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1 | INTRODUCTION

Currently, nanoparticles (NPs) have been a popular
nanoscience and nanotechnology with a diameter between
1 and 100 nm by the aggregation of atomics at the

Abstract

Currently, silver nanoparticles (AgNPs) are the most produced nanoparticles in
global market and have been widely utilized in the biomedical field. Here, we
investigated the morphological and mechanical effects of AgNPs on cancerous
cells of A549 cells and SMMC-7721 cells with atomic force microscope (AFM).
The influence of AgNPs on the morphological properties and mechanical proper-
ties of cancerous cells were characterized utilizing the force-volume (FV) mode
and force spectroscopy (FS) mode of AFM measurement. We mainly focus on
the comparison of the effects of AgNPs on the two types of cancerous cells based
on the fitting results of calculating the Young’s moduli utilizing the Sneddon
model. The results showed that the morphology changed little, but the mechan-
ical properties of height, roughness, adhesion force and Young’s moduli of two
cancerous cells varied significantly with the stimulation of different concentra-
tions of AgNPs. This research has provided insights into the classification and
characterization of the effects of the various concentrations of AgNPs on the
cancerous cells in vitro by utilizing AFM methodologies for disease therapy.
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nanoscale. The advantages of characteristics of nanoparti-
cles are high reactivity, better stability, updated biological
properties, antimicrobial effect with greater therapeu-
tic efficacy and less side effects."* Nanoparticles have
been widely applied in a variety of fields, especially for

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2022 The Authors. Journal of Microscopy published by John Wiley & Sons Ltd on behalf of Royal Microscopical Society.

J. Microsc. 2022;1-11.

wileyonlinelibrary.com/journal/jmi | 1

85UB01 SUOWILLOD A 18810 3(dedl|dde ayy Aq peuseno aJe sajoiie YO ‘8sn JO SaInJ o} Akeud18UIUO A8]1M UO (SUORIPUOD-pUe-SWLB)W0D" A8 |im Areiq 1 pul|uo//Sdny) SUOIPUOD pUe Swie | 8U 88S *[£202/T0/yz] Uo AriqiTauliuo A(IM ‘8oL AQ 99TET IWI/TTTT OT/I0p/W0D A8 | Ake.q 1 juluo//:sdiy Wwol) pepeojumod ‘0 ‘8T8ZS9ET


https://orcid.org/0000-0001-8859-2124
https://orcid.org/0000-0002-7168-0918
mailto:y.tian.1@warwick.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jmi

ZHU ET AL.

o J | of
Ml Microscopy

biomedical area such as the oncology, bioimaging,*°
medication administration systems®® and pharmaceutical
industry.'%!

Nanoparticles can be classified by various character-
istics, including morphological shapes, sizes, materials,
chemical composition etc. The morphologies of nanopar-
ticles include cylindrical, spherical, tubular, spiral shape,
and irregular shape with the size range from 1 to 100 nm.
In terms of materials, the nanoparticles can be divided
into metallic NPs and biocomponential NPs. Metallic NPs
mainly include the materials of metals and metal oxides,
which are most commonly used gold (Au), silver (Ag),
copper (Cu), zinc (Zn), aluminium oxide (Al,03), iron
oxide (Fe,03), titanium oxide (TiO,), zinc oxide (ZnO)
etc.'>"3 Biocomponential NPs are composed of biocompo-
nents, such as liposomes, lignin, biopolymers, chitosan,
micelles.'*'* Metallic NPs have multiple properties with
various size and shapes and metal oxide NPs have better
efficiency and reactivity. Biocomponential NPs are widely
regarded as biodegradable and non-toxic.

AgNPs are the most produced nanoparticles in global
market and have been widely utilized in the biomedical
field. Nanoparticles are able to penetrate the cell mem-
branes and interact with cells’ internal components.”
The mechanism of action of AgNPs is the induction of
apoptosis and death of cells with high penetrating power
by damaging mitochondrial functions and causing gene
expression disorders through the scavenger receptor medi-
ated phagocytosis.'® However, inhibition failure of AgNPs
is possibly due to the resistance of cellular structures, such
as genetic elements and membrane proteins.'*!7-?° More-
over, AgNPs have been discovered to exhibit good antimi-
crobial activity against Mycobacterium tuberculosis,”~%*
Pseudomonas aeruginosa and Staphylococcus aureus.”* The
inhibition effects of AgNPs are over 95% for Pseudomonas
aeruginosa and Staphylococcus aureus with biofilms.?’

In the field of measurement methods, cell morphology
and cell mechanics are measured using different meth-
ods to characterize the corresponding morphological and
mechanical properties. On the one hand, the morphology
of cells are generally characterized by optical microscope,
scanning electron microscope (SEM)/Focused ion beam
(FIB), transmission electron microscope (TEM), atomic
force microscope (AFM) etc. In terms of materials, AFM
and optical microscope have the ability to measure almost
all kinds of multiple materials (especially for living cells)
without extra conductive films and long preparation time
by comparing to the SEM/FIB and TEM, which may cause
less damage to cells and reduce cost.”>?’ In the aspect
of imaging resolution, the imaging resolution of AFM
(0.1 nm) is similar to that of TEM (0.1-0.5 nm), which are
both higher than that of SEM (3-6 nm) and ordinary opti-
cal microscope (1 mm).”®?° With regard to ambient envi-

ronment requirement, AFM and optical microscope can be
carried out in a variety of ambient environments (vacuum,
air, liquid) while SEM/TEM measurement can only be
utilised in high vacuum environment.*-*! Therefore, AFM
has greater flexible advantages in three-dimensional (3D)
topography of living cells with higher resolution because
it can operate in physiological environment and maintain
the viability of living biological systems, especially for a
single cell*>** and single molecule.***° On the other hand,
the developed methods of cell mechanics mainly comprise
the PLR, MTC, CMR, PTM, OS, AFM etc.’* Among these
methods, AFM provides a direct measurement approach
of living cells in physiological environment almost non-
destructively with higher force sensitivity and resolution
accuracy at the atomic level.?*

Here, we investigated the mechanical effects of AgNPs
on cancerous cells of A549 cells and SMMC-7721 cells using
atomic force microscopy. The effects of AgNPs on the mor-
phological properties of cancerous cells were characterized
by using of the force-volume (FV) mode. In addition, the
effects of AgNPs on the mechanical properties of cancer-
ous cells were analyzed by force spectroscopy mode. We
mainly focus on the comparison of the effects of AgNPs on
the two types of cancerous cells with emphasis on the fit-
ting results of calculating the Young’s moduli by Sneddon
model.

2 | EXPERIMENTAL DETAILS

2.1 | Chemicals

RPMI1640 medium and fetal bovine serum (FBS) were
supplied by Hyclone Laboratories Inc. (Canada). Dul-
becco’s Modified Eagle medium (DMEM), trypsin and
phosphate buffer saline (PBS) were produced from Gibco
(USA). Amino functionalised silver nanoparticles (AgNPs)
with 10-100 nm diameter in citrate buffer were obtained
from Aladdin (China).

2.2 | Cell culture

The hepatoma carcinoma cells (SMMC-7721 cells) and lung
cancerous cells (A549 cells) were obtained from The Cell
Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). SMMC-7721 cells were cul-
tured in RPMI 1640 medium supplemented with 10% FBS
while A549 cells were cultivated in DMEM medium with
10% FBS. Prepared cells were grown in the incubator
(IP610, Yamato, Japan) at 37°C with 5% CO,. Before the
experiment, diluted live cells were dispersed on thin sheet
glasses in culture dishes with cell densities of 1.0 x 10* cells
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for another 24 h cultivation after centrifuging. In order to
eliminate impurities and dead cells, PBS was required to
wash the experimental samples for triple times and then
affiliate the fresh medium solutions.

2.3 | Cell viability assay

The viability rates of A549 cells and SMMC-7721 cells with
various concentrations of AgNPs were measured by MTT
assay. Microplate spectrophotometer (Epoch 2, BioTek,
USA) was used to detect the effects of AgNPs treated
SMMC-7721 cells and A549 cells under the OD value of
492 nm. The cells in the logarithmic growth phase were
seeded into 96-well plates (Kangning Co., USA) with a den-
sity of 1.0 x 10* cells with 100 ul per well and put in an
incubator for 24 h at 37°C with 5% CO,.

The 0.22-um syringe filter is applied for the AgNPs solu-
tions in order to eliminate the bacteria and impurities.
After the ultrasonic concussion for 3 min, AgNPs with an
increased concentration were added to the each well with
100 ul for another 24 h cultivation in an incubator. There-
fore, the cell culture medium containing AgNPs (0, 0.059,
0.117, 0.234, 0.469, 0.938, 1.875, 3.75, 7.50, 15 ug/ml) was
200 ulin each well. After the stimulation of AgNPs for 24 h,
20 ul of MTT (Sigma-Aldrich, America) was added to each
cell well for another 4 h incubation. Following the remov-
ing of the supernatant liquid, dimethylsulphoxide (DMSO)
was added to each well with 150 ul, the inhibition rates of
cell proliferation were examined by MTT assay.

2.4 | Inverted optical microscopy analysis

Inverted optical microscopy (NIKON, Japan) with 10X or
20x optical lens is used for the morphological characteri-
zation to provide the real-time dynamic imaging of various
live cancerous cells of A549 cells and SMMC-7721 cells. The
cells in the logarithmic growth phase were seeded into 96-
well plates (Kangning Co., USA) with a density of 1.0 x 10*
cells with 100 ul per well and put in an incubator for 24 h at
37°C with 5% CO,. AgNPs with an increased concentration
of 0, 3.25, 7.50 and 15 ug/ml were added to the each well
with 100 ul for another 24 h cultivation in the incubator.
Therefore, the optical morphological properties of A549
cells and SMMC-7721 cells were observed with the stim-
ulation of AgNPs concentrations of 0 ug/ml, 1.875 ug/ml,
3.75 ug/ml and 7.50 ug/ml.

2.5 | Focused ion beam analysis

A dual focused ion beam/scanning electron microscope,
commonly terms as FIB/SEM system (FEI Helios G4 PFIB,

ThermoFisher Scientific, USA), is used to characterize the
morphological properties in nano-micro-scale for AgNPs.
FIB analysis is implemented in high vacuum (HV) mode
of 15 kV with 1.6 x 10* to 1.2 X10°> magnification. AgNPs
solution is filtered by 0.22 um syringe filter and vibrated by
the ultrasonic for 3 min in order to eliminate the bacteria
and impurities as well as maintain the well-proportioned
to avoid the aggregation phenomenon. Then the AgNPs
solution of 50 ul is dropped on a clean silicon substrate of
1 cm x 1 cm. Before FIB imaging, the substrate is placed
into the ultra-clean workbench platform and waited for the
substrate to dry completely.

2.6 | Atomic force microscope analysis
The JPK AFM system (NanoWizard®3, Germany) was
employed to record the morphological and mechanical
properties of live cells. Force-volume (FV) mode, also
described with quantitative imaging (QI) mode, was used
to measure the morphology of cells with 256 X 256 pix-
els. Force spectroscopy (FS) mode was applied to obtain
the force-distance curves in nano-indentation experi-
ments. The Young’s moduli were calculated from the
force-distance curves with Sneddon model. In order to
remove the influence of different culture mediums and
serum concentrations, PBS was applied to the unified
medium solutions during the measurement using JPK sys-
tem. Before measurement, samples were washed with PBS
three times in order to eliminate the dead cells and float-
ing impurities and then added the new PBS solutions for
the following measurement. It is also essential to ensure
the accuracy of the experimental results by avoiding the
rupture or contamination of the probe. All experiments
were carried out at the room temperature in a super-clean
workbench platform.

The Bruker MLCT A probe with a triangular silicon
nitride tip (Bruker Corporation, Santa Barbara, CA) was
used for the AFM nano-indentation experiments. The
Bruker MLCT A probe has a nominal spring constant of
0.07 N/m and the nominal radius 20 nm. The deflection
sensitivity and spring constant were optimized by pushing
on the same glass base in liquid without cells for cali-
bration of the probe using thermal tuning. The deflection
sensitivity and spring constant for MLCT A probe was
calculated to be 17.82 nm/V and 0.072 N/m, respectively.

Based on the JPK force spectroscopy mode, the force—
distance curves were obtained by applying the stable force
on the central area of cells in order to speculate the inter-
nal microstructure changes of cells. The force-distance
curves were measured with concentrations of AgNPs of
0 ug/ml, 1.875 ug/ml, 3.75 ug/ml and 7.50 ug/ml, respec-
tively. According to the above AFM morphology results,
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FIGURE 1
concentrations of AgNPs by using the MTT assay. (A) Cell viability
of A549 cells after the stimulation of AgNPs for 24 h. (B) Cell
viability of SMMC-7721 cells after the stimulation of AgNPs for 24 h.

Evaluation of cell apoptosis with various

the stimulation time of AgNPs was finally set to 24 h for
nano-indentation test. Moreover, in order to exclude the
influence of other measurement parameters, the measure-
ment parameters of indentation force, indentation speed,
dwelling time, retraction time and Z length were set to
1.0 nN, 2.0 um/s, 0.0 s, 0.0 s and 5.0 um, respectively.
Afterwards, the measurement was performed automati-
cally with set value for the manually selected central area
of cells. The samples were cleaned with fresh PBS for three
times and finally added fresh AgNPs solutions at room
temperature for nano-indentation test.

During the measurement process, the cells were chosen
by visual observation and basic experience. As investigated
in previous research, the general dimension ranges of A549
cells and SMMC-7721 cells are 50-90 um and 35-55 um in
length, 25-40 um in width. In order to ensure the valid-
ity and consistency of the experimental results, at least 5
force-depth curves were obtained for each cell and at least
10 cells were detected for each sample. Each force-distance
curve is carried out in several seconds (1-15 s when the
indentation speed is 0.5-5 um/s), thus the over 50 curves
for each sample is usually completed in 10 min.

3 | RESULTS AND DISCUSSION

3.1 | Cell viability
The effects of AgNPs solutions on cell proliferation or
apoptosis were measured by MTT assay. After the cell culti-
vation with a density of 1.0 x 10* cells with 100 ul per well in
96 well plates for 24 h, AgNPs solutions with an increased
concentration of 0-30 ug/ml were added to the each well
with 100 ul for another 24 h cultivation in an incubator.
Finally, the survival rates of cell growth with increasing
concentration of 0-15 ug/ml AgNPs solutions were carried
out by Microplate Spectrophotometer with the OD value of
492 nm.

As can be seen from Figure 1, the MTT experimen-
tal result revealed the effects of various concentrations of

AgNPs on the SMMC-7721 cells and A549 cells after the
stimulation with 24 h. It can be observed that the survival
rate of SMMC-7721 cells and A549 cells both decreased
with the increase of concentrations of AgNPs solutions
with filtration. Additionally, the lowest survival rates of
A549 cells and SMMC-7721 cells are 61.399% and 72.304%
with the concentration of AgNPs at 15 ug/ml. By com-
paring the effects of the concentrations of AgNPs on the
different cancerous cells, the survival rates of A549 cells
are slightly lower than that of SMMC-7721 cells. Thus, the
inhibitory effects of AgNPs on the SMMC-7721 cells and
A549 cells are demonstrated changeable with the different
concentrations from the MTT assay result.

The reason for this phenomenon possibly due to the
various cancerous cells with complicated intracellular
structures may react changeable with the different con-
centrations of AgNPs. Cell membranes have the ability
to penetrate nanoparticles and cell internal components
may interact with nanoparticles, which may appeared the
possibility to induce destruction of the cell membrane,
extract phospholipid molecules from membrane and the
apoptosis of cells. Therefore, the A549 cells and SMMC-
7721 cells show the decreased viability with the increased
concentrations of AgNPs from the MTT assay result.

3.2 | Morphological properties of AgNPs
AgNPs are measured by the HV mode of FIB and FV mode
of AFM to investigate the morphological properties, as
displayed in Figure 2. Typical FIB images of AgNPs distri-
butions at scale bar of 500 nm with 1.6 X 10* magnification
and at scale bar of 200 nm with 1.2 X 10° magnification are
shown in Figure 2A and B. The AFM images AgNPs with
white scale bar of 1 um is listed as the Figure 2C, and the
yellow square is 300 nm X 300 nm. The statistical distri-
bution of AgNPs corresponding to the whole AFM height
map’s image and selected statistical section of the yellow
square of 300 nm X 300 nm with Gaussian distribution
fitting are demonstrated in Figure 2D and E.

As shown in Figure 2A-C, FIB and AFM images reveals
the two dimensional topography images and 3D images of
smooth spherical AgNPs within the range of 50-100 nm
in diameter, displaying uniform in shape and size. It can
be observed that the majority height values of AgNPs are
26.24 + 0.16 nm for the whole image of height map and
18.10 + 0.62 nm corresponding to the selected statistical
section of the yellow square of 300 nm X 300 nm in height
map’s image, as presented in Figure 2D and E. It is evident
that AgNPs without functionalisation will display a com-
mon slightly aggregation phenomenon from Figure 2A-C.
In the following measurement, various concentrations of
AgNPs will be utilized in the two types of cancerous cells
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FIGURE 2 Morphological characterization of Ag nanoparticles: (A) typical FIB image with scale bar of 500 nm; (B) typical FIB image

with scale bar of 200 nm; (C) AFM height map’s image with a white scale bar of 1 um, and the yellow square of 300 nm X 300 nm; (D) the

statistical distribution corresponding to the whole AFM height map’s image; (E) the statistical distribution corresponding to the selected

statistical section of the yellow square of 300 nm X 300 nm in AFM height map’s image. The red curves in (D) and (E) are the result after

Gaussian distribution fitting.

of A549 cells and SMMC-7721 cells to investigate the effects
of AgNPs on the morphological and mechanical properties
of different cancerous cells.

3.3 | The effects of the concentrations of
AgNPs on the morphological and
mechanical properties of cell behaviours

Morphology is of great importance to investigate the
physiological behaviour inside cells. The morphological
properties of cells were carried out by inverted optical
microscopy and AFM, respectively. Combining AFM with
inverted optical microscopy enables the investigation of
the morphology of live cancerous cells.

The optical graphics of the effects of the various concen-
trations of AgNPs of 0 ug/ml, 1.875 ug/ml, 3.75 ug/ml and
7.50 ug/ml on live cancerous cells of A549 cells and SMMC-
7721 cells are demonstrated in Figure 3. The shapes of A549
cells and SMMC-7721 cells are both almost no changed
with the increased concentrations of AgNPs, which exhibit
as irregular spindle configurations and elliptical shape. In
addition, the sizes of A549 and SMMC-7721 cells are within
the general dimension ranges of previous studies, which
are 50-90 and 35-55 um in lengths, 25-40 um in widths.
However, the bright spots of both cancerous cells become
visible and increased with the increase of the concentra-

Control 1.875 pg/mL  3.75 pg/mL

) 7.50 pg/mL

z

A549 Cells

SMMC-7721 Cells

FIGURE 3 Optical images of A549 cells and SMMC-7721 cells
with various concentrations of AgNPs: (A)-(D) optical images of
A549 cells with AgNPs concentrations of 0, 1.875, 3.75 and

7.50 ug/ml, respectively; (E)-(H) optical images of SMMC-7721 cells
with AgNPs concentrations of 0, 1.875, 3.75 and 7.50 ug/ml,
respectively.

tion of AgNPs. The reason for this phenomenon possibly
is that cell membranes have the opportunity to penetrate
nanoparticles and cell internal components may interact
with nanoparticles, which may appeared the possibility to
induce destruction of the cell membrane and the apopto-
sis of cells. Therefore, the A549 cells and SMMC-7721 cells
both appeared the visible bright spots with the stimulation
of AgNPs from the inverted optical images.

Owing to the limitation of the inverted optical images
of the changes of the morphology for A549 cells and

85UB01 SUOWILLOD A 18810 3(dedl|dde ayy Aq peuseno aJe sajoiie YO ‘8sn JO SaInJ o} Akeud18UIUO A8]1M UO (SUORIPUOD-pUe-SWLB)W0D" A8 |im Areiq 1 pul|uo//Sdny) SUOIPUOD pUe Swie | 8U 88S *[£202/T0/yz] Uo AriqiTauliuo A(IM ‘8oL AQ 99TET IWI/TTTT OT/I0p/W0D A8 | Ake.q 1 juluo//:sdiy Wwol) pepeojumod ‘0 ‘8T8ZS9ET



o Journal of
Ml Microscopy

ZHU ET AL.

Control 1.875 pg/mL

>

Height map

clpn

Adhesion mapg

3.75 pg/mL

7.50 pg/mL

5.11 pm

@) ®) (©) d
= =1zo 3 @120t g
S oot g g S75r
=3 (=] =) =]
o < gol S sof © N
@ 6ol ® ° @50
>1 ] 1 >
= = = =
= S a0l g wof E
3,30 =2 é 5'2; H
5 ] S 13
= = = =
[ Jd= I g = 9
25 30 35 40 25 30 35 40 1.0 20 30 40 30 35 40 45 50
- Height (um) 54 Height (um) 3 Height (um) ’s Height (um)
(a ") ©") @d”)
W i
2 2,0l Elzo L E120
=90 = = g
e S S =
S 250l @ 80 o 80
Soo < £ =
5 S0 S 40t H 40
g = g | g
£ = =R 11 =
|3 = o 0 0

20, 22 24 26 24, 26 28
Adhesion Force (nN) Adhesion Force (nN)

T30 33 3.9
Adhesion Force (nN)

28 32 36 40
Adhesion Force (nN)
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respectively; (a)-(d) are the adhesion force maps of 0, 1.875, 3.75 and 7.50 ug/ml, respectively; (a’)—(d’) are the statistical distribution

corresponding to the 10 um X 10 um selected statistical sections of height maps of 0, 1.875, 3.75 and 7.50 ug/ml, respectively; (a”)-(d”) are the
statistical distribution corresponding to the 10 um X 10 um selected statistical sections of height maps of 0, 1.875, 3.75 and 7.50 ug/ml,
respectively. The white scale bar is 20 um. The red box in (A)-(D) is 10 um X 10 um. The red curves in (a’)-(d’) and (a”)-(d”) are the result

after Gaussian distribution fitting.

SMMC-7721 cells, it is extremely difficult to compare the
specific distinctions between the two cancerous cells with
the stimulation of the various concentrations of AgNPs.
Therefore, AFM analysis is essential to be applied in
the following measurement with the more precise revo-
lution in order to investigate the detailed effects of the
increased concentrations of AgNPs on the morphologi-
cal and mechanical properties of two types of cancerous
cells.

The force-volume (FV) mode of JPK system
(NanoWizard®3, Germany) is used to characterize
the morphological properties of A549 cells and SMMC-
7721 cells with the increased concentration of AgNPs,
shown in Figures 4 and 5. The measurement parameters
of indentation force, indentation speed were set to 1.0
nN and 2.0 um/s in this scanning measurement in order
to measure the height, roughness and adhesion force of
A549 cells and SMMC-7721 cells. The resolution ratio

of AFM images is 256 X 256 pixels. The corresponding
measurement time of a 256 X 256 pixels AFM image is
10-15 min. The scanning area covers the whole of a single
A549 cell and SMMC-7721 cell. The samples of cultured
cells on the concentration of AgNPs solutions of 0 ug/ml,
1.875 ug/ml, 3.75 ug/ml and 7.50 ug/ml for 24 h. In order
to ensure the validity and accuracy, at least 10 cells were
measured in the scanning measurement. It is important
to note that in order to ensure cell viability, measurements
need to be carried out as quickly as possible. Therefore,
only one of the ten cells is at 256 X 256 pixels resolu-
tion while the others are at 64 or 128 pixels resolution,
which is much faster scanning speed and less scanning
time.

As revealed in Figures 4 and 5, the appearance of shapes
of A549 cells and SMMC-7721 cells changes little. How-
ever, the height and adhesion force values are obviously
increasing with the increasing concentration of AgNPs of
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FIGURE 5 AFM images of a single live SMMC-7721 cell with 256 X 256 pixels: (A)-(D) are the height maps of 0, 1.875, 3.75 and

7.50 ug/ml, respectively; (a)-(d) are the adhesion force maps of 0, 1.875, 3.75 and 7.50 ug/ml, respectively; (a’)-(d’) are the statistical
distribution corresponding to the 10 umx10 um selected statistical sections of height maps of 0, 1.875, 3.75 and 7.50 ug/ml, respectively;
(a”)-(d”) are the statistical distribution corresponding to the 10 um X 10 um selected statistical sections of height maps of 0, 1.875, 3.75 and
7.50 ug/ml, respectively. The white scale bar is 10 um. The red box in (A)—~(D) is 10 um X 10 um. The red curves in (2’)~(d’) and (a”)—~(d”) are

the results after Gaussian distribution fitting.

0 pug/ml, 1.875 ug/ml, 3.75 ug/ml and 7.50 ug/ml. Addition-
ally, the AFM results of height, roughness and adhesion
force of A549 cells and SMMC-7721 cells are summarized
in Figure 6.

The height values of the control group of A549 cells and
SMMC-7721 cells of the AgNPs concentration of 0 ug/ml
were 3.88 + 0.26 um and 4.15 + 0.19 um. For A549 cells,
the height values of concentrations of 1.875 ug/ml, 3.75
pg/ml and 7.50 pg/ml varied to 4.38 + 0.07 um, 4.68
+ 0.11 um and 5.38 + 0.41 um, respectively. With the
increased concentration of AgNPs, it showed an obvious
rising variation tendency. For SMMC-7721 cells, the height
values of concentrations of 1.875 ug/ml, 3.75 ug/ml and
7.50 ug/ml increased to 4.18 + 0.19 um, 4.33 + 0.47 um and
5.03 + 0.57 um, respectively. However, the average height
changed minor and then varied significantly with the con-
centration of 7.50 ug/ml. Therefore, the height of A549 cells
and 7721 cells both increased with the increased concentra-

tions of AgNPs. Nevertheless, there are different variations
in the height of two cancerous cells.

The roughness values of the control group of A549
cells and SMMC-7721 cells of the AgNPs concentration
of 0 ug/ml were 1.15 + 0.08 um and 1.19 + 0.06 um. For
A549 cells, the roughness values of concentrations of 1.875
ug/ml, 3.75 ug/ml and 7.50 pg/ml varied to 1.26 + 0.07
um, 1.35 + 0.11 um and 1.59 + 0.15 um, respectively. With
the increased concentration of AgNPs, it shows an evident
rising variation tendency. For SMMC-7721 cells, the rough-
ness values of concentrations of 1.875 ug/ml, 3.75 ug/ml and
7.50 ug/ml increased to 1.27 + 0.06 um, 1.36 + 0.11 um and
1.41 + 0.12 um, respectively. However, the average rough-
ness is not significantly different from the control group
with the stimulation of concentration of 1.875 ug/ml while
changing obviously with the increased concentration of
3.75 and 7.50 ug/ml. Therefore, the roughness of A549 cells
and SMMC-7721 cells both increased with the increased
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concentrations of AgNPs. Otherwise, different variations
on the roughness of two cancerous cells are shown in the
AFM images.

The adhesion force of the control group of A549 cells and
SMMC-7721 cells of the AgNPs concentration of 0 ug/ml
were 2.26 + 0.11 nN and 2.34 + 0.07 nN. For A549 cells, the
adhesion force of concentrations of 1.875 ug/ml, 3.75 ug/ml
and 7.50 ug/ml varied to 2.62 + 0.15 nN, 3.12 + 0.27 nN
and 3.49 + 0.31 nN, respectively. For SMMC-7721 cells, the
adhesion force of concentrations of 1.875 ug/ml, 3.75 ug/ml
and 7.50 ug/ml increased to 2.48 + 0.08 nN, 2.52 + 0.09
nN and 2.76 + 0.10 nN, respectively. Therefore, the adhe-
sion force of A549 cells and 7721 cells both increased with
the increased concentrations of AgNPs. With the increased
concentration of AgNPs, both cancerous cells showed an
obvious rising variation tendency.

Therefore, the AgNPs has significant effects on the mor-
phological and mechanical properties of A549 cells and
SMMC-7721 cells. The values of height, roughness and
adhesion force increased with the increased concentra-
tions of AgNPs for A549 cells and 7721 cells. However,
there are distinctive variations in the height, roughness of
two cancerous cells while both cells have an obvious ris-
ing variation tendency on adhesion force. The reason for
this phenomenon possibly due to the various cancerous
cells with complicated intracellular structures may react
changeable with the different concentrations of AgNPs,
such as the cytoskeleton, filamentous actin, cell matrix
etc. Moreover, nanoparticles are able to penetrate the cell
membranes and interact with cell internal components.
When AgNPs begin to contact the lipid membrane, it is
possible to induce destruction of the cell membrane and
extract phospholipid molecules from membrane, which
may cause the apoptosis of cells. At present, the absorp-
tion of nanoparticles by cell membrane has been verified
by theoretical and experimental methods.” In addition,
the chemical receptor might cause the possible change of
silicon probe-cell surface adhesion.*® Therefore, the mor-
phological properties of A549 cells and 7721 cells displayed

evident differences with the stimulation of AgNPs with
AFM analysis, such as values of height, roughness and
adhesion force.

3.4 | The effects of the concentrations of
AgNPs on Young’s moduli of cancerous cells

JPK force spectroscopy mode with sinusoidal waveforms
accompanied the modulation frequency of 50 Hz is used in
this nano-indentation measurement in order to character-
ize the effects of the concentrations of AgNPs on Young’s
moduli of cancerous cells of A549 cells and SMMC-7721
cells. The measurement area is the central nucleus of cells.
The probe applied in this measurement is MLCT A with
a triangular silicon nitride tip with the nominal spring
constant of 0.07 N/m. Due to the sharpness of triangular
probes, the Sneddon model is applied to the calculation
of Young’s moduli by fitting the approach force-distance
curves. The measurement parameters of indentation
force, indentation speed, dwelling time, retraction time
and Z length were set to 1 nN, 2.0 um/s, 0.0 s, 0.0 s and
5.0 um, respectively. The samples were put in the PBS
solutions and at least 5 force curves of over ten cells
for each sample were obtained in this measurement to
eliminate the potential environmental influence in order
to ensure the validity and accuracy of experimental data.
Each force-distance curve is carried out in several seconds
(1-15 s when the indentation speed is 0.5-5 um/s), thus
the over 50 curves for each sample is usually completed in
10 min.

The fitting results of Young’s moduli of A549 cells and
SMMC-7721 cells are displayed in Figure 7. The approach
force-distance curves of A549 cells and SMMC-7721 cells
in 0 pug/ml, 1.875 ug/ml, 3.75 ug/ml and 7.50 ug/ml are
depicted in Figure 7A and B, respectively. It can be
seen that the slopes of approach force-distance curves
of A549 cells and SMMC-7721 cells are changed to be
increased with the increased concentration of AgNPs. To
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be more specific, the slope of approach force-distance
curves of A549 cells and SMMC-7721 cells increased with
the increased concentration of AgNPs of 1.875 ug/ml, 3.75
ug/ml and 7.50 ug/ml.

Figure 7C shows the fitting results of the average Young’s
moduli of A549 cells and SMMC-7721 cells. The statistical
distribution of A549 cells’ and SMMC-7721 cells’ Young’s
moduli of 0, 1.875 ug/ml, 3.75 ug/ml and 7.50 ug/ml are
shown in Figure 7a-f. From the Figure 7C, the Young’s
moduli of control A549 cells and SMMC-7721 cells with
the concentration of AgNPs of 0 ug/ml were 1.61 + 0.79
kPa and 0.51 + 0.15 kPa. For A549 cells, the Young’s mod-
uli with the concentration of AgNPs of 1.875 ug/ml, 3.75
ug/ml and 7.50 ug/ml varied to 2.20 + 0.83 kPa, 3.19 + 1.15
kPa, 3.85 +1.00 kPa, respectively. For SMMC-7721 cells, the
Young’s moduli with the concentration of AgNPs of 1.875
ug/ml, 3.75 ug/ml and 7.50 ug/ml increased to 0.65 + 0.24
kPa, 0.73 + 0.24 kPa and 1.28 + 0.34 kPa, respectively. With
the increased concentration of AgNPs, both cancerous cells
of A549 cells and SMMC-7721 cells showed a visible rising
variation tendency.

To sum up, the Young’s moduli of A549 cells and SMMC-
7721 cells both increased compared to that of the control

group. Moreover, the Young’s moduli values of both two
cancerous cells increased with the increased concentra-
tion of AgNPs of 1.875 ug/ml, 3.75 ug/ml and 7.50 ug/ml.
Therefore, the concentration of AgNPs has significant
effects on the Young’s moduli of A549 cells and SMMC-
7721 cells. With the increased concentration of AgNPs,
both cancerous cells showed an obvious rising variation
tendency. The possible reason for this phenomenon is
AgNPs may inhibit some cellular activities with poten-
tial damages of complicated intracellular structures. With
the increasing concentrations of AgNPs, it raises the pos-
sibility to accelerate the interior damages and apoptosis
of cancerous cells. It has been verified by theoretical and
experimental methods that cell membranes have the abil-
ity to penetrate nanoparticles and cell internal components
may interact with nanoparticles, which may appeared the
possibility to induce destruction of the cell membrane,
extract phospholipid molecules from the membrane and
cause the apoptosis of cells.” Therefore, the mechanical
properties of A549 cells and 7721 cells appeared obvious dif-
ferences with the stimulation of AgNPs utilizing the force
spectroscopy mode, especially for the values of Young’s
moduli.
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4 | CONCLUSIONS

We investigated the mechanical effects of AgNPs on can-
cerous cells of A549 cells and SMMC-7721 cells based on
atomic force microscopy. The effects of AgNPs on the
morphological properties and mechanical properties of
cancerous cells were characterized by utilizing the force-
volume (FV) mode and force spectroscopy mode based on
AFM methodologies. We mainly focus on the compari-
son of the effects of AgNPs on the two types of cancerous
cells with emphasis on the fitting results of calculating
the Young’s moduli based on Sneddon model. The results
showed that the appearance of shapes of A549 cells and
SMMC-7721 cells changes little to react with the various
concentrations of AgNPs. However, the height, roughness,
adhesion force and Young’s moduli values increased with
the increased concentration of AgNPs of 0 ug/ml, 1.875
ug/ml, 3.75 ug/ml and 7.50 ug/ml. This research has pro-
vided insights into the classification and characterization
of the effects of the various concentrations of AgNPs on
the cancerous cells in vitro utilizing AFM methodologies
for disease therapy.
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