is needed to carefully manage the physicochemical
properties of the substrates to avoid interference when studying topo-
graphic cell responses. Bioactive molecules can elicit significant effects
on cell responses no matter in planar or topographic surfaces [16],
which may lead to some side effects, affecting the investigation of sole
topographic structures-mediated cell responses. Hence, we would expect
that the surface chemistry is biologically inert and consistent among
different micro/nano structures so that it will bring minimal side effects
on cell responses when investigating the topographic
structures-mediated cell responses.

For physical properties (stiffness wettability, roughness, charge,
etc.), the structure-independent differences and structure-dependent
differences should be distinguished. The former ones are not elicited
by the topographic structures, and will trigger confounding cell re-
sponses, for which should be kept consistent. The latter ones are elicited
by the topographic structures, it is part of the mechanism by which the
micro/nano topographies regulate cell responses, and it is difficult and
inappropriate to eliminate these differences.

Therefore, to control this type of confounding factor, we need to
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generate micro/nano topographic structures with well-controlled “one
structural parameter”, achieve biologically inertness and consistent surface
chemistry, and ensure minimum structure-independent differences of physical
properties.

1) How to achieve a well-controlled “one structural parameter”?

To achieve this aim, researchers should first choose an appropriate
fabrication method, which has been thoroughly discussed in a review
paper [17]. Many fabrication or synthesis methods have been reported
to generate micro/nano topographic surfaces. Generally, those methods
can be divided into top-down methods including photolithography,
electron beam and X-ray lithography, reactive ion etching (RIE),
chemical etching, phase separation and anodization, and bottom-up
methods ranging from colloidal lithography, electrospinning to pattern
transfer (nanoimprinting and replica molding). The fabrication methods
should be chosen in accordance with the desired surface geometries. For
example, photolithography, electron beam and X-ray lithography, and
pattern transfer are suitable for generating surfaces with regular
micro/nano-patterns, including gratings, grooves, pillars, and nanopit
arrays [18-21], while electrospinning and phase separation are more
preferred when generating fibers in nanoscale [17]. To achieve one
structural parameter, fabrication accuracy and resolution should be
relatively high to avoid extra or not-intended topographies. In addition,
to fabricate numbers of different well-controlled topographic surfaces
and perform various biological characterizations, throughput should
also be focused. Replica molding is the method that can both generate
various topographic surfaces and possess high shape and size control-
lability, as well as good throughput [22]; therefore it well meets the
mentioned requirements. Thus, the replica molding (Fig. 2A) method
was chosen to generate topographic structures.

Next, a substrate material that is compatible with the chosen method
should be selected. For replica molding, the substrate material should
finely fit into the mold in the liquid state, be able to transform into a
solid substrate, and can be easily released from the mold. PDMS pos-
sesses sufficient elasticity, thermal curability, mechanical strength, and
superior mold-releasing properties [23]. It can thus finely fit the mold
and form a solid topographic substrate, and maintain structural integrity
during mold release, which is compatible with the replica molding
method. Hence, we chose PDMS as the substrate material to generate
topographic structures.

However, after choosing an appropriate fabrication method and
compatible substrate material, a well-controlled structural parameter
still cannot be achieved (Fig. 2B). We speculated that this might be due
to the high viscosity of PDMS, which might impedes its deformation.
Therefore, we diluted PDMS with n-hexane at different dilution ratios to
reduce the viscosity, and the results showed that the viscosity decreased
significantly with the increase in n-hexane in PDMS (Tab. S2). The SEM
images confirmed that diluting PDMS with n-hexane can effectively
improve the resolution of the generated nano-structures (Fig. 2B). In this
way, we successfully prepared a variety of micro/nano topographies
with high resolution that meet the requirements of cell response testing
(Fig. 2Q).

Therefore, after determining the appropriate method and material
for generating topographic structures, researchers should also optimize
the technique details and material parameters to improve the control-
lability of feature parameters.

2) How to ensure consistent chemical properties?

To further ensure minimum confounding chemical properties, bio-
logically inert substrate materials should be chosen, and the additional
chemicals used during the fabrication process should be thoroughly
removed. Although bioactive components, such as protein, ions, or
functional groups, are powerful for enhancing biological performance,
they are not recommended to be used for this application as the chemical
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respectively. (J) Avoid structure independent toxicity: cell viability when cultured with the immersion medium of different cell culture devices assessed by CCK-8.

signals can trigger compounding cell responses.

PDMS is a chemically and biologically inert substrate material
(Fig. 2D); thus, choosing this material and excluding any bioactive
molecule coating is the first consideration to avoid chemical con-
founding factors. The n-hexane used during the fabrication process may
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form a residue that can impede the chemical consistency among the
generated topographic structures, but it was expected that high-
temperature conditions during PDMS curing can promote the volatili-
zation of n-hexane. To determine whether n-hexane can be thoroughly
removed under this condition, we utilized gas chromatography. The
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results showed that there were no n-hexane peaks in our test samples
(Fig. S1), indicating that n-hexane was completely removed from the
substrates. To further assess the chemical properties, FTIR and XPS
characterizations were applied. The FTIR spectra of the three different
topographies showed similar peaks representing the chemical groups of
“Si-CHg”, “Si-O-Si”, and “-CH3” (Fig. 2E). XPS spectra also showed
similar peaks representing the elements of “Oys”, “Cys”, and “Sipp”
(Fig. 2F). The atomic ratios of C, O, and Si were also similar in different
topographic structures (Fig. S2A). They collectively indicated that the
generated topographic structures were only composed of pristine, bio-
logically inert PDMS without other chemical impurities, and they were
chemically consistent.

3) How to ensure minimum structure-independent differences of
physical properties?

It could have more than one type of confounding physical properties
(stiffness, wettability, roughness, and charge, etc.), depending on the
type of topographic structure and the way it is fabricated. All these
properties may influence cell responses, which should theoretically be
completely controlled or removed. Surface stiffness is easily influenced
in the chosen replica molding method, we thus took stiffness as an
example here to show the process of identifying and unifying the factors
that can affect physical properties.

During the generation of micro/nano structures through replica
molding using PDMS, we first assessed the effect of experimental details
such as heating temperature, and the ratio of coupling agent on the
surface stiffness of PDMS. The results showed that the heating temper-
ature and ratio of the coupling agent significantly affected Young’s
modulus of PDMS (Fig. 2G). The same topographic structure generated
by PDMS under different conditions showed a distinct Young’s modulus
(Fig. 2H). These results indicated that the difference in the heating
temperature and the ratio of the coupling agent would cause inconsis-
tent surface stiffness and thus should be carefully controlled during
structure generation. After finely unifying these experimental details,
the generated substrates with different topographic structures showed
similar Young’s modulus (Fig. 2I), indicating that we successfully ach-
ieved consistent surface stiffness among the generated micro/nano
topographic structures.

In summary, we found that inaccurate topographic structures,
bioactive or inconsistent surface chemistry, and structure-independent
differences in physical properties are the common confounding factors
during the structure generation stage. The application of the replica
molding method and PDMS substrate seemed to be feasible for con-
trolling these confounding factors, after optimizing the substrate mate-
rial parameters and technique details. It should be noted that stiffness is
not the only side physical property. Many more confounding physical
properties may come up in different types of topographic structures or
fabrication methods. Researchers can try to manage all of them by
referring to the way we control stiffness in this study. Other methods,
substrate materials, or strategies can also be utilized if they meet the
mentioned guideline requirements.

3.2. Controlling or removing the confounding factors derived from
topographic structures in cell culture

To prepare for cell culture studies, topographic structures should
undergo sterilization and immersion environments and be co-cultured
with cells. The common confounding factors include alterations of
topographic structures or their physicochemical properties during ster-
ilization or immersion, uncontrollable contact status between cells and
topographic structures due to the floating of substrate material upon
immersion, and the cytotoxicity of substrates. Hence, the topographic
structures should be able to maintain geometric and physicochemical
stability during sterilization and immersion. Further, immobility during
immersion also needs to be taken into consideration. For cytotoxicity,
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structure-related cytotoxicity and structure-independent cytotoxicity
should be distinguished. Structure-related cytotoxicity is part of the
entire cell response triggered by topographic structures, which does not
need to be monitored. Structure-independent cytotoxicity is mainly
derived from toxic chemical components, which damage normal cell
responses toward topographic structures and thus should be assessed
and eliminated. Collectively, to control confounding factors during the
cell culture process, the generated micro/nanostructures should act as
immobile cell culture devices with geometric and physicochemical stability
during sterilization and immersion and no structure-independent cytotoxicity.

1) How to achieve geometric and physicochemical stability during the
sterilization process?

Widely used sterilization methods include autoclaving (AU), ultra-
violet irradiation (UV) or y-ray irradiation (y-ray), and ethanol immer-
sion (EI), etc. Different sterilizing methods may elicit distinct effects on
the model topographic structures, resulting in the damage of structural
signals. Therefore, we need to test the geometric and physicochemical
stability of candidate substrate materials under the chosen sterilization
methods before the formal experiments and determine the appropriate
sterilization method.

After glass transition, PDMS possesses superior thermostability and
irradiation stability and is also stable in ethanol. Hence, we hypothesize
that the micro/nano structures generated by PDMS can maintain geo-
metric and physicochemical stability during commonly used steriliza-
tion methods. We then performed EIL, UV, AU, and y-ray treatment of the
PDMS substrates and characterized their geometric morphologies,
stiffness, and chemical properties. Compared with unsterilized sub-
strates, the geometric morphologies of the substrates disinfected by the
four methods were unaltered (Fig. 3A). Both the XPS and infraed spectra
of the substrates disinfected by the four sterilization methods were the
same as those of unsterilized substrates (Fig. 3B and C), and the atomic
ratios were also similar in different sterilization groups (Fig. S2B). In
addition, Young’s modulus of substrates disinfected by the four sterili-
zation methods was similar to that of unsterilized substrates (Fig. 3D).
These results indicated that generated PDMS substrate material-based
topographic structures can keep geometric and physicochemical stabil-
ity during different sterilization processes.

2) How to achieve geometric and physicochemical stability during
immersion?

To maintain geometric and physicochemical stability during im-
mersion, the swellability and degradability of substrate materials should
be carefully considered. PDMS is chemically inert and does not swell or
degrade when in contact with water; therefore, we hypothesized that it
can maintain geometric and physicochemical stability during immer-
sion. To confirm this assumption, we immersed the PDMS substrates
with nanotopography in Dulbecco’s Modified Eagle Medium (DMEM)
and then characterized their geometric and physicochemical stability.
Interestingly, we found that the geometric morphology changed grad-
ually over time (Fig. S3), which was different from our assumption. This
was probably due to the organic substances in DMEM adsorbing to the
surface, which is one of the structure-dependent effects but interfered
with assessing the structural change mediated by swelling or degrada-
tion. This indicated that DMEM might be not appropriate for using as the
assessment medium when evaluating the stability of topographic
structures during immersion, and another assessment medium should be
selected to avoid this problem.

It has been reported that the mineral salt in PBS can adsorb to the
surface of some substrate materials, such as magnesium [24] and nacre
[25], so that it may cover the topographic structures. Hence, we thought
that deionized water would be the most suitable candidate for the
assessment medium because it can avoid solution components adsorbing
to topographic structures so that the geometric change mediated by
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Fig. 4. Controlling or removing the confounding factors derived from micro/nano topographic structural cell response detection. (A-F) Ensuring precise cell
morphology evaluation: (A) Translucency assessment. (B) Observe cell density and status without confounding factors through optical microscopy. (C) Fluorescence
interference assessment. (D) Observe subcellular structures without confounding factors. (E) Magnetic properties assessment. (F) Observe the interaction of cell and
topographic structure without confounding factors. (G-H) Ensuring precise cell adhesion affinity evaluation: (G) Pictures of the generated cell culture devices after
undergoing shear stress. (H) Evaluating cell adhesion affinity without confounding factors. (I-J) Ensuring precise cell migration evaluation: (I) Assessing the integrity of
topographic structures after preparing wound by pipette tip scratching or healing inserts through SEM. (J) Evaluating cell migration without confounding factors. (K-
M) Ensuring precise cell proliferation evaluation: (K-L) The influence of topographic structures on absorbance with or without the detection reagents of CCK-8 assay,
and removing the confounding absorbance by detecting without substrate materials. (M) Evaluating cell proliferation without confounding factors by the optimized
protocol. (N-S) Ensuring precise gene expression and protein synthesis evaluation: Assessing the concentration (N, O) and the quality (P, Q) of the mRNA or the protein
Extracted from the cells cultured on the substrate materials. (R, S) Evaluating the expression of housekeeping molecules in RT-qPCR and WB assays.

<

Table 2
Guideline for the development of topographic cell culture devices with controlled or removed confounding factors.
Stage Requirements Strategies Notes
Structure generation “One structural parameter” 1. Select a fabrication method with high accuracy, Replica molding may be a feasible method, others can also
related assessments difference high throughput in accordance with the desired be selected if meeting these requirements
surface geometry
2. Select an appropriate substrate material that Material selection should meet other requirements
compatible with the chosen method
3. Optimize the technique details and material The details need to be optimized vary with methods
parameters
Minimum and consistent chemical 1. Choose a biologically inert material Because the chemical molecules-induced cellular effects
properties 2. Avoid bioactive coatings will interfere with investigating the sole topographic
3. Thoroughly remove the chemical residues structures-mediated cell responses
Consistent structure-independent 1. Unify the fabrication conditions to control the Its main affecting factors may be various in different
differences in physical properties surface stiffness methods

2. Other types of confounding physical properties (wettability, roughness, and charge, etc.) should also be managed
by referring to the way we control stiffness.

Cell culture related Geometrically and Choose a material that is stable under sterilization Stability in high temperature, irradiation, and ethanol, etc.
assessments physicochemically stable under condition, and select its compatible sterilization should be considerate
sterilization method
Geometrically and Choose an un-swellable and un-degradable material ~ Deionized water is suggested to be the assessment medium
physicochemically stable during
immersion
Immobile during immersion Choose a material with high density or fixable Material selection should meet other requirements
property
No structure-independent toxicity 1. Thoroughly remove the chemical residues
2. Choose an un-degradable material
Cell response analysis ~ For morphological assay: Choose a material that is transparent, non- Material selection should meet other requirements
related assessments Not disturb signal transmission and magnetic, non-autofluorescence
collection
For hydrodynamic flow assay: Choose a material with high density or fixable Material selection should meet other requirements
Immobile during shear stress property
For wound-healing assay: Prepare wounds by healing inserts rather than Commercial or self-designed healing inserts both can meet
Geometrically stable after wound physical scratching the requirement
preparation
For CCK-8, MTT assays: Detect the absorbance without the substrate Ensure the same volume reaction reagent being transferred
Not to bring absorbance difference materials to the new plate
For RT-qPCR, WB assays: 1. Choose a material with low solubility in the cell = Material selection should meet other requirements
Not affect sample quality and internal ~ lysis reagents.
reference 2. Carefully choose internal reference B-actin is not stably expressed on different topographies

There are a large number of methods for analyzing cell responses. The management of confounding factors should be carried out following our guideline,
when other cell response detecting methods are performed.

swelling or degradation can be assessed without interference. Thus, the during immersion. To verify this assumption, we added DMEM to the
geometric and physicochemical stability of PDMS substrates was tested culture plate and different substrates for 1, 3, 5, and 7 days. Interest-
by immersion in deionized water. The results showed that the geometric ingly, the results showed that the substrates still adhered well to the
morphologies (Fig. 3E), chemical properties (Fig. 3F and G; Fig. S2C), bottom of the cell culture plate (Fig. 3I). This indicated that the cell
and surface stiffness (Fig. 3H) of different substrates were stable during culture devices generated by PDMS can maintain immobility during
28 days of soaking. immersion. This is because of the binding force between PDMS sub-
Therefore, in addition to carefully choosing non-swellable and non- strates and the culture plate, which can finely compensate for its rela-
degradable substrate materials, researchers should also select an tively low density.
appropriate assessment medium when evaluating the geometric and Therefore, high density is recommended but is not a necessity when
physicochemical stability during immersion. Generally, deionized water choosing substrate materials. For substrate materials with a relatively
is recommended as the assessment medium. lower density, such as some synthetic or natural polymers, there should
be other retention mechanisms, such as adhesive ability or artificial
3) How to achieve immobility during immersion? retention design, to maintain the immobility of the cell culture devices

during immersion.
To maintain immobility during immersion, it is recommended to

choose a substrate material with a relatively high density. The density of 4) How to avoid structure-independent cytotoxicity?
PDMS is approximately 965 kg/m>, lower than the density of water and
culture medium, so PDMS substrates may not maintain immobility To avoid structure-independent cytotoxicity, the cell culture devices
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Table 3

Cell culture devices qualification report. After developing topographic cell cul-
ture devices based on the guideline, researchers should report the controlling of
confounding factors.

1. Structures Fabrication Related Confounding Factors Testing
O Well-controlled “one structural parameter” difference
Supporting testing results: e.g., SEM demonstrated that the shapes of nanopores are
similar, pore size is the only one variable structural parameter (50 nm, 100 nm,
200 nm), and other structural parameters are consistent between different topographies
(pore depth: 50 nm; pore interval: 100 nm).
O Minimum and consistent chemical properties
Supporting testing results: e.g., XPS and FTIR spectra showed no unwanted chemical
elements or bioactive functional groups, and similar peaks between different topographic
structures;
O The consistent structure-independent difference in physical properties
Supporting testing results: e.g., AFM show similar Young’s modulus between different
substrates

2. Cell Culture Related Confounding Factors Testing
O Geometrical and physicochemical stability during the sterilization process
Supporting testing results: e.g., SEM showed no obvious change in topography after
sterilization. XPS, FTIR, and AFM proved no physicochemical alteration after
sterilization.
O Geometrical and physicochemical stability during immersion
Supporting testing results: e.g., SEM showed no obvious change in topography after
immersion. XPS, FTIR, and AFM proved no physicochemical alteration after immersion.
O Immobile during immersion
Supporting testing results: e.g., It can be visible that the substrates wound not float during
immersion
O No structure-independent cytotoxicity
Supporting testing results: e.g., CCK-8 showed good cell viability in the soaking medium of
substrates

3. Cell Response Analysis Related Confounding Factors Testing
O For light microscopy: Transparency
Supporting testing results: e.g., It can be visible that the substrates were transparent
O For confocal microscopy: No fluorescent interference
Supporting testing results: e.g., Confocal microscopy exhibited no fluorescent interference
O For SEM: Non-magnetic
Supporting testing results: e.g. XPS showed no magnetic elements in the cell culture device
O For hydrodynamic flow assay: Immobile during shear stress
Supporting testing results: e.g., It can be visible that the substrates wound not float under
shear stress
O For wound-healing assay: Geometrical stable after wound preparation
Supporting testing results: e.g., SEM showed no change of the topographies after wound
preparation.
O For CCK-8, MTT assays: Not to bring absorbance difference
Supporting testing results: e.g., CCK-8 showed no confounding absorbance
O For RT-qPCR, WB assays: Not affect sample quality
Supporting testing results: e.g., Spectrophotometry demonstrated a good quality of the
mRNA extracted from the devices (A260/A280 > 1.8, A260/A230 > 1.8).
O For RT-qPCR, WB assays: Not affect internal reference
Supporting testing results: e.g., we chose GAPDH as an internal reference, which stably
expressed on different topographic structures.

should not contain toxic chemical substances, including chemical resi-
dues or toxic substances released during degradation.

The PDMS substrate is biologically inert, without chemical coating,
and n-hexane was thoroughly removed during the fabrication process.
Additionally, PDMS is not degradable in the cell culture medium. Hence,
it is anticipated that the cell culture devices generated by PDMS do not
exhibit structure-independent cytotoxicity during the cell culture pro-
cess. To further confirm this assumption, the cell culture devices with
different topographic structures were immersed in the cell culture me-
dium to collect the soaking medium, which contains the releasable
components of the substrates. Then cells were co-cultured with the
soaking medium, and the cell vitality was evaluated. The results
demonstrated that the cell vitality levels in the three groups on days 1, 3,
and 5 were similar (Fig. 3J), which confirmed that the generated topo-
graphic structure did not exhibit structure-independent cytotoxicity and
can be used for cell culture without introducing confounding factors.

Collectively, we determined that the common confounding factors in
the cell culture application stage include the geometric or physi-
ochemical alteration during sterilization and immersion, floating of
substrate material, and structure-independent cytotoxicity. Our results
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indicated that the generated topographic surfaces are free from these
confounding factors. It should be noted that we only examined some
common confounding factors, while the confounding factors derived
from the sterilization and immersion processes could be many more.
Researchers should try to eliminate or control all of them following their
project requirements.

3.3. Controlling or removing the confounding factors derived from
topographic cell response analysis

Cell response analysis is the core step in determining cellular re-
sponses to surface topographic structures. In this process, cell responses
such as morphology, adhesion, migration, proliferation, and differenti-
ation are assessed by different experimental methods. Ideally, we would
expect that the detection processes would be carried out without the
participation of the substrate material to minimize confounding factors.
However, many experimental methods must be carried out directly on
the substrate material, such as cell morphology observation through
microscopy, cell adhesion evaluation, and migration evaluation. Hence,
for all cell response analysis methods of interest, researchers should
carefully analyze the possible confounding factors and then try to
remove or control them.

To show the process of identifying and controlling confounding
factors in different cell response evaluations, we need a model cell for
further investigation. Immune cells can actively interact with the
topographic bio-interfaces and regulate the outcome and long-term
performance of the implanted biomaterials. In this interaction, macro-
phages are the main effector among them due to their high plasticity.
Raw 264.7 is a widely used cell line of macrophage [26,27]. Therefore,
we selected raw 264.7 cells as the model cells.

1) Controlling or removing confounding factors during cell morphology
evaluation.

Cell morphology evaluation includes observing the overall cell
density and cell status, cell shape, and subcellular structures. To
comprehensively assess the cell morphology toward biomicro/nano
topographic structures, different experimental methods can be used,
such as optical microscopy, confocal microscopy, and scanning electron
microscopy. Because the cell morphology is adhesion-dependent, they
cannot be detected without the existence of cell culture devices.
Generally, the devices should not disturb signal transmission and
collection during cell morphology evaluation.

Optical microscopy provides a convenient way to observe the overall
cell density and cell status in real-time before formal cell response
analysis, which is important for cell responses toward biomicro/nano
topographic structures. Because most of the optical microscopes equip-
ped in the laboratory are transmission light microscopes, it is better for
the cell culture devices to be transparent. It is thus recommended to
choose substrate materials with high translucency. PDMS is a substrate
material with high translucency (Fig. 4A), so we can conveniently
observe the overall cell density and cell status with the direct existence
of substrates (Fig. 4B).

Confocal fluorescence microscopy can greatly improve the resolution
and contrast of traditional microscopy, which makes it a great tool for
studying cell shape and subcellular structure observation. In this
method, subcellular structures are observed by recording the fluores-
cence emitted from an object. It is thus recommended to choose sub-
strate materials without autofluorescence or the capacity to adsorb
fluorescence molecules. PDMS does not have autofluorescence and will
not swell or adsorb fluorescent molecules (Fig. 4C); thus, we successfully
observed cell shape and subcellular structures such as filopodia and
cytoskeleton, without any interference (Fig. 4D).

Scanning electron microscopy is a useful tool to study the direct
interaction between cells and micro/nano topographic structures
because of its nanoscale resolution. Magnetic components (such as Fe,



Y. Guo et al.

A. Develop topographic cell culture
device with well-controlled
confounding factors

Guidelines

B. Provide the cell culture
device qualification reports

opographi el
Culture Device Development

O]
<> %
[—

D. Provide a minimum

E. Highly reusable "one structural
information report

46w : ‘ol l il||

One set of cell response

Data Mining
&
Feature Extraction

parameter-one set of cell response” data
P

One structural parameter
—— = Adhesion e §
I ! Cell-cell interaction =
( | ) - Qualified &
= = “ ~ Migration ~ Proliferation reusable data

G. Informatics ways-driven efficient bio-micro/nano topographic material development

Bioactive Materials 8 (2022) 515-528

C. Initiate cell response research

F. Inclusion of the qualified data
into database

Data collection & integration

Data storage

[iitie

i

QSAR
i dl

QSAR Model

[

Cell-topography
Response Prediction

Virtual Screening

Design the Topographic
Structures

Fig. 5. Schematic figure. Efficient biomicro/nano topographic material development procedure. (A-B) Develop cell culture devices based on this guideline to remove
or control confounding factors before initiating biotopographic cell response research projects, then provide a “cell culture devices qualification report™ to report the
information of structural parameters and controlling for all the related confounding factors. (C-D) Initiate cell response research then provide a “minimum infor-
mation report” that recording all the conditions when carrying out cell culture and analysis. (E-F) Obtain highly reusable “one structural parameter — one set of cell
response” data and establish a high-quality database. (G) Virtual topographic structures prediction, screening and design based on the high-quality database.

525



Y. Guo et al.

Co, and Ni) would seriously disturb the observation through SEM.
Hence, it is recommended to choose substrate materials without mag-
netic components. PDMS contains no magnetic components (Fig. 4E);
thus, we successfully observed the direct interaction between the cell
and the geometric topographic structures through SEM without inter-
ference (Fig. 4F).

2) Controlling or removing confounding factors during cell adhesion
affinity evaluation.

Hydrodynamic flow assay is a widely used method to assess cell
adhesion affinity. In this assay, the cell culture devices should undergo
shear stress. Stress may not be normally applied to cells when the cell
culture devices cannot maintain immobility under shear stress. Thus, the
selected substrate material should possess sufficient immobility to un-
dergo the hydrodynamic flow assay.

As mentioned above, PDMS can maintain immobility by adhering to
culture plates. However, whether it is enough to undergo shear stress is
unknown. We examined the immobility of the cell culture devices under
the condition of hydrodynamic flow assay. The results showed that the
cell culture devices would not float into the culture medium (Fig. 4G),
indicating that they meet the requirement of cell adhesion evaluation.
Then, cells were seeded into the devices to formally carry out the hy-
drodynamic flow assay, and the total cell number, adhesion fraction,
and disconnection fraction were successfully acquired without inter-
ference (Fig. 4H), which can indicate the cell adhesion affinity to the
generated topographic structures.

3) Controlling or removing confounding factors during cell migration
evaluation.

Wound-healing assays are widely applied to evaluate the cell
migration response toward micro/nano structures. In this assay, a
wound is prepared after the cells form a confluent monolayer to expose
the pristine topographic structures and then observe the cell migration
response. To ensure that the acquired cell migration response is pre-
cisely linked to the designed topographic structures, the topographic
structures should be geometrically stable after wound preparation.

Despite the convenience of preparing wounds by scratching using a
pipette tip [28], the changes in topographic structures after scratching
were often neglected. To assess the geometric stability of our cell culture
devices in this process, the topographic structures after wound prepa-
ration by physical scratching were observed through SEM. The results
showed that the structures changed significantly (Fig. 4I), with cell
debris seemingly covering the topography. This indicated that physical
scratching would cause confounding factors in the wound-healing assay.
Alternatively, healing inserts are available for generating wounds
without physical scratching [29,30], which occupy the position of the
designed wound during cell seeding and are removed after cells
confluent. We thus used healing inserts to generate wounds and then
assessed the geometric stability. It can be seen that the geometric
topography did not change (Fig. 4I), indicating that the above con-
founding factor had been effectively removed. Then, a wound-healing
assay was successfully conducted without confounding factors (Fig. 4J).

Therefore, when evaluating the cell migration response toward
micro/nano topographies by wound-healing assay, it is recommended to
prepare the wound using healing inserts rather than by physical
scratching.

4) Controlling or removing confounding factors during cell prolifera-
tion evaluation.

Cell proliferation is usually evaluated by CCK-8 or MTT assays by
measuring the absorbance of the detection reagent after interacting with
cell metabolic enzymes. In this process, the detection reagent and cell
culture devices are all located between the optical transmitter and the
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optical receiver and are transmitted by the light of a defined wavelength.
Thus, the effect of topographic substrates on absorbance should be
carefully assessed.

We carried out a CCK-8 assay on substrates without cells. In this case,
the absorbance should be similar among different groups. However, the
cell culture devices with nanotopography showed an increased absor-
bance (Fig. 4K). There were no cells on the devices, implying the
increased absorbance was probably derived from the devices them-
selves. Thus, we further investigated the absorbance of the topographic
cell culture devices themselves without the reagents of the CCK-8 assay.
The results showed a similar trend (Fig. 4K), which verified that the
increased absorbance was caused by the topographic substrate. These
results indicated that topographic substrates may absorb the detecting
light, which might becomes a confounding factor for the absorbance
assays.

To remove this confounding factor, the protocol should be opti-
mized. We transferred the detection reagent mentioned above to a new
cell culture plate without substrates to detect the absorbance, and the
results showed that the absorbance was similar in different groups (Fig
4L), indicating that confounding factors were successfully eliminated.
After that, cells were seeded directly onto the cell culture devices, and
the direct cell proliferation response on different topographic structures
was evaluated by the optimized protocol (Fig 4M).

Hence, in absorbance assays, such as evaluating cell proliferation
through CCK-8 or MTT assays, it is recommended to detect the absor-
bance without substrate materials after the reaction between the cell and
the detection reagent.

5) Controlling or removing confounding factors while evaluating the
expression of genes or proteins.

RT-qPCR (Real-time quantitative polymerase chain reaction) and WB
(Western blot) are the most widely used methods to assess the expression
of genes and proteins, respectively. However, topographic substrates
may react to mRNA or protein extraction reagents, thus causing sample
degradation [14]. In addition, it was reported that topographic struc-
tures can regulate cytoskeletal dynamics [31] and may influence the
expression of some cytoskeleton-related housekeeping molecules, of
which the constant expression in other cases is utilized to correct sample
loading deviation in RT-qPCR or WB assays. These confounding factors
will impede the reusability of the results. Hence, during RT-qPCR and
WB assays, the substrates should not affect sample quality and the
expression of internal references. To meet these requirements, the cho-
sen substrate material should not be obviously dissolved by the lysis
reagents, and it is necessary to choose the stably expressed internal
references.

PDMS was reported to possess low solubility [32] in many organic
solvents, such as phenol, which is the main component of the lysis re-
agents. We thus hypothesized that it will not be obviously degraded by
the lysis reagents and affect the sample quality. To verify this assump-
tion, we extracted mRNA and protein samples from the cells cultured on
our cell culture devices and characterized their quality, the results
showed that sufficient mRNA and protein could be extracted (Fig 4N,
40). The absorbance ratio of mRNA at 260 nm/280 nm was approxi-
mately 2.0, while that at 260 nm/230 nm was approximately 2.05 (Fig
4P). When RT-qPCR was performed using the extracted mRNA, the
melting curves of housekeeping genes (GAPDH, p-actin, 18S) were
similar in each group (Fig. S4). In addition, when WB was performed
using the extracted protein, the protein bands were clean and sharp (Fig
4Q). These results indicated that the extracted samples were integrated
and not contaminated by impurities.

To choose the stably expressed internal references, the expression of
housekeeping molecules on different topographic structures should be
assessed before formal experiments. We examined the expression levels
of commonly used housekeeping genes (GAPDH, fB-actin, 18S) and
proteins (GAPDH, a-tubulin, f-actin) on PDMS substrates with different
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topographic structures. The results showed that the expression level of
B-actin varied among groups (Fig 4R, 4S), suggesting that it is a con-
founding factor when choosing p-actin as the internal reference in this
situation. However, the expression of GAPDH, 18S, and a-tubulin was
stable in each group (Fig 4R, 4S). Thus, p-actin is not recommended as an
internal reference when assessing gene and protein expression on
topographic structures.

In this section, we revealed several confounding factors in different
cell response assays, including geometric alteration during physical
scratching in wound-healing assay, increased absorbance of the topo-
graphic substrate in absorbance assay, and unstably-expressed p-actin
on different topographic surfaces in RT-qPCR and WB assays. Through
preparing wounds with healing inserts, detecting the absorbance
without the participation of substrate material, and choosing the stably-
expressed internal reference, we successfully controlled these con-
founding factors. Notably, there are a large number of methods for
analyzing cell responses. The management of confounding factors
should be carried out following our guideline, when other cell response
detecting methods are performed.

4. Summary and perspective

As mentioned in the Introduction section of this paper, the devel-
opment of biomicro/nano topographic structures is about to enter a new
era, in which scientists can efficiently predict the cell responses towards
topographic structures using informatics. Before this can happen, the
establishment of a high-quality database is a prerequisite. Sets of highly
reusable data consistent with the “one structural parameter — one set of
cell responses” are needed to establish this type of database. However,
many published results are not suitable for this intention due to con-
founding factors.

From the point of controlling confounding factors, this work is to
establishing guidelines to instruct the development and application of
topographic cell culture devices. After summarizing the aforementioned
requirements, we proposed the “Guideline for the development of topo-
graphic cell culture devices with controlled or removed confounding factors”
(Table 2). It clearly defines the criteria for topographic cell culture de-
vices with controlled confounding factors. The strategies for meeting
these guideline requirements are also included, which will guide re-
searchers to fabricate qualified devices with controlled confounding
factors. In addition, they can also instruct researchers to correctly apply
the generated devices in cell culture and analysis processes to avoid
confounding factors.

There may be many confounding factors existing in topographic cell
response researches. It is difficult to identify all of them. Even to those
identified confounding factors, we may not be able to completely
remove them. Nevertheless, with this thoughtful guideline, we can still
prepare a topographic cell culture device with minimum confounding
factors. Cell culture and analysis can then be carried out to obtain the
“one structure parameter — one set of cell response” data. To enter these
data in a database, we suggest labeling them with two reports: 1) a “Cell
culture device qualification report” (Table 3) reporting the information
of structural parameters and controlling of all the related confounding
factors and 2) mimicking MIRIBEL, a “Minimal information report”
recording all the conditions when carrying out cell culture and analysis.
The benefit of this approach is that we can clearly know how and under
what kind of circumstances the data were generated, and whether the
confounding factors have been well-controlled or still exist. This can
give us significant confidence in reusing them. Based on these proposals,
we summarized a detailed pathway for the generation and enrollment of
the “one structure parameter — one set of cell response” data for con-
structing a high-quality database (Fig. 5).

The successful establishment of this database is of vital significance
because it can break through the bottleneck of the currently lacking
highly reusable database in topographic structure efficient develop-
ment. It may advance biotopographic structure development into the
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“Materials Genome Initiative” era, which has played a vital role in
advanced material development in the fields of electronics, energy,
transportation, and health care [33]. In this era, scientists can quickly
predict the cell responses of topographic structures through informatics
methods such as QSAR and artificial intelligence, profoundly saving
time and costs (Fig. 5). For example, if we want to develop titanium
implant surfaces with anti-inflammatory effects, we can first search for
possible topographic structures with “anti-inflammatory effects” from
the database with the aid of informatics-driven methods like QSAR and
artificial intelligence. Two reports (Cell culture device qualification
report and Minimal information report) of each data should be noticed
before formal application. This will also help to further narrow down the
number of candidate topographies according to the requirements of the
projects. After obtaining effective topographies, we can then apply
proper fabrication techniques to generate titanium implant topographic
surfaces. Further cell and animal studies can be carried out to testify the
desired inflammatory effects.

In addition to surface topographic structures, surface chemistry is
also effective and powerful in regulating cell response. For example, the
—NH, and -SH groups promoted the osteogenic differentiation of bone
marrow-derived mesenchymal stem cells (BMSCs) [34]. Hence, many
promising chemical modification strategies were proposed to optimize
biological performance, such as via cell-adhesive modifications and the
antifouling surfaces to minimize nonspecific cell adhesion [35,36]. Our
study can also shed light on the establement of “surface chemistry — cell
responses” database. Researhers can also propose a guideline for the
development of cell culture devices with specific surface chemistry and
confounding factors controlled. The “surface chemistry — cell responses”
database may be subsequently built up, to promote informatics-driven
efficient bioactive surface chemistry development.
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