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Abstract: 
 
The mechanical interactions of cells are mediated through adhesive interactions. In this study, we 
examined the growth, cellular behavior, and adhesion of MDCK epithelial cells on three 
different SiO2 substrates: amorphous glass coverslips and the silicon oxide layers that grow on 
⟨111⟩ and ⟨100⟩ wafers. While compositionally all three substrates are almost similar, differences 
in surface energy result in dramatic differences in epithelial cell morphology, cell–cell adhesion, 
cell–substrate adhesion, actin organization, and extracellular matrix (ECM) protein expression. 
We also observe striking differences in ECM protein binding to the various substrates due to the 
hydrogen bond interactions. Our results demonstrate that MDCK cells have a robust response to 
differences in substrates that is not obviated by nanotopography or surface composition and that 
a cell’s response may manifest through subtle differences in surface energies of the materials. 
This work strongly suggests that other properties of a material other than composition and 
topology should be considered when interpreting and controlling interactions of cells with a 
substrate, whether it is synthetic or natural. 
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1 Introduction 
 
The response of a cell to any substrate, whether it is natural or synthetic, is governed by the 
structural and chemical properties of that surface. These properties include the micro- and 
nanoscale topography of the surface, the presence of specific adhesion molecules on the cell, and 
the surface material composition.(1-4) Differences in these material properties result in different 
cellular responses, including alteration to cell morphology, cell fate, and proliferation.(5-9) Many 
of these responses are linked to cell adhesion mediated mechanical processes regarding both 
cell–substrate and cell–cell.(8, 10) For the past decade, this fact has been repeatedly demonstrated 
as cellular interactions with nanostructured surfaces (NSS) guide cell differentiation, control 
cellular morphogenesis, and can even alter cellular viability.(11, 12) Qualitative differences in the 
size and shape of the nanoscale features of an NSS determine the nature of the cellular response 
in subtly different ways.(12) Nanoscale grooves redirect cell polarization and elongation of tissue 
culture cells in a scale dependent fashion.(13-15) Alteration to the nanoscale structure in the 
polystyrene polymers of commercial tissue culture plate determines and controls the cell growth 
rate and viability.(16-18) These studies clearly demonstrate the importance of the nanoscale 
structure of a substrate on cellular behavior but raise questions regarding the specific nature of 
influence of nanotopography at the cell/substrate interface. 
 
While a great deal of work has demonstrated the biochemical basis of cell–substrate adhesion, 
much of these works concentrated on the composition, topology, and mechanical properties of 
the substrates.(3, 4, 19) The mechanisms that cells use to read ultrafine nanoscale features are just 
beginning to be defined, and in this paper, we show that cells respond to interfacial surface 
energy. We show that cells respond to amazingly fine surface features that are near the limit of 
detection and that may be defined as interfacial surface energy. We demonstrate differences in 
growth, behavior, extracellular matrix (ECM) protein expression and adsorption, and adhesion of 
MDCK epithelial cells on three different SiO2 substrates: amorphous glass coverslips (GCS) and 
the native oxide layers grown on ⟨111⟩ and ⟨100⟩ wafers. In this study, we show that the MDCK 
epithelial cells respond to subtle differences in substrate organization that is a function of either 
its atomic or crystal organization. Although all three surface materials are almost structurally and 
compositionally similar, we observe dramatic differences in the mechanical properties of the cell, 
cell morphology, cell–cell adhesion, cell–substrate adhesion, actin organization, ECM protein 
expression, and ECM protein for the various substrates. In concert with the experimental results, 
by modeling of surface energies, we demonstrate that the robust responses of MDCK cells to 
differences in substrate organization may be manifested through cell adhesion-based mechanisms 
that “read” differences in surface energy, either directly in the substrate or indirectly through 
ECM protein adsorption or organization on the surface. 
 
2 Experimental Section 
 
Cell Culture. MDCK cells were cultured with DMEM/high glucose (Hyclone Cat no. 
SH30022.01). Cells were transferred using 1× Trypsin/EDTA (MP #1689149) and Cell Striper 
(Corning REF: 25-056-Cl); MDCK cells required both methods for efficient removal. For 25 
cm2 flasks, we used 1.5 mL of each for 25 min at 37 °C. For 75 cm2, we used 3 mL of each for 



25 min at 37 °C. Cells were diluted at 40× for each experiment and were passed between 65 and 
75% confluence. 
 
Surface Preparation. Three specific silicon substrates were used: glass coverslips (GCS; Fisher 
product number 12345), ⟨111⟩ crystalline silicon wafer (111-SiW; Ted Pella product number 
12345), and ⟨100⟩ crystalline silicon wafer (100-SiW; Ted Pella product number 12345). 
Surfaces were cleaned together with a standard RCA-1 cleaning procedure. Briefly, surfaces 
were washed in acetone for 15 min at 70 °C, washed with methanol for 5 min at room 
temperature, and then washed in a 1:1:5 solution of 30% hydrogen peroxide, 30% ammonium 
hydroxide, and DI water for 15 min at 70 °C. Surfaces were subsequently cleaned with an 
oxygen plasma cleaner (South Bay Technologies PC2000 Plasma Cleaner) to remove any 
potential residues after the RCA-1 cleaning procedure. 
 
Force Modulation Mode (FMM) Atomic Force Microscopy (AFM) Methods. An Agilent 
5600LS AFM and PicoView v.1.14 (Kesight Technologies, N9480S) was used for AFM work. 
Silicon nitride AFM probes (SINI-30, TED PELLA, INC) were used for imaging. Images were 
taken in FMM at a set point between 2 and 4 nN. Once a set point was chosen for an experiment, 
it was used for all trials. Scan speeds were 55 um/s. For the z-modulation in FMM, drive 
percentage was set to 10%, and the frequency was 30 kHz. This varied between tips and was set 
every time before experiments were done. The spring constant of each tip was determined for 
each experiment using Thermal-K in PicoView. MDCK cells were imaged on surfaces, 
untreated, in DMEM complete media. To reduce tip contamination, tips were coated with 
methoxy-triethyleneoxy propyltrimethoxy silane (SIM6493.4, Gelest, Inc.). Tips were plasma 
cleaned for 30 min. They were then immersed in the silane for one day. After this time, we used 
acetone to rinse the tips three times. 
 
Confocal Microscopy Imaging of MDCK Cells. MDCK cells were cultured as described above 
on GSC or on ⟨111⟩ or ⟨100⟩ wafers for four days and then fixed in 4% formaldehyde in 1× 
phosphate buffered saline (PBS, pH 7.4) for 20 min. Cells were then labeled with mouse primary 
monoclonal antibodies (1:500 dilution in 1× PBS, 1% BSA, 0.1% Triton): E-cadherin (rr1; 
Developmental Studies Hybridoma Bank),(20) type II collagen (II-II6B3; Developmental Studies 
Hybridoma Bank),(21) collagenase pro-enzyme (H18G8; Developmental Studies Hybridoma 
Bank),(22) fibronectine III-15 (13G3B7; Developmental Studies Hybridoma Bank),(23) and S-
laminin (C4; Developmental Studies Hybridoma Bank)(24) and a goat anti-mouse secondary 
antibody (Jackson laboratories, 1:2000 dilution). Cells were also counter-labeled with Hoescht to 
detect the DNA/nucleus (Molecular Probes/Life Technologies) and Alexa488 phalloidin 
(Molecular Probes/Lifetechnologies) to detect filamentous actin. All images were collected using 
Zeiss Observer Z.01 spinning disc confocal with Axiovision software. All images were collected 
using the same exposure times and laser settings. Densitometry data was collected from 
individual frames using the Interactive Measurement application within Axiovision. In the case 
of analyzing the intracellular amounts of ECM localization in the basal portions of MDCK cells, 
we collected data from z-sections that represented the bottom 0.5 υm of the cell. Densitometry 
data were statistically analyzed using Microsoft Excel software, specifically the t-test function. 
 
Protein Adsorption Assays. Two assays were used to measure protein adsorption to the 
substrates. To measure the amount of proteins on the surface, we performed a modified reverse 



dot blot assay. Substrates were incubated in DMEM media containing FCS for 24 h; samples 
were fixed with 4% formaldehyde, probed with the antibodies described in the previous methods 
section, and then detected using a goat anti-mouse secondary antibody that was conjugated with 
horseradish peroxidase. We also visualized protein on our surfaces using AFM. AFM images 
were obtained using an Agilent 5600 LS AFM. Surfaces were imaged using SiN4 tips (Ted Pella 
SINI-30) with a labeled force constant of 0.2 N/m. Measurements of the spring constant using 
the thermal-K tool available in Pico View 1.14 (Agilent) software gave values of k within the 
expected range of 0.2 ± 0.07 N/m. Deflection sensitivities were measured to be 75 ± 20 nm/V for 
all experiments. Surfaces were imaged at 1 line/s at 2 nN with a 25 um2 field of view. Proteins 
were imaged using tapping mode with a tip of spring constant 40 N/m (Ted Pella TAP300-G-10 
#). Ten micrometer images were taken at 1 line/s. Images were then processed using Pico View 
v.1.4. Adsorption was measured by counting structures larger than 10 nm, which were expected 
as a minimum size of the proteins. 
 
Cell Growth and Wash Assays. Cell growth on the wafers was determined by counting the 
number of cells per field of view using the confocal microscope. Cells were cultured on a SiO2 
substrate for one to four days; on days one and four, cell-containing surfaces were collected, 
fixed, and stained with Hoechst, and the number of cells per field of view (FOV) were counted 
under the Zeiss Observer Z.01 spinning disc confocal microscope using the 20× objective. The 
relative adhesive strength of MDCK cell adhesion to a substrate was tested by treating cells 
cultured on a test substrates (GCS, ⟨111⟩ or ⟨100⟩) for one day; the cells were gently rinsed to 
remove nonadhered cells, stained with Hoechst, and then immediately counted using the 
confocal microscope 20 fields of view per sample. The same cell containing surfaces were then 
washed rigorously with 300 μL of 1× PBS 3 times and then reimaged as before. Experiment was 
repeated 3 times, and the significance was tested using a t-test. 
 
3 Results 
 
3.1 GCS, ⟨111⟩, and ⟨100⟩ Surface Characterization. Prior to determining the growth 
behaviors of epithelial cells on three different forms of SiO2 (amorphous GCS, ⟨111⟩, and ⟨100⟩), 
we characterized these surfaces. As expected, all surfaces have similar structure, as all are flat 
(Figure 1), although the ⟨100⟩ substrates exhibit the ultrafine scale difference in nanotopography 
on the order of 1.5 nm ΔZ when compared to GCS and ⟨111⟩ substrates. GCS and the ⟨111⟩ 
wafers share a similar morphology with both presenting a regular set of wave-like contours 
across the surface, while the ⟨100⟩ Si wafer is relatively featureless (Figure 1). The variation 
between the surface properties of these three materials is subtle and interesting. In addition, 
Raman spectrometry and energy-dispersive X-ray spectroscopy (EDX) were used to verify the 
composition of each surface and showed no compositional differences between ⟨111⟩ and ⟨100⟩ 
substrates (Figures S1–S3). An ellipsometer was further used to measure the thickness of the 
oxide layer for the ⟨111⟩ and ⟨100⟩ silicon wafers. The oxide layer of ⟨111⟩ silicon wafer was 
measured to be 9.7 ± 2.5 nm, and the ⟨100⟩ silicon wafer was measured to be 10.1 ± 2.1 nm. 
 



 
Figure 1. Atomic force micrographs of GCS, ⟨111⟩, and ⟨100⟩ substrates used in this study. Note 
that in A″–C″, black is x cross section, and red is y cross section. 
 
3.2 Cellular Response to SiO2 Substrates. To investigate the reaction that MDCK cells have to 
the three substrates (GCS, ⟨111⟩, and ⟨100⟩), we examined the growth of the cells, cell viability, 
and alteration to cell morphology. While we did not observe any change to the viability of 
MDCK cells grown on the surfaces, we observed significant differences in the morphology of 
MDCK epithelial cells on the three different forms of substrates. On average, both CGS and 
⟨111⟩ substrates had similar number of cells per field of view after 4 days of culture (GCS, 75.2 
± 33; ⟨111⟩, 74.5 ± 22), while ⟨100⟩ has slightly fewer cells (58.8 ± 29). The slight reduction in 
the rate of growth was observed both on RCA-1 cleaned surfaces and plasma cleaned surfaces 
(see Methods), demonstrating that it was an inherent difference in the ⟨100⟩ surfaces themselves 
and not some residual effect of the substrate preparation (Figure S4). 
 
However, MDCK cells expressed a strikingly different morphology when cultured on ⟨100⟩ 
SiO2 substrates (Figure 2). MDCK cells cultured on GCS adopt a sheet squamous epithelium-like 
morphology with an average cell height of 2.4 μm (Table 1). This is demonstrated by short 
height of the cell in the X/Z projection (Figure 2Atop) and the flat spread out cells in the sheet in 
the X/Y projection (Figure 2Abottom). MDCK cells cultured on ⟨111⟩ substrate have a flat 
morphology similar to that exhibited by GCS culture (Figure 2Btop), and MDCK cells had an 
average cell height of 3.9 μm, although other morphology such as clustering (Table 1) was also 
observed. However, MDCK cells cultured on ⟨100⟩ wafers formed dense colonies of a taller 
cuboidal-like epithelium (Figure 2Ctop) with an average cell height of 13.9 μm (Table 1), roughly 
4 times taller than MDCK cells grown on ⟨111⟩ wafers and GCS. 
 



 
Figure 2. Confocal micrographs demonstrating the morphology of MDCK cells cultured on GCS 
(A) and Si wafers ⟨111⟩ (B) and ⟨100⟩ (C). The cells were triple labeled with Hoechst (blue), 
anticadherin (red), and Alexa488 phalloidin (green). Scale bar is 20 μm. The micrographs are 2D 
projects in the X–Z (top panel) and X–Y planes (bottom panel). 
 
Table 1. Morphology of MDCK Cells on GCS, ⟨111⟩, and ⟨100⟩ Substrates 
surface morphology (%) average cell height (μm) 
GCS sheet, 100%, n = 44 2.4 ± 0.5 
⟨111⟩ sheet 72%, clustered 28%, n = 43 3.9 ± 1.8a 
⟨100⟩ clustered 100%, n = 45 13.9 ± 7b 
a Difference from GCS, highly significant P value < 0.001 
b Difference from both GCS and ⟨111⟩, highly significant P value < 0.001 
 
3.3 AFM Force Spectroscopy. To determine whether MDCK cells that were cultured on GCS, 
⟨111⟩, or ⟨100⟩ substrates displayed altered mechanical properties, we examined the rigidity of 
live MDCK cells using AFM. AFM approaches have been used to examine adhesive forces in 
bacterial biofilm formation,(25, 26) changes in the yeast cell wall elasticity as a result of heat 
shock,(27) genetic cell wall studies in yeast,(28) and the mechanical aspects of apoptosis.(29-32) 
More recently, such AFM force spectrographic techniques have allowed the characterization of 
membrane blebbing in live motile cells,(33) adhesion forces in cardiac fibroblasts,(34) viral 
interactions with mammalian cells,(35) and the mechanical properties of epithelial cells during 
mitosis.(36) Our study is one of the first to examine the mechanical aspects of cell in a live 
epithelium. In this study, the deflection of an AFM probe was used to demonstrate the rigidity of 
the cell as it was imaged; simply put, the greater the deflection (the lighter the color) of the AFM 
probe’s tip, the more rigid the sample (Figure 3A). Using this, we clearly show that the tall 
colonial MDCK cells that were grown on ⟨100⟩ substrates are nearly twice as rigid as those 
cultured on ⟨111⟩ substrates and more than twice as rigid as those cultured on GCS substrates 
(Figure 3B), which experimentally supports the significant differences in adhesive abilities of the 
three substrates. Herein, because surface energy is related to the work required to cleave a bulk 
sample, the rigidity difference of the cells by AFM force spectrography suggests that there is a 
significant difference in surface energies of the three substrates (which are calculated below). 
 



 
Figure 3. AFM Force amplitude images of MDCK cells cultured on GCS, ⟨111⟩, and ⟨100⟩ 
substrates. (A) AFM micrographs of MDCK cells cultured on GCS (top), ⟨111⟩ (middle), and 
⟨100⟩ (bottom). The heat map ranges from light to dark with the lighter colors showing a greater 
deflection (i.e., greater rigidity of the cell). Not the ability to discern cell outlines (arrows in GCS 
and ⟨111⟩ micrographs). (B) Graphical description of the force amplitude images. The ⟨100⟩ 
surface has the highest average amplitude with significantly higher value when compared to 
⟨111⟩ and GCS (p < 0.001). 
 
3.4 Actin Organization. To determine whether these changes in cell–substrate adhesion and 
morphology reflect a change in the organization of the actin cytoskeleton, we examined the 
organization of filamentous actin in the cell cortex and in the basal regions of the cell that are in 
contact with the substrate. Adherent cells, both epithelial and fibroblastic, form characteristic 
bundles of actin called stress fibers that are indicative of adherence of the cell to the surface 
substrate though integrin-based complexes called integrin-based focal adhesions.(4, 37, 38) Cortical 
actin in MDCK cells grown on the ⟨100⟩ substrates appears denser (Figure 4C, thin arrow) than 
that grown on the other substrates (Figures 4A and B, arrow heads). By examining the first few 
confocal sections above the substrate, we observed basal actin location in the context of cell–
substrate adhesion. Forty percent of the MDCK cells grown on GCS substrates have long and 
organized stress fibers (LOSF, i.e. fibers that extent along one axis in the cell); 12% of the cells 
having short and disorganized stress fibers (SDSF, i.e. fibers that had multiple directions in the 
cell), and 48% of the cells have no distinct stress fiber (NSF) (Table 2). In MDCK cells cultured 



on ⟨111⟩ substrates, we observed an increased amount of SDSF and a slightly reduced amount of 
cells with longer stress fiber (Table 2). However, in MDCK cells grown on a ⟨100⟩ substrate, we 
observed a dramatic loss of all long and organized stress fibers and observed that most of the 
filamentous actin in the form of short and multioriented fibers (Figure 4C, arrow). This result 
strongly suggests that the mechanical interaction of the cell/⟨100⟩ is distinct and different from 
either the cell/GCS or cell/⟨111⟩ interaction. Furthermore, a cell-wash adhesion assay further 
demonstrates a reduced amount of cell–substrate adhesion between MDCK cells and ⟨100⟩ 
SiO2 substrates (Figure 5). 
 

 
Figure 4. Basal actin and adherens junction organization in MDCK epithelial cells cultured on 
GCS (A, D), ⟨111⟩ (B, E), and ⟨100⟩ (C, F) substrates. (A–C) Basal filamentous actin 
organization in MDCK cells as shown by Alexa 488 phalloidin. (D–F) Adherens junction 
organization as shown by localization of cadherin. 
 
Table 2. Basal Filamentous Actin and Adherens Junction (AJ) Organization in MDCK Cells 
Cultured on GCS, ⟨111⟩, and ⟨100⟩ Substrates 
  

 
basal actin organization (%) AJ organization cadherin levels 

surface n LOSF SDSF NSF % diffusive % tight average gray value % change from GCS 
GCS 224 40 12 48 57 (n = 43) 43 5729 ± 1539 

 

⟨111⟩ 85 34 28 38 64 (n = 44) 36 6157 ± 2828 103 
⟨100⟩ 133 0 59 41 9 (n = 45) 91 8997 ± 1772a 150a 
a Difference from both GCS and ⟨111⟩, highly significant P value < 0.001 
 



 
Figure 5. Cell wash assay on MDCK cells cultured on GCS, ⟨111⟩, and ⟨100⟩ substrates. MDCK 
cells were cultured on substrates for four days and subjected to a series of hydrodynamic wash 
cycles. Cells were then fixed and labeled with Hoechst, and the number of cells per field of view 
were counted before and after washing using confocal microscopy under the 20× objective. In 
each case, a similar fraction of cells were observed to be removed from both CGS and ⟨111⟩ 
substrate after the wash; however, MDCK cells cultured on ⟨100⟩ demonstrated significant 
reduction of cell/FOV after washing when compared to either GSC or ⟨111⟩ cells. n = 20, * 
represents p < 0.05. 
 
Furthermore, epithelial cells have cell–cell adhesions that are mediated through supramolecular 
protein complexes called adherens junctions.(5, 10, 38, 39) Epithelial cells use these adherens 
junctions not only to maintain mechanical stability and control over the epithelium but also to 
direct and regulate intracellular signaling pathways.(10, 38) The basis of the adherens junctional 
complex is the homotypic interaction between two transmembrane cadherin proteins, which 
serves as the connection between neighboring cells within the epithelium; the intracellular 
cytoplasmic domain of the cadherin binds multiple adaptor molecules that bind the cortical actin 
cytoskeleton and function to maintain the mechanical and physical robustness of the linkage 
between cells.(10, 40) Changes in cadherin level or the type of cadherin molecules are indicative of 
both qualitative and quantitative properties of the adherens junction. For instance, increased 
cadherin within the adherens junction has shown to be directly associated with stronger cell–cell 
adhesion.(10, 39, 41) To determine whether culturing MDCK cells on ⟨100⟩ substrate results in an 
alteration to the cell–cell adherens junction, we examined the organization of the cell–cell 
contacts using an antibody directed against the cadherin-type expression in MDCK cells.(20) 

Significant quantitative and qualitative differences were observed in the organization of the 
adherens junctions in MDCK cells grown on ⟨100⟩; 91% of all the adherens junctions in MDCK 
cells grown on ⟨100⟩ have well-organized adherens junctions that extend the entire height of the 
cell (Figure 4F, arrow). In contrast, over half of the adherens junctions of cells grown on either 
GCS or ⟨111⟩ substrates are diffusive (Figures 4D and E, Table 2). Moreover, there is a 
significant increase in the amount of cadherin per unit area of adherens junction when compared 
to either cell grown on GCS or ⟨111⟩ substrate as determined by densitometry (Table 2). 
 



3.5 Protein Adsorption. Because we observed significant changes in the manner that the 
MDCK cells interact with their substrate as well as with each other, we tested whether there was 
differential protein adsorption, specifically ECM protein adsorption to these different surfaces. 
The ECM is a complex material that is secreted from cells in the case of an epithelium; this 
matrix is often found on the basal lateral face.(42, 43) The ECM serves as a substrate for the growth 
and maintenance of epithelial cells as well as serving as a bulletin board for guidance cues and 
signals for migrating cells.(44) The ECM is composed of several major families of proteins, 
including collagens, laminins, and fibronectin. To determine whether ECM proteins interact with 
the different SiO2 substrates, we evaluated the adsorption of purified ECM proteins (collagen II, 
s-laminin, and fibronectin) using a chemiluminescent surface analysis of ECM protein 
adsorption, an AFM-based technique, and fluorescently labeled proteins. 
 
To examine the binding of ECM proteins to GCS, ⟨111⟩, and ⟨100⟩ substrates, we performed a 
modified immunological technique in which substrates were incubated with either cell culture 
medium with fetal bovine serum (FBS), probed with specific antibodies to ECM proteins, and 
then detected using an enzymatic chemiluminescent assay. These treated surfaces probed using 
antibodies directed against collagen II, s-laminin, or fibronectin. We observed differences in 
ECM protein adsorption to the different substrates and not all substrates interacting with the 
different proteins in a similar fashion. Also, we observed a decrease in collagen II, s-laminin, and 
fibronectin adsorption on ⟨100⟩ and ⟨111⟩ substrates when compared to GCS but the decrease on 
⟨100⟩ is more remarkable (Figure 6). 
 

 
Figure 6. Chemiluminescent surface analysis of ECM protein adsorption on GCS, ⟨111⟩, and 
⟨100⟩ substrates. 
 
To complement the previous experiments, we also directly examined the binding of purified 
ECM proteins to GCS, ⟨111⟩, and ⟨100⟩ substrate using AFM. We treated each surface with 
purified collagen II (concentration) or laminin and then examined these surfaces using AFM 
contact mode to image protein deposition onto the surface (Figure 7). AFM analysis of the 
surfaces involved counting the number of features attached to the surface per unit area.(45) GCS 
substrates showed significantly more collagen II aggregate adsorption than the ⟨100⟩ substrate 



and significantly more laminin than both ⟨111⟩ and ⟨100⟩ substrates. Further, there was a more 
remarkable decrease in collagen II and laminin adsorption on ⟨100⟩ substrates when compared to 
that on ⟨111⟩ substrates, which agrees with the experimental result above. 
 

 
Figure 7. AFM analysis of ECM protein aggregating adsorption on GCS, ⟨111⟩, and ⟨100⟩ 
substrates. (A) AFM micrographs of collagen II aggregates on the substrates (GCS (top), ⟨111⟩ 
(middle), and ⟨100⟩ (bottom)). The first column is top-down images of the surfaces after 
adsorption, and the second columns are angle views of the aggregates on the surface. (B) Graph 
of the quantification of the number of aggregates (cologne II (C) and laminin (L)) per 5 μm2 area 
on each surface. The number of protein aggregates as noted by the arrows in A were counted in 
ten fields, and their average with standard deviation is noted. 
 
3.6 Alteration of ECM Protein Expression. On the basis of the protein adsorption results 
above, we need to clarify whether the MDCK cells may also respond to the subtle surface 
features through altered adhesion by remodeling their ECM as a response to the substrate 
because this type of response to changes in adhesive state and mechanical environment has been 
documented previously in a broad range of cell types.(22, 42, 44, 46-48) To determine the ECM 
protein expression, we examined the expression of several ECM proteins in these cells, including 
collagen II, s-laminin, fibronectin, and collagenase using confocal microscopy and 
immunofluorescence. In each case, we observed an increase in ECM protein expression in 
MDCK cells cultured on ⟨100⟩ substrates with the most dramatic increase in the expression in 
collagenase (Figure 8), indicating that high adhesive ability of ⟨100⟩ substrates (low ECM 
protein adsorption property) results in highly efficient ECM protein expression due to 
remodeling of ECM as a response to the ⟨100⟩ substrates. Note that the densitometry data were 
collected from the basal portion within the cell three confocal sections above the substrate, and 
data for each cell were defined and delineated by actin (see Figures 9A–C for details and Figure 
S5). Densitometry data for each cell were collected, statistically analyzed, and graphically 
depicted. 



 

 
Figure 8. ECM protein expression levels in MDCK cells cultured on GCS, ⟨111⟩, and ⟨100⟩ 
substrates. Protein level expression whas determined using densitometry analysis of confocal 
images of cells probed using monoclonal antibodies for collagen II, fibronectin, s-laminin, and 
collagenase. 
 

 
Figure 9. Fibronectin expression in MDCK epithelial cells cultured on GCS, ⟨111⟩, and ⟨100⟩ 
substrates. (A–C) Actin compared to (D–F) fibronectin organization. Long, well-organized stress 
fibers can be seen to correlate to consistent and even fibronectin organization. 
 



3.7 Contact Angle and Estimation of Surface Energy for GCS, ⟨111⟩, and ⟨100⟩. Surface 
energy is an important parameter for surface characterization and searched as a fundamental 
means of defining the interfacial properties of a material. Contact angle measurements were 
taken to demonstrate variability in surface energy. Initial contact angle measurements on each 
surface using DI water had contact angles of 15.1 ± 1.0° for GCS, 8.4 ± 0.8° for ⟨111⟩, and 6.5 ± 
1.6° for ⟨100⟩, demonstrating very hydrophilic surfaces. Contact angle measurements were used 
to determine surface energy with the flowing Young’s equation:(49) 
 

𝛾𝛾s = 𝛾𝛾sl + 𝛾𝛾lcos𝜃𝜃 (1) 
 
where γs is the surface energy of the solid, γsl is the surface energy of the solid covered with 
liquid, γl is the surface energy of the liquid, and θ is the contact angle. Undergoing a long 
development, the equation above reached its contemporary form as:(50) 
 

cos 𝜃𝜃 = 2�
𝛾𝛾s
𝛾𝛾l
𝑒𝑒−𝛽𝛽(𝛾𝛾l−𝛾𝛾s)2 − 1 

(2) 

 
According to the equation above, in a figure of cosθ versus 1/(γl)1/2, the slope should be roughly 
equal to 2(γs)1/2, and the intercept should be −1. Based on this, Zisman reported that a plot of 
cosθ versus γl is often linear.(51) So, in terms of hydrophilic situation, smaller contact angle 
means larger surface free energy. According to our findings, although just minor differences, 
θGCS > θ⟨111⟩ > θ⟨100⟩; it still can be concluded that γGCS < γ⟨111⟩ < γ⟨100⟩. 
 
Regarding the surface energy difference of the SiO2 layer between ⟨111⟩ and ⟨100⟩, qualitatively, 
different pure crystal reconstructions have different surface energies that depend on their 
orientations. Quantitatively, for the pure ⟨111⟩ and ⟨100⟩ (without SiO2 layer), using a slab 
approximation model with periodic arrangements of slabs along the surface and with an 
assumption of centrosymmetric case, the surface energy could be calculated as the following 
equation: 
 

𝛾𝛾𝑛𝑛×𝑚𝑚 =
𝐸𝐸slab − Σ𝑖𝑖𝑁𝑁𝑖𝑖𝜇𝜇𝑖𝑖

2𝑛𝑛𝑛𝑛𝑛𝑛
 (3) 

 
where the same surface reconstruction n × m occurs on both sides of a material slab, Eslab is the 
total energy of a slab calculation with two identical surfaces, μi is the chemical potential of the 
surface constitute components allowing one to compare surfaces with different numbers of atoms 
in the two-dimensional surface unit cell, μ = −5.957 for Si, Ni is the number of the ith kind of 
atom per unit cell, and A is the unit cell area. In terms of the relaxed reconstruction with assumed 
averaged values for rest atoms,(52, 53) the averaged surface energies γ for pure ⟨111⟩ and ⟨100⟩ 
were estimated to be 1.63 and 1.94 J/m2, respectively, attributed to the difference in the SiO2 
layer of ⟨111⟩ and ⟨100⟩.(54, 55) 
 
Furthermore, to quantitatively determine the surface energy of different substrates, we used 
methyl iodide to measure the contact angles on each surface and obtained 46.7 ± 1.4° for GCS, 
37.9 ± 0.7° for ⟨111⟩, and 35.2 ± 2.4° for ⟨100⟩ (Figure 9). To be able to calculate the surface 



energy from the contact angle measurements, the interfacial tension (γsl) in eq 1 needs to be first 
determined. According to the Owens–Wendt–Rabel–Kaelble (OWRK) method,(56) the interfacial 
tension (γsl) is calculated by the following equation for the two measuring liquids because the 
estimation of surface energy of the substrate requires two liquids with known disperse and polar 
parts of the surface tension: 
 

𝛾𝛾sl = 𝛾𝛾s + 𝛾𝛾l − 2��𝛾𝛾sD𝛾𝛾lD + �𝛾𝛾sP𝛾𝛾lP� 
(4) 

 
where γD and γP are the disperse part and polar part, respectively. Combining the results of 
contact angles of DI water and eq 1, the surface energy was estimated to be 56.12 ± 1.19 mJ/m2 
for GCS, 63.21 ± 1.07 mJ/m2 for ⟨111⟩, and 65.29 ± 1.02 mJ/m2 for ⟨100⟩, respectively (Figure 
10). The order of surface energies for the three substrates strongly supports the experimental 
results mentioned above. 
 

 
Figure 10. Surface energy calculated for GCS, ⟨111⟩, and ⟨100⟩ substrates tested by DI water 
and methyl iodide. 
 
4 Discussion 
 
Nanoscale materials change and control cellular adhesion, proliferation, and differentiation;(57, 58) 

however, what determines and defines these interactions is unclear. In addition to presenting 
limiting or functionalized surfaces that provide binding for a cell either directly to the surface or 
indirectly through the unusual display of specific ECM proteins,(45) nanoscale materials may also 
generate different mechanical landscapes for cells to engage.(6) Nanoscale features also alter 
surface chemistry when compared to bulk materials, which also have been shown to change cell 
behaviors.(59) In this study, we showed that MDCK epithelial cells read and respond to 
differences in the interfacial surface energy of a material, in this case SiO2, although whether this 
is a direct effect of the cell interacting with the substrate or an indirect interaction through the 
display of the ECM proteins remains to be tested. However, SiO2 surfaces did adsorb the least 
amount of ECM protein, which suggests that this feature may control the observed cellular 
responses. Although all three SiO2 substrates used in this study have similar compositional and 
topographical features, we observed radically different responses in MDCK cell–substrate and 
cell–cell adhesion that manifest in distinct changes in the mechanical properties, protein 
expression, and cellular morphology. The most prominent of these morphological changes was 



the transition of the MDCK cell epithelium from a flat squamous epithelium to a taller cuboidal 
epithelium. Similar increase to cadherin levels and epithelial cell morphology is observed in 
epithelial cells isolated germ layer from Xenopus embryos and are credited to alterations in the 
mechanical properties of the cell–cell interaction.(41) Changes in epithelial cell–cell adhesion 
have been shown to occur through changes in cell–substrate adhesion, which is controlled by 
interaction with ECM and other surface proteins.(60-65) We observe significant alteration to ECM 
protein adsorption on SiO2 substrates derived from ⟨100⟩ Si wafers when compared to the other 
SiO2 materials, and this may be the basis for the distinct cell behaviors that we observe. Protein 
interactions with silica materials have been shown to involve both polar and nonpolar 
interactions and are controlled by solvent conditions such as pH and the presence of soluble 
biomaterials such as hyaluronic acid as well as protein size and morphology.(66-69) Although the 
SiO2 substrates have similar mechanical and compositional properties, they do have very subtle 
topographical differences that may contribute to some of the changes in cell behavior. 
Nevertheless, we showed that the surface energy of these materials is significantly different 
between the SiO2 substrate derived from ⟨100⟩ and the other SiO2 substrates. These data suggest 
that surface energy controls ECM protein adsorption, which then determines the behavior of the 
cell. 
 
We have demonstrated that surface energy plays a significant role in the adsorption of ECM 
proteins, cell adhesion, and expression of ECM proteins. The adsorption interaction of ECM 
proteins with these different SiO2 surfaces correlates with the hydrogen bond interactions of the 
SiO2 surfaces with proteins. We applied a model to quantify the strength of the hydrogen bond 
interactions between the probe (−NH2/–COOH) proteins, and the functional group (−OH) 
resulted from the presence of silanol groups (Si–OH) after the O2 plasma treatment.(70, 71) These 
proteins are from one of three sources: (1) surface proteins of the MDCK epithelial cells, (2) 
proteins that have been secreted from the MDCK (i.e., ECM), or (3) proteins found in the serum 
of the media (or any combination of the three). This model assumes −OH for silanol groups and 
the following reaction for adhesion of a Si surface to probe hydrogen bonds: 
 

−OH⋯H − O − H + H − O − H⋯ probe → −OH⋯probe + 2H2O (5) 
 
where – OH···H–O–H is the hydrated Si monolayer, H–O–H···probe is the hydrated probe, and 
−OH···probe is an adduct formed between Si monolayer and the probe. The net adhesion Gibbs 
free energy results are calculated such that ΔG(−OH···NH2−)net is −1680.66 J/mol and 
ΔG(−OH···COOH−)net is −774.34 J/mol. It was concluded that the hydrogen bond adduct of 
NH2–protein is easier to adhere than that of COOH–protein. In the case of the Si ⟨111⟩/oxide 
interface, the interaction between the dangling bonds and atoms in the oxide layer is weak 
because of the long distance between them. While in the case of the Si ⟨100⟩/oxide interface, the 
interaction is relatively strong because Si or oxygen atoms can be located close to the Si dangling 
bonds. Therefore, it is easier for Si ⟨111⟩/oxide interface to present Si–OH by the O2 plasma 
treatment, which means that the density of Si ⟨111⟩–OH is higher than that of Si ⟨100⟩–OH.(71, 72) 

With the same unit ΔG (−OH···protein) as above, the total −ΔG value of Si ⟨111⟩surface is higher 
than that of Si ⟨100⟩surface, indicating the adsorption ability of protein/⟨111⟩ is higher than that of 
protein/⟨100⟩. Similar study has demonstrated a similar phenomenon with the different crystal 
forms of TiO2, and the hydroxyl ability affects a variety of cell behaviors including endothelial 
adhesion.(73) However, for the ECM protein expression, in each case we observed an increase in 



ECM protein expression in MDCK cells cultured on ⟨100⟩ substrates, suggesting that high 
adhesive ability of ⟨100⟩ substrates causes highly efficient ECM protein expression due to 
remodeling of ECM as a response to the ⟨100⟩ substrates. This further suggests that the response 
of the MDCK cell to the substrate may be direct and through the changes mediated by 
differential cell–substrate adhesion directly affected the changes in the ECM organization or 
binding to the substrate. Eukaryotic cells display specific spatial requirements for the forming 
adhesive connections to both surface substrates and to other cells and use these connections to 
communicate, monitor, change, or maintain their differentiated state.(74) 
 
Epithelial cells differ from mesenchymal cells in that they have and require cell–cell interactions 
for normal function and morphology.(64, 75) Epithelial cells form sheets of cells that are physically 
connected via adherens junctions, which link the cytoskeleton of one cell to another which adds 
an additional level of complexity in regards to mechanical sensing and signaling.(64, 65) Our 
results demonstrate that MDCK cells have a robust response to different SiO2 substrates that 
correlates with the differential absorption of ECM protein. Differences in ECM protein 
absorption were not obviated by nanotopography and/or surface composition and correlate with 
differences in the surface energy of the different SiO2 substrates. Although this work was 
performed using an epithelial tissue culture cell line, the characterization of radical differences in 
the cellular response to material with similar composition strongly suggests that other properties 
of a material other than composition and/or size must be considered when interpreting and 
controlling interactions of cells with a substrate. 
 
5 Conclusions 
 
While compositionally all three (GCS, ⟨111⟩, and ⟨100⟩) substrates are almost similar, compared 
to GCS and ⟨111⟩, the ⟨100⟩ substrate has the largest surface energy along with the highest 
adhesive ability, which results in dramatic differences in MDCK epithelial cell morphology, 
cell–cell adhesion, cell–substrate adhesion, actin organization, and ECM protein expression, 
although the ⟨100⟩ substrate has the lowest adsorption ability in ECM protein binding to the 
various substrates due to the hydrogen bond interactions. Our results demonstrate that MDCK 
cells have a robust response to differences in surface energies of the materials, suggesting that 
other properties of a material other than composition and topology should be considered when 
interpreting and controlling interactions of cells with a substrate, whether it is synthetic or 
natural. 
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