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ABSTRACT: Laser optoporation systems are now increasingly used
for intracellular delivery. However, data on the response of cells to
radiation-induced nondamaging changes in the integrity of the
membrane lipid bilayer remain limited. Traditionally, confocal laser
scanning microscopy and electron microscopy are used for such
studies, but they have limitations for in situ experiments. The
modern capabilities of atomic force microscopy (AFM) combine the
resolution of electron microscopy and the possibility of noninvasive
lifetime imaging of cells in vitro. Herein we used long-term AFM
mapping integrated with fluorescence microscopy imaging for
investigation of the whole cell cycle from irradiation time point to
the total recovery to the intact cell state. For the first time we
performed a comprehensive study of long-term posteffects of continuous laser and pulsed laser on the mechanical properties and the
membrane recovery of HeLa cells grown on the Au nanoparticle layers of various morphologies. The set of nonpenetrating agents
with various sizes ranging from 1 to 1.5 nm for propidium iodide (PI) up to 6−8 nm for 40 kDa FITC-labeled dextran was used to
control the delivery efficacy. The main parameters recorded with AFM scanning of cells are Young’s modulus (YM) and the cell
surface topography. We revealed that self-healing of HeLa cell from the moment of irradiation to complete restoration of the
membrane integrity is lasting 22−30 h when using a continuous-wave source and 2−5 h when using a pulsed laser, respectively. The
estimated time elapse was in good correspondence with the relative change in YM during the entire experiment. Our findings
demonstrate the capability of AFM coupled with fluorescent microscopy for further in situ investigations of the morphological and
functional state of the cells exposed to the influence of other external conditions.

KEYWORDS: Au nanostars, nanoparticle layers, HeLa cells, plasmid DNA, laser transfection, optoporation, atomic-force microscopy,
cell mechanical properties

1. INTRODUCTION

The intracellular delivery of nucleic acids and proteins, termed
as transfection, is a crucial step in the development of
genetically engineered cells.1 Correction of defective organ
functions, treatment of diseases, or modeling of physiological
and pathological behaviors can be realized by means of cell-
based therapies. During the last three decades a broad list of
viral2 and nonviral3 systems, based on the use of chemical
agents,4 nanomaterials,5 and physical forces have been
developed. However, the existing drawbacks related to low
efficacy, poor cell viability, limited scalability, multiple-type
cells, and cargoes incompatibility still remain topical issues.
One of the most promising and intensively studied delivery

strategies nowadays is based on micro- and nanoparticles
(NPs), which encapsulate or adsorb DNA molecules,6 thus
improving their penetration ability and prevention from
endonucleases.7 Among all types of nanomaterials used as
delivery platforms8−10 one of the most favorable are AuNP.11

The advantages of AuNP arise from their unique phys-

icochemical properties,12 such as low cytotoxicity13 and
immunogenicity,14 availability of protocols for reproducible
and scalable chemical synthesis,15 and surface modification and
functionalization with biospecific ligands.16

Another delivery strategy is based on the use of physical
forces to enhance the cell membrane permeability. The
physical systems such as microinjection, electroporation, and
sonoporation are well-known and widespread in laboratory
applications. Alternatively, the laser optoporation (also known
as laser transfection or optoinjection) has received much
attention during the past decade.17 The optoporation systems
can be classified by the laser source parameters (wavelength,
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pulse frequency, incident energy, beam thickness, etc.) or by
the type of the mediators that enhance laser energy if any are
used. Among the broad list of nanomaterials used as heat
transducers in optoporation systems, AuNPs can be considered
as one of the most effective due to their strong wavelength-
dependent plasmonic properties. The principle of the
plasmonic-assisted optoporation is as follows. The NIR
irradiation of randomly adsorbed AuNPs initiate the local
heat generation that evokes the cavitation microbubbles
formation thus leading to the increased membrane perme-
ability for nonpenetrating agents.18 Despite the estimated
worth efficiency and simplicity of this approach, the main
disadvantage is addressed to the nonspecific and uncontrolled
adsorption of NPs on the membrane with possible penetration
into the cytosol that can reduce the cell viability. One of the
ways to overcome the limitations is to use plasmonic substrates
instead of incubating the cells with colloidal NPs. Such
platforms serve both as cell culture substrates and surfaces
close to the cells for optoporation.19−22 Thus, the ineligible
incubation step is reduced, and the unexpected side-effects
arising from the interactions between NPs and cells that affect
viability are minimized. Recently, we proposed a simple
universal centrifuge (CF) based approach for AuNP
assembling directly on the culture plastic.23 Highly efficient
(about 97%) and safe optotransfection of HeLa cells with
plasmid DNA24 was provided on the platforms of Au nanostars
layers25 using an 808 nm continuous-wave (CW) laser.
However, the main disadvantage of CW irradiation is bulk
heating of the cell medium that has a sufficient negative effect
both on cargoes and cells.26 In contrast, the optoinjection of
cells with a pulsed laser is considered to be safer and more
high-throughput.19,27,28 The main advantages of a pulsed laser
are extremely short pulse duration (nano- or femtoseconds) at
a relatively low energy, the ability for point-by-point adjust-
ment of individual parameters of the light beam, and the
possibility of the 2-D and 3-D scanning irradiation modes for
better performance.
Here we report a mechanistic study of the HeLa cells

response after optoporation on the AuNP monolayers using
CW and pulsed NIR irradiation. Specifically, we investigated
the effects of the NP geometry, spectral characteristics, and the

irradiation modes of 808 nm CW laser and 1064 nm ns pulsed
laser by a model set of optoporation experiments on the
delivery of nonpenetrating dyes with various sizes ranging from
1 to 1.5 nm for PI up to 6−8 nm for 40 kDa FITC-labeled
dextrane to HeLa cells. For this purpose, we fabricated Au
nanostars and Au nanorods layers with plasmon resonance
(PR) bands located at 800 and 1000 nm, respectively, directly
on the bottoms of culture plastic (24-, 96- wells plate or 35
mm Petri dishes format). The layers of AuNP spheres with a
PR band 520 nm located distantly from the wavelengths of the
used lasers sources served as a negative control. To examine
the HeLa cells response after optoporation on the plasmonic
platforms, we used the lifetime AFM scanning combined with
standard live/dead fluorescence microscopy bioimaging and
respiratory assays for cell viability. The time-dependent
mechanical parameters recorded by AFM were cells surface
topography and the YM. The duration between the moment of
irradiation to complete restoration of the cell membrane
integrity was about 22−30 h (when using a CW laser) and 2−5
h (for a pulsed laser) depending on the cargo molecule size
and correlated well with the relative change in YM during the
entire experiment. To the best of our knowledge, the presented
combined AFM-based approach has not been reported
previously, and it is a convenient and informative tool for in
situ investigations of the behavior of living cells after
optoporation on plasmonic platforms.

2. MATERIAL AND METHODS
2.1. Preparation and Characterization of NP Layers. The

AuNP layers were obtained by our recently developed approach14 on
the well bottoms of the polystyrene culture 24- and 96-well plates or
Petri dishes with 35 mm diameter (Corning Costar, GEB). The
synthetic procedures for obtaining the AuNP colloids are given in
section S2 (Supporting Information). Briefly, the well bottoms were
treated with 1% ethanol solution of PVP by incubation for 1 h at
room temperature. The appropriate volume of the PVP solution was
adjusted to the corresponding well area to completely cover the
bottom. Then the wells were washed several times with ethanol and
Milli-Q water, followed by the addition of as-prepared NP colloids
(AuNST-800, AuNS-520) or pegylated NPs (AuNST-1000, AuNR-
800 and AuNR-1000) with the particle concentration adjusted to the
desired Au surface densities. Then the plates were centrifuged using

Scheme 1. Representative Scheme of Plasmonic Optoporation Experimental Setupa

aThe icons depicting AuNP types, pulsed and CW lasers are used in all subsequent figures of this study.
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Eppendorf 5810R equipped with a bucket rotor for plates. The CF
regimes were individually chosen for each AuNP type to obtain total
sedimentation of the particles. Finally, the supernatant was discarded,
the wells were washed thrice with distilled water, dried in air, and
stored at 4 °C for later use. Prior to the cell cultivation, the plates with
AuNP layers were sterilized in 96% ethanol for 30 min, followed by
UV treatment for 15 min.
The extinction spectra of AuNP layers and the supernatants after

CF were measured on a Tecan Spark 10 M plate spectrophotometer.
Coating uniformity was assessed by measuring the absorbance of the
wells in 2-D scanning mode at a fixed wavelength fitted to the
corresponding PR for each sample. Additionally, the AuNP layers
were prepared for SEM imaging on the special substrates (wafers)
similar to the above procedure. Briefly, the silicon wafers 1 × 1 cm in
size were cleaned with Piranha solution (a mixture of pure sulfuric
acid and hydrogen peroxide in a ratio of 4:1, respectively) and washed
with water. Then they were placed in the wells of 12-well plates,
treated with PVP solution and CF after addition of the AuNP colloids,
washed, and dried. Then the samples were visualized without
additional deposition at a voltage of 30 kV. The AuNP layers
topography was visualized on the samples prepared on the 35 mm
Petri using high-resolution AFM microscopy. The imaging was
performed in air with AFM BioScope Resolve (Bruker, Santa Barbara,
CA) using Peak-Force Tapping mode with ScanAsyst-Air cantilevers
(Bruker) with a nominal tip radius of 2 nm. At least 30 images were
processed with more than 1000 particles for each sample of the
assembled AuNPs.
2.2. Optoporation of the Cells Grown on the AuNP Layers.

HeLa cell lines were cultured in DMEM/F-12 (Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12) medium containing 1×
GlutaMax, 15 mM HEPES, 10% FBS, and 1% antibiotic/antimycotic
solution (all ThermoFisher Scientific) in a humidified 5% CO2
atmosphere at 37 °C. Prior the experiments, the cells were seeded
on the Petri dishes (for AFM measurements) or well plates (for
optoporation only) with AuNPs layers and grown to an ∼70%
confluent monolayer. Then the medium was refreshed to the serum-
free DMEM containing 15 μM PI, and the cells were subjected to a
single CW or pulsed laser irradiation (Scheme 1).
We used a CW laser with 8 W power and 808 nm wavelength

(Optronics, Russia) with following parameters set: incident intensity
1 W/cm2, the single irradiation area about 15 × 15 mm, the defocused
beam with a nonuniform intensity over the entire area, exposure time
adjusted to the AuNP type, and particle surface density in the range
from 15 to 150 s. The nanosecond pulse laser (LSF-20H Mopa, HG-
Tech, China) parameters were as follows: wavelength 1064 nm,
irradiation power 0.5% of the nominal 20 W, pulse duration 8 ns,
pulse energy adjusted to the AuNP type, particle surface density in the
range from 1 to 3 μJ, the beam diameter in the waist of 3 μm, the
irradiation in a 2-D scanning mode with a linear movement with a 200
μm line offset, and scanning speed of 0.05 m/s. The cells were
incubated at 37 °C for 15 min after the laser treatment, followed by
single-step washing with 1 × PBS to avoid the uncontrollable
penetration of excess PI molecules.
The optoporation efficacy was assessed via fluorescence microscopy

imaging as described in section S3 (Supporting Information). The cell
viability was checked at all experimental stages; the procedure is given
in section S4 (Supporting Information).
2.3. Atomic Force Microscopy of Living HeLa Cells. All AFM

measurements were performed using Bioscope Resolve AFM (Bruker,
Santa Barbara, CA) mounted on Axio Observer inverted optical
microscope (Carl Zeiss, Germany). The microscope has a heated
stage, and the sample temperature was kept constant at 37 °C during
the experiments with cells. PeakForce QNM-Live Cell cantilevers
were used (PFQNM-LC-A-CAL, Bruker AFM Probes, Camarillo, CA,
U.S.A.), short paddle-shaped cantilevers with a precalibrated spring
constant (values were in the range of 0.06−0.08 N/m), and a 70 nm
radius 17-μm-long tip. The cantilever deflection sensitivity (nm/V)
was calibrated from the thermal spectrum directly in the dish with a
sample using the precalibrated value of the spring constant.29,30 The
AFM measurements were performed in serum-free DMEM medium

with 25 mM HEPES, and the irradiation was performed in the same
medium. After and between the AFM measurements, the medium was
changed for a complete DMEM medium with a serum to promote cell
recovery.

Nanomechanical maps were acquired in the fast force volume
mode with a typical map size of 80 × 80 μm and from 32 × 32 to 80
× 80 measurement points. A vertical ramp distance of 3 mm, a vertical
piezo speed of 183 mm/s, and a trigger force of 0.5−1 nN were used,
which resulted in an indentation depth of 400−900 nm. The force
curve processing was done according to our previously developed
procedure.30,31 First, the force curves were corrected for the
hydrodynamic drag, and the zero-force level was defined. Then, the
apparent elastic YM was calculated by fitting the force curves with the
Hertz’s model with a bottom-effect correction.32

δ
ν

δ=
−

F f
E

R
4
3

( )
1BEG 2

1/2 3/2

(1)

where F is the measured force, δ is the indentation depth, R is the tip
radius, ν is the Poisson’s ratio of the sample (was considered to be 0.5
for cells), and f BEG(δ) is the bottom-effect correction factor.32 The
resulting AFM maps represent the topography reconstructed from the
contact point positions of the curves (z, in μm) and the distribution
(map) of YM (Pa, logarithmic scale). From the entire map, force
curves were selected that fell on individual cells. YM values were
averaged over such curves to obtain a mean value for single cell for
subsequent comparison. The summarized data are presented in the
form of point box-plot diagrams, where each point corresponds to the
mean YM of each cell, the box-plot diagram indicates the median,
25th and 75th percentiles. In figure captions, the data are presented as
mean ± standard deviation for a group of cells.

3. RESULTS AND DISCUSSION

3.1. Characterization of NPs. A partial overlap between
the AuNP extinction maximum wavelength and the laser
wavelength is crucial for obtaining the highest thermoplas-
monic effect of irradiation.33 Therefore, we adjusted the PR
bands of as-prepared AuNPs to the wavelengths of laser
sources −808 nm CW laser and 1064 pulse laser (Figure S1A,
Supporting Information). The other parameter that may affect
the outcome of optoporation is AuNP geometry. We fabricated
five types of AuNPs with different geometries and PR bands,
specifically star-shaped AuNST-800 and AuNST-1000, rod-
shaped AuNR-800 and AuNR-1000 with PR bands at 800 and
1000 nm, respectively, and one type of spherical particle with a
PR band near 520 nm (AuNS-520). For brevity, hereinafter in
the text, we use the abbreviated name of the colloid with the
corresponding average value of PR wavelength. The measured
characteristics of all as-prepared AuNPs, namely extinction
spectra, representative TEM images, DLS average size, zeta-
potential, mass-molar concentration, and particle number
concentration are given in section S5 (Supporting Informa-
tion).
Several points should be mentioned about AuNST-800 in

regard to choosing them as the most suitable for plasmonic
layers-mediated optoporation. First, the as-prepared AuNST-
800 have the PR maximum in the visible region at 760−780
nm and a broadened band with half-width about 60−80 nm
and sufficient extinction even in the NIR region at 1100 nm,34

thus, overlapping with the wavelengths of CW and pulsed
lasers both (Figure S1A, Supporting Information). On the
other hand, the optimized protocol for AuNST synthesis,35 is
rapid (the synthesis takes about 30 min), well reproducible and
scalable. Note that the seed-mediated synthesis of AuNRs with
similar PR band near 800 nm36 takes about 30 h with
additional PEGylation step lasting overnight. Third, the
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AuNSTs-800 can be potentially self-assembled15 as a non-
equipment alternative to CF but with the reduced quality of
resulting layers. In contrast, the self-sedimentation of AuNR-
800 is nonavailable due to its small weight compared to that of
the AuNSTs-800 (Table S1, Supporting Information).
Finally, we assume that the star-like shape contributes to a

local enhancement of the electromagnetic field at the ends of
the spines under the influence of laser radiation,35 which may
be one of the mechanisms for increasing the permeability of
cell membranes during optoporation.
On the contrary, the as-prepared AuNR particles had a

positive zeta potential due to the surface cationic surfactant
CTAB. In this regard, the AuNR samples were modified with
PEG molecules. Thus, the resulting zeta potential of the
AuNR-PEG particles had a negative sign (Table S1,
Supporting Information), and the cytotoxic CTAB layer37

was replaced by the biocompatible polymeric ligand PEG.34

3.2. Characteristics of AuNP Layers. The quality control
of the obtained AuNP layers is crucial for further experiments
on cell optoporation. We hypothesized that the ideal plasmon
substrate should be presented by highly ordered single-
assembled AuNPs (not aggregated) in order to provide the
most uniform sensibilization of laser radiation. Another critical
parameter is the interparticle distance, as it is well-established
that the optical properties of the assembled plasmonic NPs are
dramatically changed by the decrease of the interparticle
distance lower than the particle size, known as the plasmonic
coupling effect.38 Thus, in order to investigate the effect of
interparticle distance, we obtained the AuNP layers with
different packing density. It is notable that the highest values of
the coating uniformity and adsorption rate can be obtained by
optimizing only the CF modes corresponding to the each
AuNP type. The desired layer packing density can be obtained
by using the colloid with the appropriate optical density. In the
below subsections we provide a detail description of the
physicochemical quality control for the obtained AuNP layers
as well as the biocompatibility monitoring.
3.2.1. Coating Uniformity. The uniformity of AuNP

assemblies was examined using a special 2-D scanning option
of the plate reader Tecan Spark 10M. Specifically, the
measurements were performed as follows: first, the extinction
spectra was recorded for each well to check the PR wavelength,
then the extinction was measured on the fixed wavelength in a
2-D scanning mode on the entire well bottom area divided into
the box with 3 × 3 μM mesh. The data was processed using a
standard Tecan software and output in 2-D monochrome
diagrams (Figure 1A−E, insets). The coating uniformity was
estimated in terms of color gradient that indicates the
fluctuations of the extinction from the averaged value. The
differences between the PR wavelengths and the half-widths of
the measured spectra of the layers and the initial colloids no
more than 5−7% indicated the nonsufficient aggregation
during the particle assembling and the preservation of the
plasmonic properties. Thus, using the described prompt and
simple UV−visible screening with no more than 5 min for
measuring and processing data for a 96-well plate, we checked
the suitability of the obtained layers for further use and
discarded the low-quality samples. The topography of as-
prepared layers was visualized by SEM, and the representative
images are exemplified in Figure 1F−H. One can see that the
AuNR-800 and AuNS-520 layers are presented by individually
ordered particles with small aggregates formed of several
particles, while AuNST-800 layers contained larger aggregates

of sticked stars by spiky ends. Nevertheless, the presence of
aggregates with less than micron sizes had no significant effect
on the further HeLa cells cultivation and optoporation results
(see below the sections discussing the optoporation experi-
ments).

3.2.2. Adsorption Value. Another important physicochem-
ical parameter of the AuNP layers is the particle adsorption
(θ), characterizing the relative particle deposition upon the
CF. The total assembling of the particles from the initial
colloid was set as 100%. The average θ value for each well with
the AuNP layer was estimated as the difference, expressed as a
percentage, between the average extinction (estimated at least
3-fold measurements in the UV−visible range) of the original
colloid at PR wavelength and the average extinction of the
corresponding supernatant obtained after CF in optimized
modes. The representative extinction spectra for all types of
NPs are exemplified in Figure 1A−E. Using this simple
approach, the θ was estimated for the obtained AuNP layers of
different particle geometry and packing density, and the
resultant adsorption isotherms are represented in Figure 2.
It is notable that the adsorption of AuNST-800 was about

96%, and it was highest among all other studied AuNP types.
The θ of AuNR-800 was about 82%, comparable to the θ of

Figure 1. Normalized extinction spectra of initial colloids, super-
natants after CF, obtained layers and representative images of the
uniformity degree (on the insets) of (A) AuNST-800, (B) AuNST-
1000, (C) AuNR-800, (D) AuNR-1000, and (E) AuNS-520 layers.
Overview and enlarged (inset) SEM micrographs of (F) AuNST-800,
(G) AuNS-520, and (H) AuNR-800 layers. The scale bars are 100
nm.

Figure 2. Experimental adsorption isotherms of AuNP layers,
calculated from UV−vis data (solid curves) and AFM data (black
dashed curve). Theoretical adsorption of a layer with θ = 100%
presented as a brown dashed curve.
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AuNST-800, while the θ of other AuNPs was significantly
lower, ranging from 19 to 45% (Figure S2, Supporting
Information). The relatively low adsorption value of AuNS-
520 can be explained by the rather small particle size (15 nm
compared to 50−150 nm in the AuNST-800 and AuNR-800),
restricting the particle sedimentation upon CF with high
adsorption without particle aggregation.
3.2.3. Surface Packing Density. The preparation of AuNP

layers with the required 2-D particle packing density (NL,
particle number per square cm) or designated in terms of
surface Au content (CL, μg/cm

2) was achieved by using the
colloids with appropriate optical densities. The calculations of
2-D Au contents are given in section S6 (Supporting
Information).
Let us consider the definition of the working range of the

NPs packing densities with regard to further optoporation
experiments. The minimum packing density was found from
the considerations of significant plasmonic effect resulting in
the enhanced permeability of HeLa cells for PI upon laser
irradiation with CW or pulsed laser. Specifically, the lower
threshold CL of AuNS-800 was estimated as 4.2 μg/cm2. The
upper threshold CL of AuNS-800 was estimated as 32.7 μg/
cm2, so that the irradiation of the HeLa cells on this layer even
under the slight regimes significantly affected their viability.
The detailed description of the optoporation results will be
given below in section 3.2.5. Nevertheless, even a high packing
density of 50 μg/cm2 was less than the calculated data for the
absolute monolayer of the AuNS-800 assembled with the
interparticle distance lower than the particle size. Thus, the
obtained plasmonic substrates are formed from rare nano-
particle monolayers with no interparticle effects that influence
optoporation. The packing density designated in terms of
particle number per unit area (NL), was calculated from the
corresponding CL value taking into account the volume particle
number (N0) in the as-prepared colloids (Table S1, Supporting
Information). The estimated experimental data and the
calculated values of the packing density in terms of Au content
and the particle number per unit area are summarized in Table
1 for the layers of all used AuNP and exemplified to the CL =
44 μg/cm2.
It should be noted that the described UV−vis based

approach is indirect and gives only approximate data for
packing density and coating uniformity of AuNP layers. The
precise quantitative characteristics can be obtained using the
methods with in situ visualization performance and nanoscale
resolution, such as TEM and AFM imaging. However, the
standard TEM with sampling on special metal grids is also
limited for direct observation of large-scale samples. To
undergo these limitations, we used the lifetime AFM
microscopy as the most convenient tool for topographical
mapping of AuNP layers directly on the culture plastic. The

AFM images and the corresponding extinction spectra of the
samples 1, 2, and 3 of the AuNR-800 layers with CL (UV−vis
data) values of 7 ± 0.6, 14 ± 1.3, and 28 ± 3 μg/cm2 are
presented in Figure S2 (Supporting Information) and AuNST-
800 layers with CL (UV−vis data) values of 7 ± 0.4, 14 ± 1.1,
and 28 ± 2.7 μg/cm2 are presented in Figure S3 (Supporting
Information), respectively.
As soon as the AFM measurements were carried out directly

on the culture plastic instead of the special mica substrates for
AFM with low signal-to-noise ratio, the AFM images of
AuNST-800 layers (Figure S3, Supporting Information) had
insufficient resolution for the quantitative processing due to
the spiky morphology and polydispersity of the AuNST-800
particles. On the contrary, the AFM images of the AuNR-800
layers were convenient for further quantitative analysis due to
the simple rodlike geometry of the particles. The AFM images
processing included the estimation of the following parame-
ters: the particle number per unit area, the interparticle
distance and the ratio of aggregated and nonaggregated
particles per unit area. The defined values of average particle
number per unit area for samples 1, 2, and 3 of the AuNR-800
layers were 2.1 ± 0.3 × 1010, 13 ± 1.2 × 1010, and 40 ± 3.7 ×
1010 particles/cm2, respectively (Table S2, Supporting
Information). It should be noted that the packing density in
terms of the particle number per unit area (NL), estimated by
the processing of AFM images was in good correlation (at the
order level) with the correspondent data for the same samples
obtained using standard UV−vis based approach.
To summarize the above discussion, we can conclude that

we assembled AuNPs with different geometry and desired
parameters directly on the culture plastic using a recently
developed simple CF-based approach23 and well-characterized
the obtained layers using a UV−vis based approach in parallel
with direct AFM-mapping.

3.2.4. Photo- and Chemical Stability and Biocompatibility
Tests. We estimated the physicochemical stability and the
maintenance of plasmonic properties, as well as the macro-
scopic mechanical safety of the obtained coverage on the
plastic surfaces. Additionally, we estimated the biocompati-
bility of the AuNP layers and the effects of laser irradiation on
the cell viability under experimental conditions. The obtained
results are represented in section S7 (Supporting Information).
Next, we performed qRT-PCR analysis of genes expression,

associated with stress response and apoptotic processes in
HeLa cells. The description of sample preparation and assaying
is given in section S8 (Supporting Information). The results of
the qRT-PCR assay showed no significant increase in the level
of pro-apoptotic genes and antiapoptotic genes expression level
in all analyzed experimental samples (optoporated) compared
with that of the control. The mean expression levels of
antiapoptotic genes decreased by 11.7% (relA), respectively

Table 1. Optimal CF Modes, Average Values of Adsorption (θ), Experimental and Calculated Values of the NPs Packing
Density in Terms of Particles Number Per Unit Area (NL), and Au Mass Per Unit Area (CL)

a

CF modes UV−vis based data calculation for θ = 100% calculation for absolute monolayer

NP type RCF (a.u.) t (min) θ (%) CL (μg/cm
2) NL (10

8 part./cm2) NL (10
8 part./cm2) CL (μg/cm

2) NL (10
8 part./cm2)

AuNST-800 1000 5 96 ± 3 37.0 ± 3.6 3.3 ± 0.3 3.5 ± 0.4 327.0 ± 0.4 26.0 ± 1.9
AuNST-1000 1000 5 45 ± 8 20.0 ± 3.5 7.3 ± 0.8 16.0 ± 1.9 44.0 ± 2.1 16.0 ± 2.1
AuNR-800 2000 20 82 ± 9 37 ± 2 1200 ± 156 146 ± 13 114.5 ± 12.0 3800 ± 494
AuNR-1000 1000 10 25 ± 4 11.0 ± 1.6 750 ± 83 3000 ± 278 18.3 ± 1.4 1250 ± 130
AuNS-520 2000 30 19 ± 2 11 ± 2 33.0 ± 2.4 168 ± 15 1666 ± 159 5000 ± 493

aAll data is exemplified for the layers with CL = 44 μg/cm2, and the values are presented as means with standard deviations (n = 20).

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c02734
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02734/suppl_file/an1c02734_si_001.pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c02734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


7.3% (mcl-1), while those of pro-apoptotic genes increased
with 15.4% (caspase 3), 13% (caspase 8), 15% (caspase 9), and
17.3% (bax) comparatively with the expression level of these
genes in the control. The expression level of the LAPTM4B
gene was overexpressed in sample cells comparatively with
control with 45.4%. LAPTM4B gene is known to be a dynamic
cancer-associated biomarker that is involved in cell cycle
progression, differentiation, DNA damage repair, angiogenesis,
and other biological processes.39 Thus, we conclude that the
irradiation with CW and pulsed laser at the defined regimes
activate cell self-repair mechanisms and not initiate cell
autophagy, apoptosis, or oxidative stress.
Additionally, we demonstrated the excellent ability of the

AuNP layers for multiple usages as optoporation platforms.
The optoporation performance was maintained at high level as
well as cell viability by repeating several times the cycles of
HeLa cells cultivation, irradiation, and removal by the
trypsinization (data not shown). To summarize, we developed
a simple, robust, and scalable technology for AuNP assembling
with desired properties and high biocompatibility which can be
further commercialized for various applications.
3.2.5. Impact of AuNPs Geometry and PR Wavelength on

the Optoporation Performance. Let us consider to one of the
crucial questions concerning the understanding of underlying
mechanisms behind our optoporation system. Specifically, in
this subsection we investigated the impact of AuNPs geometry
and PR wavelength on the optoporation performance. For this
purpose, we performed a set of HeLa cells optoporation grown
AuNST-800 and AuNR-1000 as platforms for CW and pulse
laser for PI molecules delivery. AuNS layers with off-resonance
particles served as a negative control. The optoporation
procedure was carried out following the steps described in
section 2.2. The PI delivery efficacy was quantified by
processing fluorescent images as described in section S3
(Supporting Information), and the cell viability was checked by
the Alamar blue assay as described in section S4 (Supporting
Information). Considering the total difference between the
used CW and pulsed laser on the optoporation performance, it
is worth discussing them separately.
The irradiation regimes for optoporation of HeLa cells with

CW laser were optimized in our previous work24 and set herein
as defaults: the laser energy 25 J, the intensity 1 W/cm2, and
the beam defocused to the full irradiated area (the area of the
corresponding well). Irradiation time varied from 40−50 s to
200−300 s depending upon the AuNP geometry and
corresponding Au content. According to the estimated
optoporation efficacy (90 ± 7%) and cell viability (86 ±

12%), we revealed that AuNST-800 layers with 14−27 μg/cm2

Au content are the most perspective among all others tested. In
comparison, the optoporation efficacies for AuNR-800 layers
with Au content of 10−33 μg/cm2 (88 ± 10%) and for
AuNST-800 layers were comparable; however, the cell viability
was significantly lower (68 ± 12%). The representative images
and the viability data are given in Figure S5A,C (Supporting
Information). To achieve a sufficient optoporation efficacy (79
± 19%) for AuNR-1000 layers with PR located distantly from
the CW laser wavelength (Figure S1, Supporting Information),
we increased significantly the exposure time up to 200 s, so
that it affected negatively on cell viability (70 ± 18%). Finally,
the AuNST-1000 and AuNS-520 layers, with negligible
extinction at 808 nm, were almost unsuitable for optoporation
with the CW laser. We observed no optoporated cells after
irradiation even with prolonged irradiation up to 300 s (Figure
S5A, Supporting Information).
Next, we provided the same set with the pulsed laser. The 2-

D scanning mode with precisely focused beam (about 3 μm in
diameter) on the well bottom covered with AuNP layers was
used for irradiation. The pulse energy was set ranging from 1.4
to 2.7 μJ (varied upon AuNP types and correlating with surface
coating). Other parameters were constant and set as follows:
pulse duration 200 ns, frequency 10 kHz, and scanning speed
20 mm/s. As a result, the AuNST-800 layers with 14−27 μg/
cm2 Au content again showed the best performance among all
other tested plasmonic platforms (Figure S5B,C, Supporting
Information). Table 2 summarizes the parameters of AuNP
layers and corresponding modes of CW and pulsed lasers
irradiation, that were defined as optimal by reaching both
maximal values of optoporation efficacy in terms of PI delivery
and HeLa cell viability. We speculate that the increased
efficiency of cell optoporation on AuNST-800 layers in
comparison with other tested AuNP layers can be explained
by a broadened plasmon peak of the AuNST-800 spectrum
(Figure S1A, Supporting Information). Accordingly, the
AuNST-800 particles have strong absorbance at 800 nm as
well as at 1064 nm, both matching for two used laser sources.
Then, the low optoporation efficacy estimated for AuNST-

1000 and AuNR-1000 can be explained by poorly controlled
packing and aggregation of large-sized AuNST-1000 and
AuNR-1000 particles (the geometric parameters are given in
sections 3.1 and S5, Supporting Information) via CF, resulting
in low quality of the layers. Finally, the obtained negative
results on the pulse laser for AuNS-520 layers showed that off-
resonance particles are almost unsuitable for optoporation.
Though, we clarified the plasmonic behavior of the developed

Table 2. Output Results for HeLa Cells Optoporation upon CW and Pulsed Lasers under Selected Irradiation Modes and
Optimized AuNP Layer Parameters

parameters/output results AuNST-800 AuNST-1000 AuNR-800 AuNR-1000 AuNS-520

Au surface density (μg/cm2) 14−27 18 10−33 12 11

CW laser energy (J) 25
exposure time (s) 40−50 300 20−100 200 300
optoporation efficacya (%) 90 ± 7 0 88 ± 10 79 ± 19 0
cell viabilityb (%) 86 ± 12 83 ± 16 68 ± 12 70 ± 18 99 ± 5

pulse laser pulse energy (mkJ) 1.6 2.7 1.4 1.4 5.7
pulse frequency (kHz) 10 10 10 10 10
scanning speed (m/s) 0.02 0.02 0.02 0.02 0.02
optoporation efficacya (%) 93 ± 6 86 ± 11 78 ± 19 89 ± 9 0
cell viabilityb (%) 88 ± 11 82 ± 16 65 ± 11 73 ± 16 94 ± 5

aNormalized average number of PI+ optoporated cells. bAlamar blue data.
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optoporation system. We revealed that AuNST-800 layers
show the best performance as universal platforms optoporation
among all other tested types of AuNPs and can be used both
under CW and pulse NIR irradiation.
Let us consider now several illustrative examples that clarify

the capabilities of our optoporation system. All subsequent
experiments were performed on the AuNST-800 layers under
optimized irradiation regimes on HeLa cells with PI
fluorescent dye serving as a model nonpenetrating agent for
delivery.
3.2.6. Hela Cells Optoporation for Effective PI Delivery

Using CW Laser and AuNST-800 Layers. In this section, we
describe the correlation between the NPs packing density of
the AuNST-800 layers and the efficiency of PI molecules
delivery to HeLa cells. The Au content of the layers ranged
from 3 to 28 μg/cm2. The resultant diagram demonstrating the
relative number of PI+ cells optoporated on the AuNST-800
layers with gradual Au content is depicted in Figure 3A. The

representative fluorescent images are depicted in Figure 3F−H.
Phase contrast images captured 30 min post irradiation
demonstrate the characteristic morphological changes in
irradiated cells (Figure 3B,I) as compared to intact cells
(Figure 3D). Nevertheless, no significant effect of laser
irradiation was estimated on HeLa cell proliferative activity
(according to the data of regular visual monitoring up to 72 h
after optoporation), respiratory activity (93 ± 5% according to
the Alamar blue assay), and cell monolayer integrity
(according to the data of vital FDA staining, Figure S4E,
Supporting Information). The detailed explanations of the
registered morphophysiological changes in the optoporated
HeLa cells will be discussed below in section 3.2.8.
3.2.7. Precise and Controllable Optoporation of HeLa

Cells Using Pulsed Laser and AuNST-800 Layers. The ability
to precisely adjust the AuNP layers parameters and
corresponding irradiation modes made it possible to achieve
the noted high optoporation efficacy. However, the bulk
heating of the cell medium during the irradiation evokes
potential negative effects both on the cargoes and cells and
restricts the usage of CW laser for plasmonic optoporation. On
the contrary, the use of a pulsed laser is now considered to be
more promising.20 The main advantages of a pulsed laser are
extremely short pulse duration (nano- or femtoseconds) at a
relatively low energy, the ability to point-by-point adjustment
of individual parameters of the light beam, and the possibility

of the 2-D and 3-D scanning irradiation modes to achieve
unprecedented high performance. In this regard, herein, we
took a pulsed nanosecond 1064 nm laser source with
fundamentally different characteristics and mechanisms of
action on cell membranes from the previously used 800 nm
CW laser. Specifically, we adjusted precisely the optoporation
performance by using the pulsed laser source with narrowly
focused beam in a 2-D scanning mode across the HeLa cell
monolayer grown on the AuNST-800 layers. Figure 4B

demonstrates the results of HeLa cells optoporation with a
single-cell resolution. The optoporation efficacy (in terms of
PI+ cells number) inside the irradiated area was no less than
90−95%. Also, the presented images clearly show the border of
the irradiated and nonirradiated areas of the cell monolayer
grown on the AuNST-800 layers. It should be noted that the
cells morphology significantly differed from the control ones
already 15−30 min after irradiation with a pulsed laser.
Nevertheless, the viability remained at a high level (93 ± 5%
according to the Alamar blue test).

3.2.8. Underlying Mechanisms of the Plasmon Optopora-
tion and the Peculiarities of the Cells Response under Laser
Irradiation. The most interesting and practically unexplored to
date are the reversible morphophysiological nondamaging
changes of the living cells upon laser irradiation on the AuNP
layers. Specifically, we were interested in the nature and
duration of the newly formed defects in the lipid bilayer upon
cell irradiation which contributes to an increase in permeability
for nonpenetrating agents. To this end, we used high-
resolution lifetime AFM imaging, bright-field phase contrast
microscopy, and fluorescence microscopy.

3.2.8.1. Relationship between Plasmonic Properties of
AuNP Layers and the Efficiency of Optoporation. The first
question is as follows: whether the increase in membrane
permeability upon irradiation of cells on AuNP layers is related

Figure 3. Efficiency of optoporation under CW laser irradiation (A)
in terms of relative number of PI-positive cells grown on AuNST-800
layers of different density. Fluorescent images and phase contrast
images of control (D and E) and sample cells grown on AuNST-800
layers with Au layer density equal to 7 ± 0.4 (F), 14 ± 1.1 (B, C, G, I,
and J), and 28 ± 2.7 μg/cm2 (H). The scale bars correspond to 50
μm for large-scale images (B−E) and 100 μm for magnified images
(F−H).

Figure 4. Optoporation of HeLa cells on AuNST-800 layers using a
nanosecond 1064 nm pulsed laser. Phase contrast (A) and fluorescent
(B and C) images of optoporated cells. Black arrows and white dotted
lines show the trajectory of the laser beam. The intact cells are marked
with blue arrows. The middle panel (B) shows the scan image of the
AuNST-800 layer on the bottom of a 24 well plate, the specified
trajectory of irradiation, and the resulting micrograph. Scale bars
correspond to 50 μm (top and bottom row, A and C) and 500 μm
(bottom row, B).
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to the plasmonic properties of AuNPs or just to the thermal
effects arising due to conversion of AuNP absorbed laser
irradiation to heat. In this regard the effects of CW and pulsed
lasers are fundamentally different.40 We hypothesize that the
main mechanism of CW laser optoporation may be associated
with local plasmon heating of cell membranes caused by
resonant absorption of laser light by AuNST. Recently, several
hypotheses24,41 were proposed to the spontaneous formation
of membrane defects due to heating to a phase transition
temperature of lipid membranes.42 It was shown that the
increased fluidity of the lipid raft in living cells begins at 42 °C,
and a further temperature increase up to 55 °C promotes rapid
exchange of low molecular weight (<1 kDa) molecules.40 To
test the thermal hypothesis, we heated the plates with cells
grown on the AuNST-800 layers with added PI in a thermal
bath up to a temperature of 42 °C of the cell medium. No
significant differences were observed in the number of PI+ cells
before and after heating (data not shown). Therefore, simple
heating of the system cannot be considered as a potential
optoporation mechanism. Similarly, negative results were
obtained for HeLa cells cultured without AuNP layers (Figures
4 and S6, Supporting Information) and with off-resonance
AuNPs upon irradiation with CW or pulsed laser (see the
above given results for AuNS-520 layers in section 3.2.5).
3.2.8.2. Duration of Cell Regeneration Processes after IR

Laser Irradiation. The next question is addressed to the cells
self-repairing to the initial state with retained membrane
integrity and impermeability to the large-sized external cargo
molecules. It was reported recently that lipid bilayer
disruptions, formed by a short-pulsed laser treatment using
AuNPs added to the culture medium, completely healed within
a few seconds.43 To study these processes for our optoporation
system, we performed an additional experimental set, and the
procedure is described in section S7 (Supporting Information).
The representative fluorescent images are shown in Figure S7
for the set with PI and in Figures S8 and S9 (Supporting
Information) for set with FITC-labeled dextranes. We
observed that membrane healing begins already 2 h after
optoporation with a CW laser (43 ± 7% PI+ cells; Figure S7B,
blue line, Supporting Information), and after 30 h, cell
membranes become completely impermeable to PI (Figure
S7B, blue line, J, Supporting Information). The cell viability
according to the Alamar blue assay was maintained at a high
level (Figure S7A, Supporting Information), and the integrity
of the membrane was qualitatively confirmed by vital staining

of the cell monolayer with FDA dye (Figure S4E, Supporting
Information). Considering the irradiation with a pulsed laser,
the time required for complete membrane restoration was
significantly less than that registered for CW laser irradiation.
Already after 30 min, the restoration of membrane integrity
began, while the number of PI+ HeLa cells was 95 ± 5%, and 5
h after irradiation, the membranes became completely
impermeable to PI (Figure 5B). The cell respiratory activity
(according to the Alamar blue assay) measured 30 min post
irradiation was slightly decreased to 73 ± 6%, with subsequent
restoration to the state of intact cells (93 ± 4%) 5 h post
irradiation, (Figure 5A). The similar results were obtained
using FITC-labeled dextranes with larger than PI molecule
sizes. The self-healing time for membrane integrity was lower
than those estimated for PI and reduced when the molecule
size increased but still was in the range of 2−4 h (Figures S8
and S9, Supporting Information).
At the moment, we have no reasonable explanation for such

a surprisingly long delay required for the completely
restoration of the membrane. Meulenberg et al.44 studied the
actin disruption in a cell monolayer upon electric field
treatment. The time-elapsed dynamic behavior of the treated
cells was quite similar as we registered in the present study, as
well as the estimated cell monolayer recovery within the range
of 24 h. It was recently demonstrated45 that complete closure
of calcein dye membranes can occur within minutes after
irradiation, not within seconds as described in the other
study.43 According to the given explanations,45 the micrometer
pores formed by the cavitation bubble rapidly shrink to exclude
the delivery of large molecules, such as DNA plasmids, but
remain permeable to small molecules such as PI.
A complete understanding of current mechanisms of the

lipid bilayer disruption and cytoskeletal reorganization upon
laser irradiation mediated by plasmonic NPs is still lacking. In a
recent review authored by Graybill and Davalos,46 relevant
data addressed to this issue was critically discussed. The
proposed downstream mechanisms of disruption via inter-
actions between the electromagnetic field and cytoskeletal
proteins (or associated proteins) may be related to partial to
cytoskeletal disruption through cell swelling, elevated cytosolic
calcium levels, ATP depletion, cell signaling, or other
pathways. The cellular response to laser irradiation reveals a
complex, multifactor process of cytoskeletal response that is
undoubtedly influenced by cell type, pulse parameters (pulse

Figure 5. Determination of the self-healing time of the membrane’s impermeability upon pulsed laser irradiation. (A) Viability of control and
experimental cells, (B) optoporation efficacy and representative fluorescence images of control cells (C) and (D-H) experimental cells with added
PI at different times post irradiation. The scale bars correspond to 20 μm.
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length, pulse magnitude, and pulse number), and pulsation
media.46

Another point that should be addressed is the comparison of
the effects of CW laser treatment vs pulsed laser treatment on
the cell cytoskeleton and lipid bilayer disruption. The
individual regimes of two types of laser irradiation (CW and
ns pulsed) were adjusted to provide effective optoporation of
HeLa cells grown on AuNP layers without significant loss of
their viability. Therefore, it is quite difficult to perform the cell
experiments with similar outcomes using different irradiation
sources with equivalent modes such as incident intensity,
exposure time, single irradiation area, etc. Thus, it is

undoubtable that the irradiation upon CW and ns pulse used
herein, or other types as referred in numerous recent studies,46

possess diverse characteristics of cell disruption and recovery.
3.2.8.3. Study of Mechanical Properties of Cells. In

addition to the above experiments, we performed a
comparative study of the mechanical properties of HeLa cells
upon CW and pulse laser irradiation on AuNST-800 layers
using the lifetime high-resolution AFM microscopy. A detailed
description of sample preparation, scanning modes, and
analytical procedures is given in section 2.3. It should be
noted that we performed lifetime AFM measurements in
precisely optimized conditions using special soft cantilevers

Figure 6. (A) Phase contrast images and AFM maps of mechanical properties of control cells and sample cells, captured 1, 3, and 24 h post
irradiation. (B) Distribution of YM in a population of HeLa cells upon pulsed laser irradiation grown on the AuNST-800 layers. Data are presented
as mean ± SD for a group of cells, n = 30. The scale bars correspond to 10 μm.
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with adjusted parameters for living cells. The obtained force
curves were corrected using our recently developed algo-
rithm,31 briefly described in section 2.3. These improvements
contributed to minimization of the well-established limita-
tions47,48 of the AFM technique for soft matter scanning.
Topographic AFM maps were reconstructed from the

positions of the points of contact of the curves (z, in μm)
and the distribution of YM values. Then the force curves
corresponding to individual cells were selected. The resulting
summarized data are shown in Figures 6 and S10 (Supporting
Information), where the diagrams correspond to the mean YM
of individual cells and rectangular areas correspond to medians,
25th and 75th percentiles, respectively.
Irradiation with a CW laser, apparently, caused sharper

effects and some signaling cascades leading to an increase in
cell stiffness (within 20−24 h after irradiation −10 800 ± 4200
Pa compared to the control −2100 ± 700 Pa, Figure S10,
Supporting Information). We assume that the gradual decrease
in YM in HeLa cells irradiated with a pulsed laser (from 1600
± 900 Pa at 1 h post radiation to 1400 ± 500 Pa within next 5
h) may be associated with a weakening of the structure of the
actin cytoskeleton. The restoration of the cytoskeleton
occurred at the same time as the restoration of the plasma
membrane and the general state of cells, as can be seen from
parallel experiments on intracellular delivery of PI (Figures 5B
and S7B, Supporting Information).
Here, a significant difference in mechanical response was

found for cells irradiated with CW and pulsed lasers. Cell
mechanical properties might reflect the overall stressed state of
a cell. Changes in the cell stiffness, usually a decrease, were
observed under adverse actions caused, for example, by
incubation with NPs49,50 or by cold storage.51 Modifications
in cell mechanical properties, as it was shown in a range of
previous studies, are related to the changes in the cytoskeleton
structure.52−54 Primarily, the actin cytoskeleton was found to
be responsible for cell mechanical properties as measured by
AFM. Indeed, cytoskeleton modification was directly shown in
optoporated cells by means of the fluorescent microscopy55

and manifested in a decrease in alignment, or coherency, of
actin fibers. Since the actin cytoskeleton (specifically, actin
cortex) is linked to the cell membrane, structural changes in
the latter, including the membrane resealing will cause actin
structure modification as well.56 Moreover, disturbance in the
concentration of intracellular signal molecules and ions leaking
through the membrane pores might cause global long-lasting
actin rearrangements. Additionally, we estimated the average
cell size by processing the phase-contrast images and AFM
images of control cells and sample cells at different elapsed
times post irradiation (0, 0.5, 1, 2, 3, 20, and 24 h after
irradiation). It was maintained in the range of 50−55 μm,
which is typical for HeLa cells, thus confirming that the
irradiation by CW and pulsed laser with set regimes does not
generate drastic changes in cell morphology.
With the above considerations, we might link a decrease in

the YM observed in the cells irradiated with the pulsed lasers
to the weakening of the actin cytoskeleton structure (Figure
6A). Recovery of the cytoskeleton occurred on the same time
scales as the recovery of the plasma membrane and overall cell
condition, as seen from the experiments with PI entrance. The
irradiation with a CW laser, apparently, caused more drastic
effects and some signal cascades leading to an increase in the
cell stiffness. These cascades might have a protective role for
the cell nucleus. In a previous study,56 a significant increase in

cell stiffness was also observed during progression of the cell
death and loss of membrane integrity, and similar effects might
be observed here. However, in our case, these effects seem to
be mostly recoverable and do not lead to cell death.

4. CONCLUSIONS
The performed investigations were aimed at a comprehensive
study of the developed optoporation system on the plasmonic
NPs layers, as well as reactions from the cells under the
influence of laser irradiation. First, we have thoroughly
characterized by optical and microscopic methods the
physicochemical parameters of the layers of gold nanostars
and nanorods. Second, we showed the possibility of adjusting
the optoporation efficacy by controlling the individual
parameters of monolayers (packing density and coating
uniformity) and the irradiation modes with pulsed and CW
IR lasers. Third, we studied the dynamics of changes in the
mechanical properties of HeLa cells upon laser irradiation. The
high cell viability and unchanged plasmonic and geometric
properties of NPs, confirmed at all stages of experiments, make
it possible to judge the safety of our developed system. We
expect that the our optoporation system can be adjusted for
effective transfection of other types of cells after appropriate
optimization steps, for example primary or stem cells, that are
known as hard-to-transfect cells. Fourth, the developed
combined AFM-based approach with fluorescent microscopy
and qRT-PCR can be used in similar studies of the
morphological and functional state of the cells exposed to
the influence of other external conditions. We have
demonstrated long-term permeability of cell membranes for
delivered fluorescent dyes for at least 2−3 h after optoporation
via pulsed laser and more than 20 h upon CW laser
optoporation on AuNP layers without affecting the cell
viability. We believe that the observed effects of such a long
self-healing of cells after optoporation, which do not lead to
their death, are interesting not only from a fundamental but
also from a practical point of view. Further investigations are
needed to reveal the duration of cell membranes permeability
for plasmid or RNAi-based vectors.
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Evaluation of THE Elastic Young’s modulus and cytotoxicity
variations in fibroblasts exposed to carbon-based nanomaterials. J.
Nanobiotechnol. 2019, 17, 32.
(51) Nikolaev, N. I.; Müller, T.; Williams, D. J.; Liu, Y. Changes in
the Stiffness of human mesenchymal stem cells with the progress of
cell death as measured by atomic force microscopy. J. Appl. Biomech.
2014, 47, 625−630.
(52) Efremov, Y. M.; Velay-Lizancos, M.; Weaver, C. J.; Athamneh,
A. I.; Zavattieri, P. D.; Suter, D. M.; Raman, A. Anisotropy vs isotropy
in living cell indentation with AFM. Sci. Rep. 2019, 9, 5757.
(53) Rotsch, C.; Radmacher, M. Drug-Induced Changes of
cytoskeletal structure and mechanics in fibroblasts: an atomic force
microscopy study. Biophys. J. 2000, 78, 520−535.
(54) Kwon, S.; Kim, K. S. Qualitative analysis of contribution of
intracellular skeletal changes to cellular elasticity. Cell. Mol. Life Sci.
2020, 77, 1345−1355.
(55) Saklayen, N.; Kalies, S.; Madrid, M.; Nuzzo, V.; Huber, M.;
Shen, W.; Sinanan-singh, J.; Heinemann, D.; Heisterkamp, A.; Mazur,
E. Analysis of poration-induced changes in cells from laser-activated
plasmonic substrates. Biomed. Opt. Express 2017, 8, 4756−4771.
(56) McNeil, P. L.; Terasaki, M. Coping with the Inevitable: how
cells repair a torn surface membrane. Nat. Cell Biol. 2001, 3, E124−
E129.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c02734
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

L

https://doi.org/10.1117/12.2522135
https://doi.org/10.1117/12.2522135
https://doi.org/10.1002/jbio.201800166
https://doi.org/10.1002/jbio.201800166
https://doi.org/10.1117/12.2269948
https://doi.org/10.1117/12.2269948
https://doi.org/10.1117/12.2269948
https://doi.org/10.1364/JOSAB.29.001383
https://doi.org/10.1364/JOSAB.29.001383
https://doi.org/10.1021/acs.chemrev.7b00678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jbio.201400065
https://doi.org/10.1002/jbio.201400065
https://doi.org/10.1002/jbio.201400065
https://doi.org/10.1038/s41598-017-05383-0
https://doi.org/10.1038/s41598-017-05383-0
https://doi.org/10.1038/s41598-017-01784-3
https://doi.org/10.1038/s41598-017-01784-3
https://doi.org/10.1039/C9SM00711C
https://doi.org/10.1039/C9SM00711C
https://doi.org/10.1016/j.bpj.2018.05.012
https://doi.org/10.1016/j.bpj.2018.05.012
https://doi.org/10.1070/QE2008v038n06ABEH013863
https://doi.org/10.1070/QE2008v038n06ABEH013863
https://doi.org/10.1039/D0NR02531C
https://doi.org/10.1039/D0NR02531C
https://doi.org/10.1007/s11051-014-2623-8
https://doi.org/10.1007/s11051-014-2623-8
https://doi.org/10.1021/jp2000078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp2000078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp2000078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10590500802708267
https://doi.org/10.1080/10590500802708267
https://doi.org/10.1021/acsphotonics.0c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1159/000430216
https://doi.org/10.1159/000430216
https://doi.org/10.1159/000430216
https://doi.org/10.1038/srep05106
https://doi.org/10.1038/srep05106
https://doi.org/10.1038/srep05106
https://doi.org/10.1042/BJ20070507
https://doi.org/10.1042/BJ20070507
https://doi.org/10.1042/BJ20070507
https://doi.org/10.1007/s00018-002-8471-1
https://doi.org/10.1007/s00018-002-8471-1
https://doi.org/10.1117/1.JBO.19.7.070505
https://doi.org/10.1117/1.JBO.19.7.070505
https://doi.org/10.1117/1.JBO.19.7.070505
https://doi.org/10.1371/journal.pone.0052713
https://doi.org/10.1371/journal.pone.0052713
https://doi.org/10.1371/journal.pone.0052713
https://doi.org/10.1038/nmeth.3357
https://doi.org/10.1038/nmeth.3357
https://doi.org/10.3390/cancers12051132
https://doi.org/10.3390/cancers12051132
https://doi.org/10.1016/S0006-3495(02)75620-8
https://doi.org/10.1016/S0006-3495(02)75620-8
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.bmcl.2013.09.078
https://doi.org/10.1016/j.bmcl.2013.09.078
https://doi.org/10.1016/j.bmcl.2013.09.078
https://doi.org/10.1186/s12951-019-0460-8
https://doi.org/10.1186/s12951-019-0460-8
https://doi.org/10.1016/j.jbiomech.2013.12.004
https://doi.org/10.1016/j.jbiomech.2013.12.004
https://doi.org/10.1016/j.jbiomech.2013.12.004
https://doi.org/10.1038/s41598-019-42077-1
https://doi.org/10.1038/s41598-019-42077-1
https://doi.org/10.1016/S0006-3495(00)76614-8
https://doi.org/10.1016/S0006-3495(00)76614-8
https://doi.org/10.1016/S0006-3495(00)76614-8
https://doi.org/10.1007/s00018-019-03328-6
https://doi.org/10.1007/s00018-019-03328-6
https://doi.org/10.1364/BOE.8.004756
https://doi.org/10.1364/BOE.8.004756
https://doi.org/10.1038/35074652
https://doi.org/10.1038/35074652
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c02734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

