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ABSTRACT
This paper describes the effect of low concentrations of 100 nm polyethylene glycol-modified 
TiO2 nanoparticles (TiO2-PEG NPs) on HepG2 hepatocellular carcinoma cells. Proliferation of 
HepG2 cells increased significantly when the cells were exposed to low doses (<100 μg ml–1) of 
TiO2-PEG NPs. These results were further confirmed by cell counting experiments and cell cycle 
assays. Cellular uptake assays were performed to determine why HepG2 cells proliferate with 
low-dose exposure to TiO2-PEG NPs. The results showed that exposure to lower doses of NPs led 
to less cellular uptake, which in turn decreased cytotoxicity. We therefore hypothesized that 
TiO2-PEG NPs could affect the activity of hepatocyte growth factor receptors (HGFRs), which 
bind to hepatocyte growth factor and stimulate cell proliferation. The localization of HGFRs on 
the surface of the cell membrane was detected via immunofluorescence staining and confocal 
microscopy. The results showed that HGFRs aggregate after exposure to TiO2-PEG NPs. In 
conclusion, our results indicate that TiO2-PEG NPs have the potential to promote proliferation of 
HepG2 cells through HGFR aggregation and suggest that NPs not only exhibit cytotoxicity but 
also affect cellular responses.

1.  Introduction

TiO2 nanoparticles (TiO2 NPs) are utilized in a wide 
variety of industrial and consumer products, such as 
drug delivery systems,[1] antibacterial materials,[2] cos-
metics,[3] sunscreens,[3] electronics,[4] and catalysts.
[5] Consequently, various methods have been developed 
to prepare TiO2 NPs, including sol-gel techniques,[6] 
hydrothermal methods,[7] and solvothermal methods.
[8] However, widespread use of TiO2 NPs has raised con-
cerns about potential risks to human health, livestock, 
and the ecosystem due to long-term exposure and envi-
ronmental release.[9]

In mammals, TiO2 NPs enter the body via gastro-
intestinal, dermal, or pulmonary absorption. The dep-
osition mass of NPs is correlated with the exposure 
concentration. Koivisto et al. [10] found that the lung 
deposition mass increased though inhalation from 0.2 
to 84.0 μg as the aerosol mass concentration increased 
from 0.8 to 28.5 mg m–3, showing a linear correlation 
with aerosol mass concentration. However, few NPs 
were deposited in the organs. Chen et al. [11] found that 
TiO2 NPs (80 nm) accumulated primarily in the liver of 
mice after oral administration, with a deposition mass 
of 3970 ± 1670 ng g–1. Another mouse study reported 

 OPEN ACCESS

CLASSIFICATION
30 Bio-inspired and 
biomedical materials; 211 
Scaffold / Tissue engineering 
/ Drug delivery

http://creativecommons.org/licenses/by/4.0/
mailto:taniguchi.akiyoshi@nims.go.jp
http://www.tandfonline.com


Sci. Technol. Adv. Mater. 17 (2016) 670� Q. SUN et al.

that the deposition mass of TiO2 NPs reached its highest 
level in the spleen, 1120 ± 880 ng g–1, after intraperi-
toneal injection for seven days.[12] These data suggest 
that it is more useful to study the effects of exposure to 
low doses of NPs at the cellular level. Many researchers 
have examined the cellular responses to exposure to high 
doses of NPs and found that high doses generate reac-
tive oxygen species,[13] damage DNA,[14] and induce 
apoptosis,[15,16] inflammation,[17] and differentiation.
[18] The cellular responses to exposure to low doses of 
NPs remain unclear, however.

PEG is generally considered a safe polymer and is 
therefore widely utilized in medicine and biotechnology 
due to its unique properties, such as biocompatibility, 
ready excretion from living organisms, and resistance 
to protein adsorption. In our work, PEG was used for 
functionalization of the TiO2 surface to decrease the 
cytotoxicity of NPs.

The aim of the present study was to characterize the 
cellular responses to exposure to low doses of TiO2-PEG 
NPs. For this purpose, HepG2 hepatocellular carcinoma 
cells were used. TiO2-PEG NPs were characterized by 
scanning electron microscopy (SEM) and an electronic 
light scattering. Cellular responses were evaluated and 
analyzed with respect to surface modifications. Our 
results show that TiO2-PEG NPs stimulate the prolifer-
ation of HepG2 cells through the aggregation of hepat-
ocyte growth factor receptors (HGFRs), thus providing 
important information that enhances our understanding 
of nanotoxicology.

2.  Materials and methods

2.1.  Cell culture

HepG2 cells were cultured at 37  °C and 5% CO2 in 
Dulbecco’s modified Eagle medium (DMEM, high glu-
cose, Nacalai Tesque, Kyoto, Japan) supplemented with 
10% (v/v) heated fetal bovine serum (HFBS, Biowest, 
MO, USA), 100 μg ml–1 of penicillin, and 10 μg ml–1 of 
streptomycin (Nacalai Tesque). Cells were subcultured 
every two days.

2.2.  Synthesis of NPs

TiO2 NPs were prepared as follows. Briefly, titanium (IV) 
oxide particles (anatase form containing rutile form) 
were purchased from Wako Pure Chemicals Industries 
(Osaka, Japan). Water-dispersed TiO2 particles were 
prepared by wet pulverization process under high pres-
sure using NanomizerTM (NMS-200L, Nanomizer Inc., 
Kanagawa, Japan). Twenty ml of 25 wt% of the TiO2 
particles in water was passed through the generator 
of Nanomizer 10 times under 200 MPa pressure, then 
water-dispersed TiO2 particles were collected. The sur-
face of TiO2 NPs was then coated with PEG co-polymer 
as previously described.[19] The water-dispersed TiO2 
particles were mixed with PEG-maleic acid copolymer 

(AM1510 K, Nihon Yushi Co., Ltd, Tokyo, Japan) mod-
ified with 4-amino-salicylic acid (Wako Pure Chemicals 
Industries). The final concentrations of these materials 
in dimethylformamide (DMF) were adjusted to 0.5 wt% 
of TiO2 and 1.5 mg ml–1 of polymer, respectively. Next, 
20 ml of the mixture was incubated at 130 °C for 16 h, 
followed by complete drying at 40 °C for 10 min at a 
reduced pressure of 5 hPa. Thereafter, the TiO2-PEG NPs 
were re-dispersed in sterilized water at a concentration 
of 1 wt%.

2.3.  Cell viability assay

The viability of HepG2 cells was assessed using a 
CellTiter-Glo® luminescent cell viability assay (Promega 
Corp., Madison, WI, USA) according to the manufac-
turer’s instructions. HepG2 cells were seeded at a density 
of 1 × 104 cells/well in an opaque 96-well plate. After 
incubation at 37 °C and 5% CO2 for 24 h, the cells were 
exposed to TiO2 and TiO2-PEG NPs at concentrations 
of 0, 10, 20, 40, 80, 100, 400, and 1000 μg ml–1. At vari-
ous times, the adenosine triphosphate (ATP) content of 
the cells was determined using a luminometer (TECAN, 
Tokyo, Japan) after adding an equal volume of CellTiter-
Glo® reagent to each well.

2.4.  Cell counting using the Trypan blue method

Nanomaterials may interfere with cell viability assays 
by light absorption, light scattering, or fluorescence.
[20] To avoid or minimize NP-associated interference, 
cells were counted at various times using a disposable 
hemocytometer (Funakoshi, Tokyo, Japan). HepG2 cells 
were seeded at 1 × 105 cells/well in 24-well plates and 
incubated at 37 °C and 5% CO2 for 24 h. The cells were 
then washed with phosphate buffered saline (PBS) once 
and exposed to 100 μg ml–1 of NPs for 12, 24, and 48 h. 
The cells were collected and stained with Trypan blue to 
distinguish dead and live cells; living cells were counted 
using a hemocytometer.

2.5.  Cell cycle analysis

HepG2 cells were seeded in six-well plates at a density 
of 4 × 105 cells/well. After incubation for 24 h, TiO2 and 
TiO2-PEG NPs were added to all wells except the control 
wells and incubated for 24 h. The cells were collected by 
trypsin treatment and then passed through a nylon mesh 
(Cell Strainer Snap Cap, Falcon, NY, USA) to remove 
cell clumps. Subsequently, the cells were washed twice 
with PBS and fixed with 66% ethanol at 4 °C for 2 h, after 
which they were washed twice with PBS and stained 
with 200 μl of 1  ×  propidium iodide (PI) and RNase 
staining solution (propidium iodide flow cytometry kit 
for cell cycle analysis, Abcam, Japan) and then incubated 
at 37 °C for 20 min. Finally, DNA content was assessed 
using a SP6800 spectral analyzer with 488 nm laser illu-
mination to determine the cell phase.
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2.6.  Evaluation of cellular uptake by flow 
cytometry

To avoid artifacts associated with dye modification of the 
size of NPs, we used original NPs not exposed to dye to 
assess cellular uptake by HepG2 cells and determine the 
percentage of cells containing NPs.[21] Briefly, 2 ml of a 
HepG2 cell suspension at a density of 5 × 105 cells/well 
was seeded in a six-well plate and cultured for 24 h. The 
attached cells were exposed to TiO2 and TiO2-PEG NPs at 
0, 100, 200, 400, 600, and 800 μg ml–1. Ultrasonic processing 
of the NP suspensions for 30 min before and after dilution 
was employed to ensure adequate dispersion. After 24 h 
of incubation, cells were trypsinized and passed through a 
nylon mesh (Cell Strainer Snap Cap) after washing twice 
with PBS to remove excess NPs. The cells were then col-
lected by centrifugation and suspended in 1 ml of PBS with 
6% HFBS. Subsequently, the cells were stained with 1 μl of 
42 μM PI (dead cells) and 2 μl of 4.3 mM thiazole orange 
(all cells) (BD Cell Viability Kit, BD Biosciences, Becton, 
Dickinson and Co., San Jose, CA, USA). Finally, stained 
cells were detected using an SP6800 Spectral Analyzer 
(Sony Biotechnology Inc., Tokyo, Japan). Cell granularity 
was assessed using side-scattering (SSC) light, and cell size 
was assessed using forward scattering light.

2.7.  Immunofluorescence and confocal laser 
scanning microscopy

HepG2 cells were plated in a cell view cell culture dish 
(Greiner Bio-One North America, Inc., Monroe, NC, 
USA) at a density of 2.5  ×  104 cells/compartment and 
incubated for 24 h. Next, the cells were exposed to NPs 
at a concentration of 50  μg  ml–1 and incubated for an 
additional 24 h, after which the cells were washed twice 
to remove excess NPs and then fixed with 4% paraform-
aldehyde (PFA) for 10 min. Subsequently, the cells were 
blocked with 1% bovine serum albumin (BSA)/10% nor-
mal goat serum/0.3 M glycine in PBS for 1 h, followed 
by washing three times (5 min each). Immediately after 
washing, the cells were incubated with anti–Met hepat-
ocyte growth factor receptor (HGFR) antibody (1/100 
dilution, EP1454Y, Abcam, Cambridge, MA, USA) for 
1 h at room temperature (RT) and then goat anti-rabbit 
IgG H&L (1/200 dilution, DyLight® 488, ab96883, Abcam) 
in the dark for 1 h at RT. Both incubations were followed 
by washing three times (5 min each) with PBS. Confocal 
microscopy was performed using a confocal laser- 
scanning microscope (LSM510 META, Carl Zeiss Inc., 
Jena, Germany). All images were acquired using a 63 × 1.4 
Plan-Apochromat oil immersion objective (Carl Zeiss).

2.8.  Statistical analysis

All data were assessed for statistical significance using 
Student’s t-test. All values are presented as mean ± SD 
(n ≥ 3), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 which is typ-
ically provided only in the figure legends.

3.  Results

3.1.  Characterization of TiO2 and TiO2-PEG NPs

The morphology, size distribution, and dispersion of 
TiO2 and TiO2-PEG NPs in complete DMEM with 10% 
HFBS (cDMEM) were characterized by scanning elec-
tron microscope (SEM), transmission electron micro-
scope (TEM) and electronic light-scattering detector 
(ELS). The results are shown in Figure 1. The SEM 
and TEM images indicated that the NPs were irregular 
and aggregated. The mean sizes of TiO2 and TiO2-PEG 
NPs were measured as 186 and 130 nm respectively in 
cDMEM. The polydispersity index (PDI) values of TiO2 
and TiO2-PEG NPs were accordingly 0.224 and 0.149. 
Obviously, PEG modification induced the dispersion of 
TiO2 NPs easily and homogeneously.

Generally, when NPs are dispersed in culture 
medium, protein molecules adsorb onto the surface, 
forming a corona [22,23] that increases the mean size 
of the particles. However, surfaces covered with PEG 
resist protein adsorption due to the high steric exclusion 
of PEG.[24] In addition, PEG modification decreases the 
surface area/volume ratio and thus reduces the aggrega-
tion of NPs. Therefore, PEG modification was expected 
to reduce the tendency of TiO2-PEG NPs to aggregate.

3.2.  Differences in cell viability at low and high NP 
doses

To determine the number of viable cells, a homoge-
neous assay was performed based on quantitation of 
cellular ATP content. As shown in Figure 2(A), within 
24  h, cell viability of TiO2-PEG NPs increased in a 
dose-dependent manner from 100 to 150% at NP con-
centrations below 100 μg ml–1. Cell viability decreased 
to 110% as the dose of TiO2-PEG NPs was increased 
to 1000 μg ml–1. However, cell viability was still above 
100%, indicating that TiO2-PEG NPs are not cytotoxic 
to HepG2 cells. The same trends were observed with 
an increase in incubation time to 48 h (Figure 2(B)), 
with cell viability slightly higher compared with 24 h 
of incubation. For TiO2 NPs, within 24 h, cell viability 
kept around 100% even when the NPs concentration 
increased to 1000 μg ml–1. With the incubation time 
increasing, cell viability increased slightly. The cell via-
bility results showed that TiO2 and TiO2-PEG NPs have 
no cytotoxicity to HepG2 cells, and cells exposed to 
TiO2-PEG NPs have higher cell viabilities. Based on 
the observed increase in cell viability, an NP concen-
tration <100 μg ml–1 was defined as a low dose, and 
correspondingly, concentrations ranging from 100 to 
1000  μg  ml–1 were defined as high doses due to the 
observed decreases in cell viability. In addition, the 
viability of cells exposed to TiO2-PEG NPs was signif-
icantly higher than that of control cells not exposed to 
NPs. These results thus suggest that at low concentra-
tions, TiO2-PEG NPs promote cell proliferation.
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the number of HepG2 cells exposed to the low doses of 
TiO2-PEG NPs (≤100 μg ml–1) increased significantly at 
12, 24, and 48 h compared with control cells not exposed 
to NPs. These results confirm that exposure to low doses 
of TiO2-PEG NPs promotes cell growth. TiO2 NPs did 
not increase cell numbers at 12 and 24 compared with 
control cells not exposed to NPs. However, after 48 h 
incubation cells exposed to TiO2 NPs showed significant 
growth, while control cells reached the confluent stage 
at approximately 24 h. That is because cells exposed to 
NPs seemed to grow with cell aggregation and overlay 
(data not shown). The results suggested that NPs that 

Two different cell lines were examined in the viability 
assay, HepG2 and NCI-H292, although data are shown 
only for HepG2 cells. Only HepG2 cells exhibited signif-
icant proliferation, however. These results suggest that 
stimulation of proliferation is cell dependent.

3.3.  Low concentrations of TiO2-PEG NPs induced 
cell growth

A cell counting assay was employed to verify the results 
of low-dose NP exposure. Live cells were stained with 
Trypan blue dye and counted. As shown in Figure 3, 

Figure 1. Morphology and size distribution of TiO2 and TiO2-PEG NPs in complete cell culture medium. (A) SEM and TEM images of 
TiO2 and TiO2-PEG NPs; (B) size distributions of TiO2 and TiO2-PEG NPs. Scale bar: 100 nm (SEM and middle TEM) and 2 nm (right TEM).

Figure 2.  Growth of HepG2 cells after exposure to TiO2 and TiO2-PEG NPs for (A) 24  h and (B) 48  h. All values are presented as 
mean ± SD (n ≥ 3). Data were analyzed using Student’s t-test; *p ≤ 0.05, **p ≤ 0.01.
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with increasing NPs dose. At NPs concentration of 
100 μg ml–1, the percentage of cells containing TiO2-PEG 
NPs was the lowest, at only about 10%. The percentage of 
cells containing TiO2-PEG NPs increased to 60% at NPs 
concentration of 800  μg  ml–1, however. Furthermore, 
compared with that of TiO2 NPs, TiO2-PEG NPs showed 
a much lower incorporation of cells, as shown in Figure 
4(B). The cellular uptake rate was therefore lower at low 
doses of TiO2-PEG NPs, which decreased the cytotox-
icity of NPs. Accordingly, high doses of TiO2-PEG NPs 
stimulated a higher cellular uptake rate, which resulted 
in higher cytotoxicity.

3.6.  TiO2-PEG NPs induced aggregation of HGFRs

The receptor for hepatocyte growth factor/scatter factor 
(HGF/SF) is a transmembrane tyrosine kinase encoded 
by the c-MET oncogene, which is known to mediate 
mitogenic and invasive responses in several cell types.
[25,26] Recent research indicated that interactions 
between NPs and certain membrane receptors can 
promote aggregation of these receptors.[27] Therefore, 

were outside of cells would connect cells and thus cause 
aggregation and overlay of cells.

3.4.  Low concentrations of TiO2-PEG NPs induced 
changes in the cell cycle

To further examine the role of NPs in stimulating cell 
proliferation, we monitored the cell cycle by determining 
the DNA content of HepG2 cells using PI (a dye that 
stains nucleic acids) and flow cytometry analysis. As 
shown in Table 1, after exposure to TiO2-PEG NPs for 
24 h, the DNA content of cells in the S phase increased 
significantly compared with control cells not exposed 
to NPs. However, for TiO2 NPs exposure group, the 
DNA contents of cells in S phase showed no significant 
increase compared with control. This result confirms 
that TiO2-PEG NPs enhance the ability of HepG2 cells 
to proliferate.

3.5.  Cellular uptake of TiO2 and TiO2-PEG NPs

To elucidate the mechanism of cell growth promotion 
associated with exposure to low doses of TiO2-PEG NPs, 
cellular uptake of TiO2 and TiO2-PEG NPs was assessed 
by flow cytometry. As shown in Figure 4(A), compared 
with control cells, the SSC peaks of cells incubated with 
NPs shifted to the right, indicating NPs internalization. 
Figure 4(B) shows that the cellular uptake rate increased 

Figure 3. TiO2-PEG NPs induce proliferation of HepG2 cells. Cells 
were incubated without (white squares) or with TiO2 (black 
squares) and TiO2-PEG (gray squares) NPs at a concentration 
of 100 μg ml–1 for 12, 24, and 48 h. All values are presented as 
mean ± SD (n ≥ 3). Data were analyzed using Student’s t-test; 
*p ≤ 0.05, **p ≤ 0.01.

Table 1. Low doses of NPs induce DNA synthesis. HepG2 cells 
were incubated without (control) or with TiO2 and TiO2-
PEG NPs at 100 μg ml–1 for 24 h. All values are presented as 
mean ± SD (n ≥ 3). Data were analyzed using Student’s t-test.

*p ≤ 0.05; **p ≤ 0.01. 

Group/24 h

Cell phases

G0/G1 (%) S (%) G2/M (%)
Control 55 ± 2 25.2 ± 0.5 19.4 ± 1.5
TiO2-PEG NPs 50.9 ± 0.7 29.5 ± 0.5* 19.6 ± 0.2
TiO2 NPs 55 ± 5 24 ± 3 19.8 ± 0.6

Figure 4.  Cellular uptake of TiO2 NPs and TiO2-PEG NPs.  
(A) Uptake rate of NPs by HepG2 cells. Cells were incubated 
without (open triangles) or with (closed squares) TiO2 and 
(open circles) TiO2-PEG NPs at a concentration of 100 μg ml–1 for 
24 h. (B) Percentage of HepG2 cells containing NPs. Cells were 
incubated with TiO2 (closed squares) and TiO2-PEG NPs (open 
circles) at 0, 100, 200, 400, and 800 μg ml–1 for 24 h. All values 
are presented as mean ± SD (n ≥ 3). Data were analyzed using 
Student’s t-test; *p ≤ 0.05, **p ≤ 0.01.
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exposed to TiO2-PEG NPs (as shown by the arrow in 
Figure 5(F)). These results confirmed that TiO2-PEG 
NPs exposure induces the aggregation of HGFRs in 
HepG2 cells, which in turn promotes cell proliferation.

4.  Discussion and conclusions

In this work, the effect of TiO2-PEG NPs on HepG2 
cells was examined. The low concentration of NPs was 
defined as less than 100 μg ml–1 of NPs in this work. 
The results of cell viability and cell counting assays con-
firmed that exposure to low doses (≤100 μg ml–1), even 
10 μg ml–1, of TiO2-PEG NPs stimulates the prolifera-
tion of HepG2 cells. The significant increase in the DNA 
content of TiO2-PEG NP-exposed cells in the S phase 
also confirmed that exposure to low doses of TiO2-PEG 
NPs induces cell proliferation. To explore the mecha-
nism through which exposure to low doses of TiO2-PEG 
NPs induces cell proliferation, we evaluated the cellular 
uptake of NPs at different concentrations. The TiO2 and 
TiO2-PEG NPs were used as non-fluorescence-labeled 
NPs for cellular uptake experiments to avoid the changes 
of size and surface characterization after modification. 
Therefore, in our results, there could be no artificial 
effects of different fluorescence intensities of NPs on 
the cellular uptake. We found that exposure to lower 
concentrations of TiO2-PEG NPs leads to lower rates 
of cellular uptake, which in turn decreases cytotoxicity. 
We also hypothesized that the observed increase in cell 

we hypothesized that interaction of TiO2-PEG NPs 
with HGFRs would induce aggregation of HGFRs and 
subsequent proliferation of HepG2 cells. To test this 
hypothesis, the localization of HGFRs was assessed by 
immunofluorescence staining using an anti-HGFR anti-
body. As shown in Figure 5(A) and (B), HGFRs were 
scattered on the surface of control cells not exposed to 
NPs. Weak HGFRs aggregations on the surface of cells 
with TiO2 NPs exposure group were observed in Figure 
5(C) and (D). HGFRs aggregated on the surface of cells 

Figure 5. TiO2-PEG NPs induce the aggregation of hepatocyte growth factor receptors (HGFRs). Cells were incubated without or with 
TiO2 and TiO2-PEG NPs at 50 μg ml–1 for 24 h. (A, B) controls, without NPs exposure, the uniform distribution of the green fluorescence 
shows that HGFRs were scattered on the surface of cells; (C, D) TiO2 NPs exposure group: HGFRs were evenly scattered on the surface 
membrane of HepG2 cells; (E, F) TiO2-PEG exposure group: NPs induced HGFR aggregation, as shown by the arrow in F. Scale bar: 
10 μm (A, C, E) and 20 μm (B, D, F).

Figure 6. Potential mechanisms of cell proliferation stimulated 
by TiO2-PEG NPs. One hypothesis holds that insertion of TiO2-PEG 
NPs between the lipid bilayer changes the structure of the cell 
membrane, narrowing the space between HGFRs and leading to 
the formation of HGFR aggregates. The other hypothesis holds 
that TiO2-PEG NPs bind adjacent HGFRs together; ‘n’ indicates 
the number of HGFRs.
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proliferation was related to a change in HGFR local-
ization. Using immunofluorescence staining with an 
anti-HGFR antibody, we found that HGFRs aggregate 
on the surface of TiO2-PEG NP-exposed cells, confirm-
ing our hypothesis. Our results indicate that TiO2-PEG 
NPs induce the proliferation of HepG2 cells via pro-
moting the aggregation of HGFRs and suggest that NPs 
exhibit not only cytotoxicity but also affect other cellu-
lar responses. We also investigated the same experiment 
using non-modified TiO2 NPs. TiO2-PEG NPs showed 
stronger effects that non-modified TiO2 NPs. The results 
suggested that both PEG-shell and TiO2 NPs themselves 
could be important for inducing cell proliferation by 
TiO2 NPs. PEG shell could change surface character 
and aggregation size of NPs, so these alterations of NPs 
might affect induction of cell proliferation.

Details regarding how TiO2-PEG NPs interact with 
HGFRs and induce cell proliferation remain unknown. 
NPs can interact with cell receptors either directly or 
indirectly. Specific effects of direct interaction between 
NPs and membrane receptors include inducing the 
receptors to aggregate.[27] Alternatively, the protein 
coronas of NPs can interact indirectly with cell mem-
brane receptors.[28] Based on our work, we propose two 
hypotheses to explain TiO2-PEG NP-induced cell prolif-
eration, as illustrated in Figure 6. One hypothesis holds 
that insertion of TiO2-PEG NPs between the lipid bilayer 
changes the structure of the membrane, narrowing the 
space between HGFRs and leading to the formation 
of HGFR aggregates. The other hypothesis holds that 
TiO2-PEG NPs bind adjacent HGFRs together. These 
two hypotheses will guide our future efforts to elucidate 
the mechanism through which exposure to low doses 
of NPs induces cell proliferation. We understand that 
we did not fully explain this growth stimulation by NPs 
through HGFRs aggregation. So we tried blocking or 
knock-down experiments of HGFRs. However, these 
blocking or knock-down of HGFRs induced slow pro-
liferation, even without NPs. Therefore, we could not 
show direct evidence for this growth inhibition.
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