
 

1 

  

Inactivation of HeLa cells on nanoporous gold 

Soichiro Deguchia, Masataka Hakamadaa,*, Jumpei Shingua, Susumu Sakakibaraa, 

Hironobu Sugiyama and Mamoru Mabuchia 

a Department of Energy Science and Technology, Graduate School of Energy Science, Kyoto 

University, Yoshidahonmachi, Sakyo, 606-8501 Kyoto, Japan 

 

* Corresponding author at: Department of Energy Science and Technology, Graduate School of 

Energy Science, Kyoto University, Yoshidahonmachi, Sakyo, 606-8501 Kyoto, Japan  

E-mail address: hakamada.masataka.3x@kyoto-u.ac.jp. 

 

Abstract 

Nanoporous metals strongly affect organic matter; however, there is a poor understanding 

of their effects on cells. The present work shows that HeLa cells on nanoporous gold 

(NPG) were less active than those on flat gold (FG) with no nanoporous structure. Initially, 

HeLa cells adhered to the NPG over a period of more than 10 h, then the adhered cells 

subsequently exhibited apoptosis that was not related to anoikis. ELISA analyses showed 

that the conformational change of fibronectin was more greatly induced by NPG than FG. 

First-principles calculations and molecular dynamics simulations were performed to 

investigate the conformational change in the RGD sequence and the integrin signaling. 

The simulations suggested that the extended form of integrin, with an open headpiece, 

was not generated owing to the conformational change of RGD, and the outside-in signals 

could not be intracellularly transmitted via the integrin binding to the fibronectin on NPG, 

resulting in cell death. 
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1. Introduction 

Nanoporous metals exhibit unusual properties that are not seen in the parent bulk metals 

or other nanostructured materials (such as nanoparticles, nanowires, nanorods, and 

nanocrystals). For example, piezoelectricity in gaseous1) and electrochemica2,3) 

environments is a distinguished feature of nanoporous metals that can be applied in 

sensors and actuators. In addition, nanoporous metals have shown remarkable effects on 

organic materials: nanoporous gold (NPG) has catalytic properties in CO and methanol 

oxidation4–9), although bulk gold does not. In addition, NPG catalytically decomposes 

methyl orange, while bulk gold does not10). Thus, various unusual properties of 

nanoporous metals have been reported4–16), however significant scope for further study 

remains.  

One property of nanoporous structures that is not well understood is their effect on cells. 

Adsorption of proteins on nanoporous structures depends on the network of nanometric 

pits at the surface17). Cell adhesion is enhanced by nanophase alumina because of the 

unfolding of the extracellular matrix (ECM) adsorbed on the nanophase alumina18). In 

addition, cell viability and/or osteoblastic differentiation in osteoblast cells19,20) and 

mesenchymal stem cells21) are enhanced by nanoporous alumina. In contrast, titanium 

dioxide nanotubes with a diameter of 100 nm cause cell apoptosis, while nanotubes with 
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a diameter of 15 nm enhance cell viability22). An evaluation of NPG substrates in cell 

culture reported that they were safe and useful as drug delivery systems (DDS)23); 

however, the data shown do not guarantee their safety in all cases. For example, NPG did 

not support microgrial growth, while flat gold (FG) did24). Seker et al.25) examined the 

activity of astrocytes cultured on NPG and showed that the cell coverage and cell area on 

NPG were lower than those on FG. It was recently reported that NPG had antibacterial 

activity against the bacteria Escherichia coli (E. coli) and Staphylococcus epidermidis 

while FG did not26,27). The antibacterial activity of NPG was not a result of metal ions 

(silver and gold ions) or reactive oxygen species (ROS), both of which are often major 

factors in the antibacterial performance of nanomaterials28). Transcriptomic analyses on 

the cultured E. coli suggested that NPG mainly disturbed the function of the cell 

membrane of E. coli, which governs the transport of various substances between the inner 

cytoplasm and the ECM26). Hyperpolarization induced by NPG with large lattice strain 

plays an important role in the antibacterial activity of NPG, by causing the structure of 

ion channels in the cell membrane to deteriorate27). A recent work29) showed that the 

antibacterial activities of NPG have a positive correlation with their work functions 

because of the peculiar electronic states at the NPG surface. These studies suggest that 

NPG could have a specific influence on human cells. The effect of NPG on cultured cells 
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must therefore be established in terms of fundamental science as well as in biomedical 

applications. 

In the present work, the desorption and inactivation of HeLa cells adsorbed on NPG are 

investigated by measuring cells detached from the NPG substrate and apoptotic cells. In 

contrast to what is found for nanoparticles, cellular uptake of NPG does not occur because 

of its greater dimensions because the typical macroscopic lengths of NPG are greater than 

millimeters. Therefore, the ECM plays an important role in the interactions of NPG with 

cells because adherent cells such as HeLa adhere to a culture substrate via the ECM. Thus, 

we focus on the conformational change of ECM adsorbed on NPG with native 

polyacrylamide gel electrophoresis (native-PAGE) and enzyme-linked immuno sorbent 

(ELISA) analyses.  

In addition, we investigate the conformational change of integrin, which regulates the 

outside-in signaling, with atomic simulations including first-principles calculations and 

molecular dynamics simulation. HeLa cells adhere to fibronectin, which is typical of 

ECM, using integrins30–32), suggesting that NPG affects fibronectin and then the 

fibronectin has an effect on integrin. Therefore, two interactions, NPG/fibronectin and 

fibronectin/integrin, are investigated by the computational analyses. The adhesion motif 

of the RGD sequence plays a central role in the adhesion of fibronectin. It is important to 



 

5 

  

investigate the electronic interactions of charge transfer or exchange-correlation 

interaction in the adsorption of polarized or charged amino acids such as Asp on a metallic 

substrate33). In particular, the peculiar electronic states at the NPG surface27,29) must be 

considered to investigate the NPG/RGD interaction. Therefore, first-principles 

calculations are performed on the NPG/RGD interaction. It is accepted that binding of 

RGD to integrin induces a global conformational change of a hinge opening between the 

βA domain and the hybrid domain in the integrin headpiece34–37). Molecular dynamics 

(MD) calculations are performed on the conformational change of the integrin headpiece 

caused by RGD interacting with NPG, to investigate the fibronectin/integrin interaction.  

 

2. Methods and materials 

2.1 NPG and FG substrates 

In most experiments the NPG substrate was prepared by radio-frequency sputtering 

(SVC-700RF, Sanyu Electron, Japan) and subsequent dealloying on a 32-mm diameter 

glass dish, while other glass substrates were used for some experiments as explained later. 

First, supporting gold was sputtered onto the substrate using a pure gold (>99.9 mass%) 

target. For NPG, a supporting gold layer with thickness of 600 nm was sputtered to avoid 

delamination and fragmentation of the NPG during dealloying due to its brittleness and 
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shrinkage38,39). Then, Au0.3Ag0.7 alloy was sputtered onto the supporting gold layer to a 

thickness of 1000 nm. After cooling the Au-Ag/Au/glass dish at 253 K for 6 h, NPG was 

synthesized by dealloying (free corrosion) at 253 K for 24 h in 69 mass% HNO3, followed 

by thorough washing (10 or more times) with pure water to eliminate the residual HNO3
40). 

The surface structure of the fabricated NPG was observed using a scanning electron 

microscope (SEM, SU-6600, Hitachi High-Technologies, Japan). The quantitative 

chemical composition of the samples was analyzed with energy-dispersive X-ray 

spectroscopy (EDXS) equipped with SEM. For comparison, pure gold without 

nanoporous structure (300 nm in thickness) was sputtered onto the substrates to give FG. 

Cyclic voltammetry (CV) was carried out using a potentiostat (Automatic Polarization 

System, Hokuto Denko, Japan) for the determination of the electrochemically active 

surface area (ECSA) of the NPG and FG substrates. A typical three-electrode 

electrochemical cell with a Pt black counter electrode, a saturated calomel electrode 

(SCE) reference electrode, and the substrates (NPG and FG) on cover glass (18 mm × 18 

mm, Matsunami Glass Industry, Japan) as the working electrodes, was used. CV was 

performed at 10 mV/s in a potential window of −0.2 V to +1.3 V (vs. SCE) at room 

temperature. We compared the surface area of each substrate by integrating the cathodic 
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peak from +0.6 to +1.05 V, which coincides with the reduction of the oxidized monolayer 

formed on the gold surface during the anodic scan41). 

 

2.2 Preparation of HeLa cells 

HeLa cells were purchased from RIKEN, Japan. Dulbecco’s modified Eagle’s medium 

(DMEM, Thermo Fisher Scientific, MA, USA) supplemented with 10% heat inactivated 

fetal bovine serum (FBS, Thermo Fisher Scientific) and antibiotic-antimicotic (Thermo 

Fisher Scientific) was used for HeLa cell culture (in this paper, this supplemented medium 

is simply denoted DMEM unless otherwise stated).  

HeLa cells were cultured under standard conditions at 310 K in an atmosphere of 5% 

CO2 in a relative humidity of 95±5%. When the cells reached sub-confluence, they were 

harvested with TrypLE™ Express (Thermo Fisher Scientific) and resuspended in 10 mL 

of DMEM. To remove TrypLE™ Express, the suspension was centrifuged to give pellets 

of cells, and then 9 mL of the supernatant was removed. Fresh DMEM medium (9 mL) 

was then added and cells were dispersed by pipetting. 

 

2.3 Incubation of HeLa cells on substrates 
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Approximately 3.5 × 105 HeLa cells were seeded onto each substrate in 1.6 mL of 

DMEM. The dishes were then shaken horizontally to give a uniform cell density. HeLa 

cells on the substrates were observed after a certain incubation period at 310 K in an 

atmosphere of 5% CO2. After detachment using TrypLE™ Express, we calculated the 

adhesion rate (= number of adherent cells / (number of desorbed cells + number of 

adherent cells)) of HeLa cells on each substrate using microscope observation. The 

numbers of dead and viable HeLa cells cultured on each substrate for 24 h were counted 

by mixing 10 µL of the cell suspension and 0.4 mass% trypan blue aqueous solution 

(Thermo Fisher Scientific)42,43) and adding to a hemocytometer. The numbers were then 

used to give the inactivation rate (= dead cell number / (viable cell number + dead cell 

number)). 

 

2.4 Apoptosis detection by fluorescence microscope observation 

Apoptosis detection was used to understand the mechanism of cell adhesion and 

inactivation. Apoptosis is the suicide or programmed cell death that maintains the 

condition of multicellular organisms44,45). After culturing the HeLa cells for 24 h, the 

substrates were washed 5 times with PBS to completely remove the floating cells so that 
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only cells adhered to the substrates could be analyzed. Apoptosis reagent was then added 

dropwise to selectively stain apoptotic cells. 

 

2.5 Native polyacrylamide gel electrophoresis (PAGE) of culture media 

To establish the molecular weight composition of the culture media electrophoresis was 

carried out on DMEM medium after a 24-h incubation on each substrate. The supernatants 

were retrieved and mixed with NuPAGE™ Sample Reducing Agent (Thermo Fisher 

Scientific) and NuPAGE LDS Sample Buffer (Thermo Fisher Scientific). The samples 

were then heated at 343 K for 10 min. Finally, the samples were injected into a NuPAGE 

Bis-Tris gel (Thermo Fisher Scientific) and electrophoresed at 200 V constant voltage for 

35 min. After electrophoresis, the gel was washed with deionized water three times and 

soaked in SimplyBlue SafeStain (Thermo Fisher Scientific) for 30 min to stain the 

proteins. 

 

2.6 ELISA analyses of active fibronectin adsorbed on substrates 

Fibronectin adsorbed on NPG and FG substrates was analyzed for determination of the 

fibronectin conformation. An x-well chamber (Sarstedt AG & Co. KG, Germany) was 

used with the substrates for ELISA analysis. Glass slides were covered with FG or NPG 
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as described in 2.1, and then the x-well chamber was attached to bear the liquid on the 

substrates and to ease handling of the samples to be analyzed. 

The other ELISA analyses carried out using the protocol found in ref. 46, were 

conducted to reveal the conformation of fibronectin adsorbed on the NPG and FG 

substrates. First, fibronectin (human, plasma, Thermo Fisher Scientific) was dissolved in 

distilled water and the concentration was adjusted to 1 mg/mL. It was then diluted to a 

concentration of 1, 2, or 4 μg/mL using PBS and added to NPG and FG substrates at 277 

K for overnight immobilization. After the immobilization, the substrates were washed 

three times with PBS and blocked with bovine serum albumin. After washing three more 

times, the primary antibody (Fibronectin / Anastellin Antibody (HFN7.1)46–48) (Novus 

Biologicals, CO, USA)) was added and the temperature was maintained at 310 K for 30 

min. After washing five times with PBS, reactant was added and the samples were kept 

at room temperature for 15 min. A reaction stop solution was then added and the 

fluorescence intensity at a wavelength of 450 nm was measured using an absorption plate 

reader. 

 

2.7 Statistical methods 
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All experimental results were shown as the mean values with the corresponding standard 

deviations (SD).  

 

2.8 First-principles calculations of NPG/fibronectin interaction 

A gold (111) surface model, whose supercell consisted of 4 layers of 4√3 × 3√3 gold 

atoms and 15 Å vacuum gap, resulting in 144 gold atoms, was used as an FG model. 

Nanoporous metals have large lattice strains at the surface49–52). Previous work27) showed 

that the NPG surface was hyperpolarized by a 5% compressive lattice strain, which led 

to the antimicrobial activity. Therefore, a gold (111) surface model with 5% compressive 

lattice strain was used as the NPG model.  

An RGD sequence was modeled from the X-ray crystal structure of fibronectin III 7–

10 tetramer (PDB code: 1FNF53)). Hong et al.33) showed that the binding energy of Asp 

with Au(111) was lower than that of Arg, indicating that the Asp side chains preferentially 

bind to the Au surface. They also showed that when oxygen atoms of the Asp side chain 

adsorbed on the atop site of the gold (111) surface, the adsorption energy was lower than 

for adsorption on any other site33). Thus, RGD was initially placed in such a way that 

oxygen atoms of the Asp side chain were close to the atop sites at the gold (111) surface 

(Fig. S1). 
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Geometry optimizations by first-principles calculations of density functional theory 

(DFT) were performed on the RGD-NPG(FG) models using the Dmol3 code54,55). The 

generalized gradient approximation (GGA) with the Perdew-Wang 1991 (PW91) 

exchange-correlation function56) was applied. The influences of van der Waals (vdW) 

correction on the dispersive, covalent, and ionic bonds were taken into account in the 

Ortmann-Bechstedt-Schmidt (OBS) 57)  framework. The gold atoms in the bottom layer 

were fixed during the geometry optimizations. A double numerical basis-set including a 

polarization function (DNP) was used. A Fermi smearing of 0.005 hartree was adopted. 

The Brillouin zone of 2 × 1 × 127,29) was sampled by Monkhorst-Pack k-point mesh58). 

A variation in the torsion angle of RGD was measured to investigate the conformational 

change of RGD due to interactions with the gold surface, where a variation in the torsion 

angle of RGD was defined as the difference in the torsion angle of RGD before and after 

interaction with the gold surface. Also, the density of states (DOS) in oxygen and gold 

atoms related to the RGD/NPG(FG) interaction was calculated before and after 

interaction with the gold surface. In addition, Mulliken Population analysis59) was 

performed to investigate charge transfer between Au and Pt atoms. 

 

2.9 Molecular dynamics simulations of fibronectin/integrin interaction 
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 MD simulations were performed with GROMACS 5.1.2 software package60,61), using 

the OPLS all-atom force field. The integrin-fibronectin complex was modeled with the 

crystal structure of the human fibronectin III 7–10 (PDB:1FNF53)) and the crystal 

structures of the closed αvβ3 integrin headpiece with RGD (PDB: 1L5G62)). Both of the 

crystal structures were docked without serious steric clash by overlapping RGD contained 

in both of the crystal structures63–65). The complex model was centered at least 1.0 nm 

from the 157 Å × 157 Å × 157 Å box edge and solvated by the SPC/E water molecules 

model. Na+ counter ions were added to neutralize the system. The conformation of RGD 

was fixed during all of the simulations. The system was energy-minimized using the 

steepest descent algorithm (500,000 steps), with a time step of 2.0 fs. After the 

minimization, the system was equilibrated for 100 ps in the NVT ensemble, where the 

temperature reached 300 K. Following the NVT equilibration, 100 ps NPT equilibration 

was performed, resulting in the pressure and temperature of the system being adjusted to 

1.0 × 105 Pa and 300 K, respectively. The LINCS algorithm66) was employed to constrain 

bond lengths involving hydrogen atoms, allowing a 2 fs time step in the simulation. The 

long-range electrostatic interaction was calculated using the particle-mesh Ewald 

(PME67)) method with a cutoff radius of 10 Å. The initial velocity of the atom was given 

by the Maxwell distribution at 300 K. The temperature and pressure were controlled using 
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a velocity rescale (V-rescale) thermostat68) and Parrinello-Rahman barostat69), 

respectively. After the equilibration, the production MD run was performed for 20 ns. All 

systems remained stable during MD simulation, exhibiting a root mean square deviation 

(RMSD) for the backbone of less than 0.2 nm. In the calculations, Mn2+ coordinated at 

the MIDAS site of the original αvβ3 integrin crystal structure was replaced with Mg2+ 

because Mg2+ is abundant under physiological conditions and regulates the activation of 

integrin70). 

 

2.10 Principal component analysis of integrin activation 

Local rearrangement around the ligand-binding pocket develops into long-range 

conformational changes such as βA/hybrid hinge opening in integrin activation34–37). 

Principal component analysis (PCA) was performed to capture the structural transition in 

the long-range conformational change. The variance-covariance matrix was calculated 

for the coordinates of the backbone atoms derived from the trajectory of the MD 

simulation, and then diagonalized to output the principal component eigenvectors. All 

structures in the trajectory were projected onto the space spanned by the first and second 

principal component eigenvectors to visualize the distribution of the conformation. 
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In addition, a variation in the T-junction as a function of time was investigated to 

analyze the dynamic behavior of the conformations around the ligand-binding pocket and 

the headpiece hinge region, where the T-junction is defined as a hydrophobic contact 

between residues at the middle of the α1 helix and the top of the β6 strand71). The distance 

between Leu134 of the α1 helix and Leu333 of the β6 strand is another important factor in 

integrin activation64). Thus, the Leu134-Leu333 distance was investigated, where the 

distance was defined as that between the Cβ-atoms of Leu134 and Leu333. 

 

3. Results 

3.1 Microstructure of NPG 

The SEM image and EDXS profile of the NPG substrate are shown in Figs 1A and 1B, 

respectively. A nanoporous structure with an average ligament and pore size of 

approximately 20 nm was observed in the NPG substrate. As shown in Fig. 1B, the 

residual silver content was very small, below 4 at.%. Previous research excluded the 

possible effect of 4 at% silver remaining in NPG, confirming that silver did not result in 

any change in the adhesion rate of astrocytes and neurons on NPG compared with non-

silver containing substrates72). HeLa cells are intrinsically highly resistant to harmful 

factors in their environment, including silver ions73). Therefore, given that 4 at.% silver 
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has no effect on astrocytes and neurons, the residual silver in the NPG substrates is not 

expected to have an effect on HeLa cells. An SEM image of the FG substrate showed a 

featureless polycrystalline structure with no nanoporous structure (data not shown). 

Therefore, the prepared NPG and FG are suitable substrates for examining the effect of 

nanoporous structure on HeLa cells cultured thereon. 

CV curves for the evaluation of the ECSA of each substrate are shown in Figs 1C and 

1D. The shapes of the curves are typical of gold electrodes41), suggesting that the 

electrochemical response of the prepared NPG and FG are essentially the same as that of 

pure gold. As a result of the peak integration, the ECSA of the NPG substrate was found 

to be 107 times larger than that of FG. The surface area of the samples was increased by 

introducing nanoporous structure. 

                        

  [Figure 1] 

 

3.2 Inactivation and adhesion rates on NPG and FG 

Figure 2A shows the inactivation rate of HeLa cells on NPG and FG substrates for 24 

h. The average inactivation rates were 70% and 12% on the NPG and FG substrates, 

respectively (there is a statistically significant difference in the inactivation rates between 
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the NPG and FG substrates with p < 0.05). This result indicates that more HeLa cells die 

on NPG than on FG, which is similar to a previous result where NPG was shown to kill 

bacteria26. 

Figure 2B shows the adhesion rate of HeLa cells cultured on NPG or FG substrates for 

4, 10, 16, and 24 h. Two important points arose: (1) More HeLa cells were desorbed for 

NPG than for FG. Based on the adhesion rate after culturing for 24 h, there was a distinct 

difference in the adhesion rate of HeLa cells on NPG compared with FG. The adhesion 

rates were 16% and 89% on NPG and FG substrates, respectively (there was a statistically 

significant difference in the adhesion rates between NPG and FG substrates with p < 0.05). 

This result indicates that HeLa cells cannot maintain adhesion to the NPG substrate, 

showing that NPG has an abnormal effect on the adhesion of HeLa cells, despite FG (bulk 

gold) being chemically and biologically inert. This result is consistent with the 

inactivation rate discussed above; both results show that HeLa cells are inactivated by 

NPG. (2) A certain period was required for desorption of the HeLa cells from the NPG 

substrate. After 4 and 10 h of HeLa cell culture, there was very little difference in the 

adhesion rates of HeLa Cells on NPG and FG substrates. This indicates that the 

inactivation of HeLa cells by NPG required a certain period (at least 10 h in this 

experiment). Indeed, HeLa cells were inactivated after they had adhered to the NPG 
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substrate. The initial adhesion of the HeLa cells means that their inactivation by the NPG 

was not attributed to potentially harmful species diffusing through the media, but to the 

direct contact between the NPG substrate and HeLa cells. 

As shown above, more HeLa cells died and desorbed in the case of the NPG substrate. 

In general, adherent cells in culture, such as HeLa cells, adhere to a substrate via the ECM 

because essential signals for growth and survival are provided between cells and 

extracellular environments. If the adherent cells are desorbed from the ECM or substrate, 

anoikis—programmed cell death—will occur due to the desorption. We investigated 

whether anoikis occurred in the HeLa cells cultured on NPG; that is, we examined 

whether HeLa cells died after desorption or were desorbed after death on NPG. Figure 

2C shows cells adhered to the NPG substrate, and Fig. 2D shows the apoptotic cells (red-

stained cells) among the cells in Fig. 2C. Numerous apoptotic cells were observed on the 

NPG substrate. If the cells underwent apoptosis after desorption, red-stained cells (as in 

Fig. 2D) should not be observed because desorbed cells would already have been washed 

away with PBS before observation. In contrast, very few apoptotic cells were observed 

on the FG substrate (data not shown). These observations suggest that most of the HeLa 

cells desorbed after death on the NPG, although cell desorption before death should not  
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be completely neglected. This finding, together with the slow detachment after initial 

adhesion of HeLa cells on NPG substrates, supports the conclusion that the cell death 

induced by NPG is not due to either anoikis or diffusion of harmful species. 

                        

  [Figure 2] 

 

3.3 Fibronectin on NPG and FG 

Figure 3A shows the electrophoresis gels of DMEM incubated on NPG and FG 

substrates. As the DMEM with FBS contained proteins other than fibronectin, several 

bands for various proteins with inherent molecular weight were expressed. Overall, 

similar bands were detected for the DMEM on the NPG and FG substrates. This suggests 

that NPG showed no particular catalytic activity for the decomposition of molecules in 

the supernatant DMEM. The bands for dimeric fibronectin were found around the 

molecular weight of 450 kDa; however, there was no difference in intensity between the 

bands from DMEM incubated on the NPG and FG substrates. In addition, no band for the 

monomer (225 kDa) was observed. These results suggest that fibronectins and other 

proteins in the DMEM supernatant were not decomposed by NPG. 
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However, according to the results of ELISA analyses of active fibronectin adsorbed on 

NPG and FG (Fig. 3B), the conformation around the amino-acid sequence controlling 

adsorption in fibronectin was changed. The absorption at 450 nm (vertical axis in Fig. 

3B) for fibronectin on NPG was lower than that on FG, suggesting that the RGD site in 

fibronectin—a minimum length critical peptide for cell adhesion—adsorbed on NPG was 

inactivated compared with that adsorbed on FG46). Therefore, NPG affected cell adhesion 

by altering the conformation in fibronectin, which binds the cell and substrate. 

                        

  [Figure 3] 

 

3.4 Interaction of RGD with nanoporous gold 

The experimental results suggested that the cell death was related to the conformational 

change of fibronectin induced by NPG. In the case of anoikis, the conformational change 

induces the detachment of cells from the substrate, followed by apoptosis. However, the 

cell death induced by NPG was not related to anoikis. The conformational alteration of 

proteins by NPG has been reported for enzymes, with enzymes immobilized on NPG 

having been shown to be more thermally stable than those immobilized on FG73–77). 

However, in the present work, fibronectin in the supernatant DMEM was not decomposed 



 

21 

  

by NPG, and the amounts of adsorbed fibronectin were similar on NPG and FG. Therefore, 

the conformational change in this work is quite different from that reported for enzymes. 

The adhesion motif of the RGD sequence plays a central role in cell adhesion via 

fibronectin. The experimental results showed that the conformational change of RGD was 

more greatly induced by NPG. Details of the conformational change of RGD were 

investigated using first-principles calculations. The results are shown in Fig. 4. The 

torsion angle consisting of oxygen atoms in the carboxyl group of AspRGD, which directly 

contacted the NPG surface, was significantly varied by NPG (Fig. 4A). In addition, NPG 

greatly varied the torsion angles not only in AspRGD, but also in ArgRGD and GlyRGD, which 

did not bind directly to the NPG surface, suggesting that the effect of NPG spread 

throughout the RGD sequence.  

Nanoporous metals have unusual surface lattice strain due to the duality of the positive 

and negative curvature of the surface; which is not observed in nanoparticles49–52). This 

lattice strain induces the positively-hyperpolarized surface of NPG27). The large 

conformational change of RGD induced by NPG is therefore suggested to arise from the 

strong interaction of the RGD with the hyperpolarized NPG surface. The density of states 

(DOS) of the oxygen atom in the carboxyl group of AspRGD and the gold atom before and 

after the binding between RGD and the gold surface, are shown in Figs 4B and 4C. For 
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NPG, binding resulted in a peak, as indicated by the arrow (Fig. 4B), while no peak was 

found for FG (Fig. 4C), indicating that covalent-like binding was generated between the 

oxygen atom and the gold atom for NPG owing to the sharing of an electron pair between 

the atoms. Besides, the charge transfer between the gold atom of Au surface and the 

oxygen atom in the carboxyl group of AspRGD was investigated by the Mulliken 

Population analysis. The results are shown in Table 1. It can be seen from Table 1 that 

ionic binding between the gold and the oxygen atoms was enhanced by NPG. These 

suggest that HeLa cells adhered more strongly to the NPG substrate than to the FG 

substrate, which corresponds with the finding that HeLa cells adhered to the NPG 

substrate at the initial stage of cell culture. However, more HeLa cells desorbed from the 

NPG substrate than the FG substrate. Therefore, the desorption of HeLa cells from the 

NPG substrate is clearly not related to physical mechanisms, but to biological ones.                   

 

[Figure 4 and Table 1] 

 

3.5 Outside-in signaling via integrin 

A variety of signals are transmitted from extracellular environments to intracellular 

ones via integrin78). The outside-in signaling via integrin regulates various cell behaviors 



 

23 

  

such as cell survival, cell proliferation, cell motility, control of transcription, and 

cytoskeletal organization79). There are three states of integrin that are closely related to 

the ligand binding through an allosteric mechanism34,62,79–83): the bent form with closed 

headpiece, which is generated when integrin does not interact with a ligand; the extended 

form with closed headpiece, which occurs when integrin interacts with a ligand with low 

affinity; and the extended form with open headpiece, which is generated when integrin 

interacts with a ligand with high affinity. The integrin signals can be transmitted in the 

open headpiece, but only minimally in the closed headpiece, despite the binding to a 

ligand. The headpiece states of integrins binding to the RGD on NPG and FG substrates 

were investigated by PCA. The headpiece state was significantly changed in the 5 ns 

calculation for the integrin binding to the RGD on FG, as shown by the arrows in Figs 5C 

and 5D. The same observation was made for the integrin binding to an intact RGD84). It 

is therefore suggested that the headpiece was changed from the closed state to the open 

state by the binding to the RGD on FG. However, the same change was not observed for 

the integrin binding to the RGD on NPG (Figs 5A and 5B). This suggests that the change 

in the headpiece from the closed to the open state was not generated for the integrin 

binding to RGD on NPG because of the large RGD conformational change induced by 

NPG.       
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Puklin-Faucher et al.64) showed that the binding pocket and interdomain αA/hybrid 

domain hinge on the distal end of the αA domain are allosterically linked via a T-junction 

between the middle of the α1 helix and the top of the α7 helix. Therefore, the T-junction 

induced by ligand binding and hinge opening regulates the headpiece state. The hinge 

angle of the T-junction was measured to investigate the headpiece change from the closed 

state to the open state. The results are shown in Fig. 6. The opening of the T-junction was 

generated in the 5 ns calculation for integrin binding to the RGD on FG (Figs 6C and 6D) 

as well as for integrin binding to the intact RGD (Figs 6E and 6F), which corresponds 

well to the PCA results. However, the opening of the T-junction was not generated for 

integrin binding to the RGD on NPG (Figs 6A and 6B). The Leu333-Leu134 C�-atom 

distance is reduced as a result of the opening of the T-junction64). A decrease in the Leu333-

Leu134 distance was found for integrin binding to the RGD on FG (Fig. 7C), as well as for 

integrin binding to the intact RGD (Fig. 7E), but not for integrin binding to the RGD on 

NPG (Fig. 7A). These results suggest that the outside-in signals cannot be intracellularly 

transmitted via integrin binding to RGD on NPG because the extended form with open 

headpiece is not generated owing to the large conformational change of RGD. 

                        

[Figures 5 and 6] 
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4. Discussion 

Unlike for nanoparticles, the cellular uptake of nanostructures such as nanoporous 

materials and nanotubes cannot occur because of their bulky dimensions. Therefore, such 

nanostructures indirectly affect adherent cells via the ECM. Oh et al.85) showed that cell 

adhesion increased but differentiation rate decreased with decreasing diameter in 

nanotubes. In contrast, Park et al.22) showed that cell apoptosis was induced by nanotubes 

with a diameter of 100 nm, while the cell viability was enhanced by nanotubes with a 

diameter of 15 nm. The present work showed that NPG induced cell apoptosis that was 

not related to anoikis. Therefore, nanostructures have various effects on cells. There have 

been numerous studies to date on the effects of surface chemistry on cell behavior86–89), 

which suggest that the conformational change of the ECM induced by the surface 

chemistry affects the cell behavior. In addition, Tang et al.90) showed that surface potential 

regulated osteogenic differentiation via conformational change of the ECM. The present 

work suggested that the hyperpolarized surface due to the lattice disorder of NPG caused 

the conformational change of adsorbed fibronectin, which led to cell apoptosis. However, 

the various effects of the nanostructures on cells cannot be explained by denaturation or 

conformational change of the ECM alone. Changes in the ECM are intracellularly 
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transmitted via integrin, which regulates various cell behaviors. The fact that the cell 

death by NPG was not due to anoikis, but apoptosis which was caused for cells adhering 

to the NPG substrate indicates that NPG led to dysfunction in intracellular signaling for 

cell viability via integrin. The present work suggested that the outside-in signals cannot 

be intracellularly transmitted via integrin binding to the RGD on NPG because the 

extended form with open headpiece is not generated, owing to the large conformational 

change of RGD. Therefore, the importance of integrin signaling should be pointed out for 

understanding the various effects of the nanostructures on cells. In the case of nanoporous 

alumina19-21), the cell viability and differentiation were enhanced. The difference in 

effects of nanostructures on cell behavior should be related to integrin signaling. Thus, 

integrin signaling is suggested to play a central role in regulating the various effects of 

the nanostructures.  

In the computational analyses of the present work, the lattice strain was considered, but 

nanocurvatures and edges at the NPG surface were not considered because of the limited 

number of atoms which could be calculated by the first-principles calculations. 

Nanocurvatures and edges cause strains at the surface. Hence, effects of nanocurvatures 

and edges may be essentially the same as that of lattice strain obtained in the present work, 
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although the strains caused by nanocurvatures and edges are complicated. Further 

research is needed about effects of nanocurvatures and edges.  

It is well known that nanoparticles have a high capacity for inducing cell death91–100). 

This ability of nanoparticles to induce cell dysfunction is mainly due to the emission of 

ROS91–97). The signaling pathways of JNK/p53 and NFκβ, which are related to apoptosis, 

were found to be responsible for cell dysfunction induced by the emission of ROS in 

nanoparticles95–97). In contrast, there are some reports of nanoparticles inducing cell 

dysfunction without the emission of ROS98–100), where nanoparticles caused the 

denaturation of the ECM, for example via unfolding. Deng et al.98) showed that cell 

dysfunction without the emission of ROS was related to the NFκβ signaling pathway. The 

cell dysfunction induced by nanoparticles is therefore related to the same intracellular 

signaling regardless of whether ROS are emitted. Hence, the signaling is essential for the 

cell dysfunction induced by nanomaterials. The present work suggested that integrin 

signaling plays a central role in the cell death induced by NPG. Because the cellular 

uptake of nanoparticles occurs readily, nanoparticles directly affect the activation of 

intracellular signals regulating cell behaviors. However, cellular uptake of NPG cannot 

occur, therefore HeLa cells are required to adhere to the NPG substrate for a certain period 



 

28 

  

(at least 10 h) for the cell death by the integrin signaling, as demonstrated by the presented 

experimental results. 

 

5. Conclusion 

HeLa cells initially adhered to NPG over a period of more than 10 h. Thereafter the 

adhered HeLa cells experienced apoptosis. The apoptosis was not related to anoikis 

because the cells died before desorption from the NPG substrate. ELISA analyses showed 

that the conformational change of fibronectin was more greatly induced by NPG, which 

corresponds to the first-principles calculation result. The molecular dynamics simulations 

suggested that the extended form of integrin with open headpiece was not generated 

owing to the large conformational change of fibronectin, therefore the outside-in signals 

could not be intracellularly transmitted via the integrin binding to the fibronectin on the 

NPG, which resulted in cell death. 
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Tables 

Table 1. Variations in charge of gold atom of Au surface and oxygen atom in carboxyl 

group of AspRGD by binding of AspRGD with Au surface for flat Au and nanoporous Au. 

The positive/negative value of charge variation means that the charge is 

decreased/increased.    

 

Substrate Binding Atom Charge variation 

flat Au oxygen -0.017 

 gold +0.040 

nanoporous Au oxygen -0.070 

 gold +0.168 
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List of Figures 

 

Figure 1. Characterization of nanoporous gold (NPG). (A) SEM image of NPG. 

Ligaments and pores with an average diameter of 20 nm were three-dimensionally 

connected. (B) Energy-dispersive X-ray spectrum for NPG. Mainly gold was detected, 

with very little silver, suggesting that the silver was sufficiently removed during 

dealloying in HNO3. (C) Cyclic voltammetry curve for NPG. (D) Cyclic voltammetry of 

flat gold (FG). (C) and (D) suggest that the electrochemical surface properties of NPG 

and FG were essentially the same, although the electrochemically-active surface area was 

much higher for NPG than for FG. 
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Figure 2. Comparison of HeLa cells cultured on nanoporous gold (NPG) and flat gold 

(FG) substrates. (A) Inactivation rate of HeLa cells on NPG and FG substrates, showing 

a higher inactivation rate for NPG substrates (there is a statistically significant difference 

in the inactivation rates between NPG and FG substrates with p < 0.05). (B) Time 

variation for adhesion rate of HeLa cells cultured on NPG and FG substrates. After a 10-

h culture, HeLa cells detached from the NPG substrate, but remained adhered to the FG 

substrate. Asterisks denote a statistically significant difference in the inactivation rates 

between the NPG and FG substrates with p < 0.05. (C) Bright-field and (D) fluorescence 

microscope observation images of HeLa cells cultured on NPG for 24 h. In image (D) 

apoptotic cells are stained red. 
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Figure 3. Analyses of proteins including fibronectin. (A) Electrophoresis gel after native-

PAGE. No difference in the protein composition was detected between the nanoporous 

gold (NPG) and flat gold (FG) substrates. (B) Relationship between fluorescence intensity 

and concentration of fixed active fibronectin quantified according to the protocol in ref. 

46. The intensity was lower in NPG than in FG, suggesting a conformational change in 

amino-acid motifs related to the adhesion of cells. 
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Figure 4. Results of first-principles calculations of the conformational change of the RGD 

sequence. (A) Variation in torsion angle of RGD before and after binding to nanoporous 

gold (NPG) or flat gold (FG) substrates. The red, gray, and blue spheres indicate oxygen, 

carbon, and nitrogen atoms, respectively. The torsion angle is calculated from the 

positions of the four atoms. NPG significantly varied the torsion angles not only in 

AspRGD, but also in ArgRGD and GlyRGD. (B and C) Density of states (DOS) of the oxygen 

atom in the carboxyl group of AspRGD and the gold atom before and after binding between 

the RGD and gold surface for NPG (B) and FG (C). The blue, red and yellow lines 

indicate partial density of states in s, p and d orbits, respectively. A peak that indicates 

covalent-like binding between the oxygen atom and gold atom was found for NPG, as 

indicated by the arrow. 
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Figure 5. Principal component analyses of αvβ3 integrin headpiece binding to the RGD 

sequence. (A) Projections of the conformation of the integrin headpiece onto the space 

spanned by two principal vectors derived from the trajectory of molecular motions in 

interacting with RGD on nanoporous gold (NPG). (B) Variation in the conformation of 

the integrin headpiece through interaction with RGD on NPG as a function of time, where 

the molecular motions of integrin are projected to the first and second principal 

component vectors. (C) Projections of the conformation of the integrin headpiece 

interacting with RGD on flat gold (FG). (D) Variation in the conformation of the integrin 

headpiece through interacting with RGD on FG. In (A) and (C), the vertical and horizontal 

axes represent the deviation along the first and second principal vectors from the initial 

structure of integrin in angstrom order, respectively. The headpiece state was significantly 

changed in the 5 ns calculation for the integrin binding to RGD on FG, as shown by the 

arrows in (C) and (D), however, a comparable change was not found for the integrin 

binding to RGD on NPG. 
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Figure 6. Conformational change of the βA/hybrid hinge in αvβ3 integrin. (A) Variation 

in the βA/hybrid hinge angle as a function of time for integrin binding to RGD on 

nanoporous gold (NPG). (B) Snapshots of the βA/hybrid hinge at 0, 5, and 20 ns for 

integrin binding to RGD on NPG. (C) Variation in βA/hybrid hinge angle for integrin 

binding to RGD on flat gold (FG). (D) Snapshots of the βA/hybrid hinge for integrin 

binding to RGD on FG. (E) Variation in βA/hybrid hinge angle for intact integrin. (F) 
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Snapshots of the βA/hybrid hinge for intact integrin. In (B), (D), and (F), pink, yellow, 

and green cartoon structures indicate snapshots at 0, 5, and 20 ns, respectively. 
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Figure 7. Motion of Leu134 of α1 helix and Leu333 of β6 strand. (A) Variation in distance 

between Cβ-atoms of Leu134 and Leu333 in integrin binding to RGD on nanoporous gold 

(NPG). (B) Snapshots of Leu134 and Leu333 at 0, 5, and 20 ns in integrin binding to RGD 

on NPG. (C) Variation in distance between Leu134 and Leu333 in integrin binding to RGD 

on flat gold (FG). (D) Snapshots of Leu134 and Leu333 in integrin binding to RGD on 
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FG. (E) Variation in distance between Leu134 and Leu333 in intact integrin. (F) Snapshots 

of Leu134 and Leu333 in intact integrin. In (B), (D), and (F), pink, yellow, and green cartoon 

structures indicate the conformations around Leu134 and Leu333 at 0, 5, and 20 ns, 

respectively. Leu134 and Leu333 are shown as ball and stick models. The black arrow in 

(F) represents the distance between the Cβ-atoms of Leu134 and Leu333. 
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RGD / gold (111) surface model in first principles 

calculation 

 

 

Figure S1. Model of the RGD sequence on a gold (111) surface for first-principle 

calculations. Red, gray, white, blue, and yellow spheres indicate oxygen, carbon, 

hydrogen, nitrogen, and gold atoms, respectively.  


