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Photothermal therapy (PTT) is a noninvasive treatment for cancer relying on the incorporation of NIR-
light absorbing nanomaterials into cells, which upon illumination release heat causing thermally induced
cell death. We prove that irradiation of aqueous suspensions of poly(vinylpyrrolidone)-coated silver nano-
plates (PVPAgNP) or PVPAgNP in Hela cells with red or NIR lasers causes a sizeable photothermal effect,
which in cells can be visualized with the temperature sensing fluorophore Rhodamine B (RhB) using spin-
ning disk confocal fluorescence microscopy or fluorescence lifetime imaging. Upon red-light irradiation
of cells that were incubated with both, RhB and PVPAgNP at concentrations with no adverse effects on
cell viability, a substantial heat release is detected. Initiation of cell death by photothermal effect is
observed by positive signals of fluorescent markers for early and late apoptosis. Surprisingly, a new nano-
material-assisted cell killing mode is operating when PVPAgNP-loaded Hela cells are excited with moder-
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ate powers of fs-pulsed NIR light. Small roundish areas are generated with bright and fast (<1 ns) decaying
emission, which expand fast and destroy the whole cell in seconds. This characteristic emission is
assigned to efficient optical breakdown initiation around the strongly absorbing PVPAgNP leading to
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1. Introduction

Photothermal therapy (PTT) is defined as the killing of cancer
cells, which have taken up light absorbing particles, that
release efficiently heat upon irradiation with NIR (typically
laser) light." The development of PTT motivated the attention
of researchers to the study of the photo-physical processes
causing hyperthermia and leading to cell death.”

New prospects for light-activated therapies have recently
emerged by exploiting the unique optical properties of noble-
metal nanoparticles. When the incoming light couples with the
oscillation frequency of the conduction electrons in such nano-
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plasma formation that spreads fast through the cell.

particles, a so called localized surface plasmon resonance (LSPR)
arises, which is manifested as a strong absorption band
accompanied with an efficient photon-to-heat conversion (photo-
thermal) effect.> More specifically, when localized in the tumor,
the plasmonic nanoparticles can act as efficient photothermal
transducers by converting the light absorbed by surface plasmon
resonances into heat, leading to a tightly localized temperature
rise determined by the nanoparticle size and the local thermal
diffusivity, thereby achieving therapeutic cell killing.*”
Plasmonic nanoparticles based on gold are very popular for
PTT applications and have been used as photothermal trans-
ducers for the treatment of highly aggressive tumours® ™" also
in combination with immune therapy.> In addition, silver-
based nanomaterials have also been developed and utilized.
For instance, Boca et al. conducted cytotoxicity assays and
found that chitosan-coated silver nanotriangles exhibited good
compatibility for healthy human embryonic cells, while
showing a dose-dependent phototoxicity towards NCI-H460
cancer cells upon excitation with 800 nm light.”> These results
motivated us to prepare and characterize polyvinylpyrrolidone
(PVP)-coated silver nanoplates (PVPAgNP) to be used in PTT
assays with HeLa cells. It has been shown that silver nano-
plates and in particular silver nanotriangles are best suited
among the different types of silver nanomaterials in PTT appli-
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cations, since their absorption spectra
therapeutic window of biological tissue."”

For the purpose of measuring the intracellular PTT effect of
our PVPAgNP, we used the fluorescent dye Rhodamine B (RhB)
that shows temperature dependent fluorescence quantum
yield and fluorescence lifetime change in a relevant tempera-
ture range."®"°

To prove the ability of the silver nanoplates to act as photo-
thermal agents, herein we report the use of Spinning Disk
Confocal Microscopy (SDCM) and Fluorescence Lifetime
Imaging Microscopy (FLIM) techniques to monitor changes in
the fluorescence intensity and lifetime of the optical thermo-
meter RhB in HeLa cells incubated with RhB and PVPAgNP.
We also demonstrate cell killing by illuminating HeLa cells
loaded with PVPAgNP by two different photodestruction
modes. One uses cw light (here 640 nm) and leads to a local
temperature increase with subsequent apoptotic death of the
cells. The other method relies on fs-pulsed near infrared light
(here 780 nm), where the PVPAg nanoplates act as absorbers
and heat emitters for PTT as well as catalysts of a plasma gene-
ration that destroyed efficiently and fast (in seconds) the illu-
minated cells.

2. Materials and methods

2.1. Materials

Silver nitrate was obtained from Biopack (Zarate, Buenos Aires,
Argentina) and trisodium citrate from Cicarelli (San Lorenzo,
Santa Fe, Argentina), PVP, sodium borohydride (NaBH,), RhB,
sodium azide (NaNj3), 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide (MTT), Neutral Red were purchased from
Sigma-Aldrich (St Louis, USA). Hydrogen peroxide was from
Anedra (San Fernando, Buenos Aires, Argentina). Annexin V
conjugated with fluorescein isothiocyanate (FITC) and propi-
dium iodide (PI) were purchased from BD Biosciences
(Heidelberg, Germany). All experiments were performed with
deionized water.

2.2. Synthesis of PVP-coated silver nanoplates

As reported previously,”® 24 mL of pure water, 50 pL of an
aqueous solution of silver nitrate (Biopack, 0.05 M), 500 pL tri-
sodium citrate (Nascit, J.T. Baker, 75 mM), 100 pL of PVP
(Sigma-Aldrich, 17.5 mM), and 60 pL hydrogen peroxide
(Anedra, 30 wt%) were mixed and vigorously stirred at room
temperature in air. Injection of sodium borohydride (NaBH,,
Sigma-Aldrich, 100 mM, 250 pL) was done with automatic
pipette immediately after stirring, and after a few seconds the
colour of the solution turned from colourless to blue, indicat-
ing formation of the PVPAg nanoplates.

2.3. TEM imaging

The characterization of size and shape of the PVPAgNP were
performed by FEI Tecnai F20 G2 (FEG) transmission electron
microscope operated at 200 kV. Aqueous suspensions of
PVPAgNP were drop-casted over copper PELCO® (Ted Pella,
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Redding, CA, USA) TEM grid with support films of Formvar
substrate. The size distribution was determined considering
the mean diameter contained into a polyhedron shape (see
Fig. S1 in the ESI} for details). The mean size of the formed
PVPAg nanoplates was obtained by fitting the size distribution
with a LogNormal function. Also, the aspect ratio and shape
factor were determined as features of the sample (see Fig. S1
and Table S1 in the ESIY).

2.4. ATR-FTIR microscopy

An Agilent ATR FT-IR 630 spectrophotometer with a spectral
range 5100-640 cm ™' was employed. The spectral resolution of
the equipment is lower than 2 cm™ and its precision is
0.05 cm ™.

2.5. Fluorescence spectroscopy

A HORIBA JOBIN-YVON Spex Fluorolog FL3-11 was employed
for measuring fluorescence spectra. Photoluminescence life-
time measurements were performed with the same device with
TCSPC technique using excitation with pulsed LED at 575 nm
operating at 1 MHz (FWHM ~1.2 ns).

2.6. Heat production by NIR irradiation

The suspensions of PVPAgNP in pure water (2 mL) contained
in 10 mL glass flasks with magnetic stirring were irradiated
with either 170 fs laser pulses at a repetition rate of 1 kHz
(800 nm, 600 mW) generated by a Ti: sapphire Chirped Pulse
Amplification (CPA) system from Spectra Physics (Mai-Tai
Spitfire; Newport Spectra Physics, Irvine, CA, USA) or with a
continuous wave (cw) He-Ne laser from LaserOptics S.A.
(633 nm, 7.2 mW; Buenos Aires, Argentina). The laser beam
(spot size: 7 and 6 mm, respectively) was directed to the top of
the flasks placed inside a polystyrene container to avoid heat
leakage. The temperature was measured using a Lutron
PH-206 digital thermometer.

2.7. Incubation of HeLa cells with RhB and PVPAgNP

HeLa cells from the American Type Culture Collection (ATCC
CCL-2) were grown in modified Eagle’s medium (MEM)
(GIBCO - Argentina) containing 10% FBS (Internegocios S.A. -
Argentina) and 100 pg mL™" of penicillin. 1.5 x 10* cells were
cultured in an incubator with 5% CO, and 95% air at 37 °C for
24 h. The medium was then removed, and the cells were incu-
bated with different concentrations of RhB (30 min for
imaging experiments or 24 h for cell survival measurements)
and/or PVPAgNP (24 h) in MEM. For FLIM experiments, the
incorporation of PVPAgNP in the cells was assessed before the
incubation with RhB (30 min). Every experiment was compared
to a control culture. Cell survival was assessed by MTT and
NRU assays as described previously.>’™?

2.8. Dendra2-Mito expressing HeLa cells

HeLa cells were transfected with DNA encoding a green fluo-
rescent protein decorated with a targeting sequence for the
mitochondrial matrix** (Dendra2-Mito). Transfection was per-
formed two days before imaging experiments according to a
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slightly modified Calcium-phosphate transfection protocol
described by Chen and Okayama.?

2.9. SDCM

The SDCM instrumentation (Acal BFI, Grobenzell, Germany
and Nikon Instruments Europe BV, Amsterdam, Netherlands)
was described previously.”® PTT-experiments were performed
by illuminating HeLa cells that were before incubated with
PVPAgNP (or not as control) with red laser light (640 nm:
0.018 W cm™?). For RhB and Dendra2-Mito imaging lasers of
561 nm (0.0016 W cm™?) and 488 nm (0.0013 W cm™?) were
used as excitation source, respectively. Cells were kept in a
stage-top incubator (Okolab S.R.L., Pozzuoli, Italy) on the
microscope during acquisition of microscopy images providing
5% CO, atmosphere and temperature control, which was kept
at 37 °C if not otherwise stated.

2.10. FLIM in living cells

Fluorescence lifetime images were measured using an upright
scanning fluorescence microscope (A1 MP; Nikon Instruments
Europe) equipped with a 25x objective (water immersion,
numerical aperture 1.1; working distance 2 mmy;
N25X-APO-MP; Nikon). Fluorescence was excited by 2-photon
excitation (<100 fs light pulses; dexe = 750 nm). Laser pulses
were generated using a mode-locked Titan-Sapphire laser
(MaiTai DeepSee; output power 2.3 W at 750 nm; Newport
Spectra Physics) at a frequency of 80 MHz. Mean fluorescence
lifetimes were measured using time-correlated single photon
counting (TCSPC). TCSPC electronics and acquisition software
(SPC-152; Becker & Hickl) were used for FLIM as previously
described.”**” SPCImage 4.8 software (Becker & Hickel) was
used to fit bi-exponential functions to individual fluorescence
decays (bin of 2). The average fluorescence lifetime was deter-
mined for each pixel from amplitudes and lifetimes of the two-
exponential functions as (a; X 71 + a, X 7,)/(a; + a,) (see ref. 28
and discussion therein).

3. Results and discussion

3.1. Characterization of PVPAgNP

Fig. 1 shows absorption spectra of PVPAgNP suspensions
(from near UV to near IR) and the excitation and emission
fluorescence spectra of RhB. PVPAgNP show high absorbance
in the wavelength region of minimal tissue absorbance and
autofluorescence, which is located between 650 and
1450 nm.* Thus, these nanomaterials is a potential candidate
for application in PTT.

Fig. S1 in the ESI{ shows how the mean diameter of the
PVPAg nanoplates (most of them nanotriangles) was calcu-
lated. The mean size of the nanotriangles is 29 + 16 nm; the
aspect ratio is 1.17 and the shape factor is 0.83 (Fig. S17).

The synthesis protocol of the PVPAg nanoplates gives a
nanotriangle yield of approximately 30% with a high polydis-
persity in size. Also, the rest of the PVPAg nanoparticles shows
great polydispersity in size and shape (Fig. 2). This polydisper-
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Fig. 1 Absorption spectrum of aqueous suspension of PVPAgNP (left
y-axis). The normalized absorption and emission spectra of Rhodamine
B (right y-axis) are also shown.
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Fig.2 (a) TEM bright field images of PVPAgNP. The images were
acquired slightly over focused to increase the contrast in NP border. (b)
Size distribution of the PVPAg nanoplates.

sity is in line with the broad LSPR absorption band character-
istic for nanotriangles in the range of 600-900 nm (see Fig. 1).
Nevertheless, no significant amount of spherical Ag nano-
particles is observed, which is in agreement with the absence
of a LSPR band at around 400 nm.

Notably, the PVPAgNP used here are nanoplates with a high
monodispersity in thickness (mean: 2 nm) in agreement with
earlier studies on similar nanomaterials."**°

These types of Ag nanoplates are commonly called “lamel-
lar” nanoparticles due the great number of stacking faults in
the <111> direction, ie., parallel to {111} faces of the plates.**

The stability of nanomaterials is an important property for
biological use and medical application. It was reported that

This journal is © The Royal Society of Chemistry 2021
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the triangles could reshape within a few hours after syn-
thesis.>" However, we found here that the UV-Vis-NIR spectra
of aqueous suspensions of the nanoplates stored at room
temperature were stable for periods as long as 6 months, indi-
cating their large stability.

The broad, non-structured FTIR band with maximum
around 3300 cm™" originates from the O-H vibration of H,O.
The intensity difference between PVP and PVPAgNP reflects
the much higher water content of the latter sample (see ESI
Fig. S27). In Fig. S2t a shift of the band of the stretching
vibration of the C=0 group of PVP to shorter wavenumbers is
observed (1660 cm™" for free PVP; 1560 cm™" for PVPAgNP),
which is a direct consequence of Ag bonding to PVP. The same
behaviour was also observed by Song et al. when PVP was
bound to Ag nanomaterials of different shape and was
assigned to the coordination between Ag' and the carbonyl
oxygen of PVP.>*> The peak at about 890 cm™" present in the
spectrum of PVPAgNP is ascribed to the breathing vibration of
the pyrrolidone ring and is reflecting a tilted conformation of
the ring on the surface of the silver nanoplates.*® The peak at
~2950 cm™', present in both spectra but with higher intensity
for PVPAgNP, is assigned to the asymmetric stretching
vibrations of CH, in the skeletal chain of PVP. The character-
istic absorption peaks of C-H groups at 1426 and 1363 cm™"
for PVP appear as a broader band with maximum at 1383 cm™
for PVPAgNP. The C-N vibration has a maximum at 1281 cm ™"
for PVP, which is shifted to 1257 cm™" (PVPAZNP).

1

3.2. Photothermal effect of PVPAgNP in cuvette

In order to evaluate the photothermal effect of the Ag nano-
plates, aqueous suspensions of PVPAgNP (4*%° = 0.10) were
irradiated with a train (80 MHz) of 170 fs pulses of 800 nm
laser light. A similar laser was used in the two-photon fluo-
rescence microscopy experiments with HeLa cells (see end of
results section). Fig. 3a shows the expected photothermal
effect, namely, that prolonged irradiation causes heating of the
PVPAgNP suspension, where its temperature increases mono-
tonically and is levelling off at about 30 minutes (irradiation of
pure water is shown for comparison). The much lower temp-
erature increase at later times can be explained by the imper-
fectness of our experimental setup, ie., heat losses from the
heat-isolated cuvette to the surrounding room air. The latter
will be more pronounced the higher the temperature of the
suspension is in comparison to room temperature. Further
cuvette heating experiments were performed with a second
irradiation source, similar to the heating laser used in the
spinning disk confocal fluorescence microscopy experiments
(see below), by irradiation of PVPAgNP suspensions (4°* =
0.609) with a cw He-Ne laser, which resulted again in a temp-
erature rise. The latter was independent of the presence RhB,
whose absorption is very low at the laser emission wavelength
(4°** = 0.001). Blank experiments performed with water or RhB
solutions without PVPAgNP yielded a much lower temperature
rise (Fig. 3b). Since the absorbed energy is much smaller in
the case of cw red laser excitation the total temperature
increase achieved in one hour is also much lower (ca. 10

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Temperature increase upon irradiation of: (a) at 800 nm
(600 mW Ti: Saphire laser) of a PVPAgGNP suspension (A%°° = 0.10) and
water. (b) at 633 nm (7.2 mW He—Ne CW laser) of water; a 2.5 uM RhB
solution (A%33 = 0.001); and a PVPAgNP suspension (A%*3 = 0.609) in the
presence or absence of 2.5 pM RhB.

times) compared to the experiment with excitation at 800 nm
(see Fig. 3). Consequently, the levelling off of the temperature
increase is not so pronounced and shifted towards later times.

3.3. Viability of cells incubated with PVPAgNP

The concentration of PVPAgNP employed in the biological
experiments were chosen with the aid of cell viability experi-
ments. To this purpose, two different tests were employed to
check cell viability: the MTT ((3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) tetrazolium) and the Neutral
Red uptake (NRU) assays. The former test is based on the
ability of viable cells with active metabolism to convert MTT
into formazan, a product with an absorbance maximum at
570 nm.*>** The NRU assay evaluates the ability of viable cells
to incorporate and keep the NR dye in its protonated form in
the lysosomes.*’

As can be seen in Fig. S31 only the incorporation of RhB at
3.5 uM showed decreased viability. Cell viability was not
affected by PVPAgNP for concentrations of up to 10 pM (in Ag)
in the culture medium. Thus, all further biological assays were

Biomater. Sci, 2021,9, 2608-2619 | 2611
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performed with [RhB] <3.5 uM and PVPAgNP within these con-
centration <10 uM.

3.4. Spinning disk confocal fluorescence microscopy (SDCM)

3.4.1. Cell death caused by photothermal effect in
PVPAgNP incubated cells. Annexin V FITC is used along with
Propidium iodide (PI) to evaluate if cells are viable, apoptotic,
or necrotic through differences in plasma membrane integrity
and permeability.*® Annexin V was shown to be helpful for
detection of apoptotic cells because of its binding affinity for
the negatively charged phosphatidylserine (PS), exposed to the
extracellular surface of the cell at the beginning of apoptotic
process.”” During the early events of apoptosis PS-lipids,
which in active cells are actively transported to the inner (cyto-
solic) leaflet of the plasma membrane by the cell, suffer trans-
location to the outer (extracellular) leaflet of the plasma

membrane.?”*°

PI, a water-soluble dye, whose fluorescence
quantum yield increases upon intercalation with DNA while
absorption and fluorescence spectra possess considerable red-
shifts, only stains late apoptotic and necrotic cells, which have
non-intact plasma and nuclear membranes.*°

Fluorescence images were obtained using a dual window
optical beam splitter to measure simultaneously the channels
with excitation wavelengths of 488 nm and 561 nm, respect-
ively, employed for the Annexin V FITC and PI tests (see
Fig. 4). For these assays HeLa cells were incubated for 24 h
with 10 pM of PVPAgNP dissolved in cell medium, then incu-
bated with Annexin V FITC/PI for 15 min and exposed to
11 min irradiation with high (0.018 W c¢cm™) power of the
640 nm laser of the spinning disk confocal microscope.
Already in the bright field images one can clearly see a differ-
ence between control (no change of nucleus morphology) and
the cell that has taken up PVPAgNP (large change of nucleus
morphology). While 60 minutes after the red light irradiation
no apoptotic signals were observed in control cells (no mem-
brane staining by Annexin V FITC and no propidium iodide
fluorescence from nucleus), cells that have been incubated
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with PVPAgNP show positive fluorescence signals - already
after much shorter time (e.g. 35 minutes in the example shown
in Fig. 4) - for both apoptosis markers: 1. PS-lipids appear on
extracellular surface of plasma membrane indicated by strong
plasma staining by Annexin V FITC. 2. Intense fluorescence
signal of propidium iodide from nuclear region by intercalat-
ing DNA proves non-intact plasma membrane, which allows
penetration of membrane impermeable propidium iodide
molecules.

These results indicate that incubation of HeLa cells with
PVPAgNP suspensions followed by 640 nm irradiation clearly
led to photodamage related to both early apoptosis and late
apoptosis or necrosis. Note that with a similar excitation wave-
length (633 nm), the PVPAgNP were shown to produce a temp-
erature increase (Fig. 3b). In other words, the PVPAZ nano-
plates taken up by the cell allow cell killing by illumination
with red light that is not harmful to cells without PVPAgNP.

3.4.2. Localization of temperature probe rhodamine B. In
order to detect the temperature raise by fluorescence spec-
troscopy we used the temperature-dependent fluorescent dye
RhB, whose fluorescence quantum yield, @z, was shown to
increase by a factor of 2 between room temperature and
200 K.'® The corresponding change of its fluorescence lifetime
7p iS consistent with the relation kz = @y/ty, where kg is the
radiative rate constant.'®'? A correlated temperature depen-
dence of @ and 7 has also been observed for RhB dissolved
in water in the range of 5 °C to 80 °C."®*" The fluorescence of
RhB is negligibly pressure sensitive and pH independent
above pH 6.** In addition, RhB has been used in several micro-
fluidic applications,”™” and interestingly, crosses lipid
bilayers and biological membranes. In mammalian cells, RhB
accumulates in the inner mitochondrial membrane and has
been used as a mitochondrial probe.*® Due to these properties
RhB was successfully used as optical thermometer for the
measurement of temperature in rat tail tendon samples
exposed to radiofrequency electromagnetic fields,*® to charac-
terize the temperature profile in microfluidic devices®**" and

After 640 : o :
Before Irradiation lr:z: diati:l:n Annexin V FITC Propidium Iodide

— | e SRR Yo
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Fig. 4 Summary of the Annexin V/PI tests: On the left, bright-field images of five HelLa cells (control) and one Hela cell (incubated 24 h with 10 uM
PVPAgGNP) before and after illumination with 640 nm light (0.018 W cm™2, 11 minutes). On the right, Annexin V FITC (488 nm excitation (0.0013 W
cm™2, 0.5 s) and propidium iodide (561 nm excitation (0.0016 W cm™2, 0.5 s)) fluorescence images of the same cells are depicted, where the intensity
scales are identical for the experiment with the same excitation wavelength.
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in cells exposed to continuous wave microwaves and pulsed
lasers.’*>® We have rechecked the temperature dependence of
RhB’s fluorescence intensity and lifetime in the absence and
presence of PVPAgNP, where we confirmed the behaviour
described in the literature and found no influence of PVPAgNP
(see Fig. S4 and Table S17).

Since RhB is used in this study as optical thermometer to
prove the photothermal effect of PVPAgNP, we performed an
experiment to characterize the highly non-heterogeneous
spatial distribution of RhB fluorescence in mammalian cells
(Fig. 5-8, S5-S7, and S9}). We compared the spatial distri-
butions of orange-red RhB fluorescence and green Dendra2
fluorescence in HeLa cells transiently transfected with the
mitochondria-targeted probe Dendra2-mito, which were incu-
bated with 0.125 pM solution of RhB for 10 min to determine
the localization of this dye in HeLa cells. HeLa cells transfected
with Dendra2-mito DNA plasmid indeed expressed the fluo-
rescent protein Dendra-2 almost exclusively localized in the
mitochondrial matrix. As a result, these cells displayed a
strong green signal, specifically localized in mitochondria
6-72 h after transfection. Fluorescence images employing the
green (Aex = 488 nm) and orange-red (Aee = 561 nm) channels
for observation of Dendra2-mito and RhB, respectively (see
Fig. S5 in the ESIY), clearly show that RhB localizes largely in
mitochondria with a minor fraction in other parts of the cyto-
plasm, in agreement with literature reports.>*>>

3.4.3. Rhodamine B fluorescence intensity based tempera-
ture measurement in living cells. Once the mainly mitochon-
drial localization of RhB in HeLa cells was proven, we per-
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formed experiments to evaluate the ability of RhB fluorescence
to sense temperature changes in HeLa cells. Due to the
inhomogeneous spatial distribution, the huge fluorescence
intensity differences of RhB in one cell and the large dynamics
of the mitochondrial network, as well as the shapes of cell and
nucleus, we could not use a simple cell average of the fluo-
rescence intensity. Instead, we tested mean fluorescence inten-
sity values of different selections of pixels as described in
Fig. S61 and the corresponding figure caption. I ssinyc Was
found to be best suited and was used in the following experi-
ments. Fig. 5a shows an experiment, where the same cells have
been imaged at 25 °C and subsequently at 37 °C. Direct com-
parison of left and right image as well as Table 1 undoubtedly
demonstrate the decrease of RhB fluorescence intensity in
HeLa cells upon heating from 25 °C to 37 °C. The relative
change amounted to about —60%.

We also performed the reverse experiment (Fig. 5b and
Table 2), namely measuring cells first at 37 °C and afterwards
at 25 °C, where we obtained an increase (ca. 60%) in RhB fluo-

Table 1 Average fluorescence intensity per cell Ig = Ilis4nuc (see
Fig. S61) from the five cells observed in Fig. 5a

Cell Inp0s x In 310 x Alﬂ/lﬂ,zsas K (%)
I 15417 5086 —-67
1T 13273 5102 —62
11 11 889 4771 —60
v 8965 4550 —49
\'% 12678 5878 —54

0.0 0.25 0.5

0.75
fluorescence intensity (a.u.)

Fig. 5 Temperature effect on the fluorescence intensity of Hela cells incubated for 30 min with 2.5 yM RhB. (a) Fluorescence images of five cells
obtained first at 25 °C (left) and subsequently at 37 °C (right). The average fluorescence intensities /g = /1 5«nuci (S€€ Fig. S67) and the relative changes
are depicted in Table 1. (b) Fluorescence images of another set of four cells obtained first at 37 °C (left) and subsequently at 25 °C (right). The
average fluorescence intensities Iy = Iy s«nuc (€€ Fig. S61) and the relative changes are depicted in Table 2.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Average fluorescence intensity per cell Iq = lissnua (see
Fig. S61) from the five cells observed in Fig. 5b

Cell In 310 x In 508 k Alg/If 505 x (%)
I 4109 10166 60
I 3746 10533 64
111 5020 13015 61
v 4085 11363 64

rescence of very similar size (ca. 60%) compared to the
decrease determined in the experiment depicted in Fig. 5a.
This proves the suitability of the method and the absence of
significant RhB photobleaching under the experimental con-
ditions applied here. Photobleaching would lead to an appar-
ent temperature increase, which was excluded by the latter
experiment. Thus, the fluorescence intensity of RhB can be
used as an optical thermometer in HeLa cells for detecting
relative temperature changes. Since fluorescence intensity is
proportional to number of dye molecules and passive loading
of cells with RhB cannot be precisely controlled we did not try
to calibrate the fluorescence change as a function of tempera-
ture. Therefore, absolute temperatures cannot be measured in
our experimental setup.

3.4.4. Heat release by irradiation of PVPAgNP visualized by
RhB fluorescence in living cells. Once we had established RhB
fluorescence intensity of cells as a relative measure of tempera-
ture we designed an experiment to visualize the basis of the
photothermal effect, namely a heat release upon absorption of
light by the PVPAgNP. For this purpose, HeLa cells were incu-
bated with PVPAgNP (24 h) and RhB (30 min). The cells were
held at 25 °C (to reduce mobility of cells and mitochondria)
and irradiated with strong light of a 640 nm laser. Fig. 6 shows
such an experiment, where both cells show already after 1 min
a decrease of RhB fluorescence intensity (of a few percent; see
Fig. 6b, ¢ and Table 3). This behaviour is augmented after an
additional five minutes 640 nm irradiation period, where the
RhB fluorescence intensity is now decreased by about 20%
(see Fig. 6d and Table 3). In light of the results of the previous
section, this fluorescence decrease has to be interpreted as a
large-scale heat release and temperature The
irradiation light for heating was chosen in such a way, that it is

increase.

View Article Online
Biomaterials Science
Table 3 Fluorescence intensity per cell Iy = 3 5%nuc (s€€ Fig. S61) and

relative change of the two cells observed in Fig. 6 upon 640 nm light
irradiation

Cell Ifl, before 640 nm Iﬂ, 640 nm (1 min) Iﬂ, 640 nm (6 min)
I 12075 11377 (—5.8%) 9315 (—23%)
I 11387 10 908 (—4.2%) 9214 (—19%)

efficiently absorbed by the PVPAgNP, but not absorbed by RhB
nor the vast majority of naturally occurring absorbing mole-
cules of the cell to prevent photobleaching (of RhB) and photo-
damage (of the cells). In fact, a control experiment that was
identically designed to the one shown in Fig. 6 with one excep-
tion - no incubation with and therefore absence of PVPAgNP -
showed only small RhB fluorescence intensity changes of the
cells with no explicit trend (Fig. S7 and Table S3t). Therefore,
the decrease of RhB fluorescence intensity is a direct proof of
a large heat release in PVPAgNP-containing HeLa cells, which
in turn is very likely the cause of the cell-killing, i.e., the photo-
thermal effect of PVPAgNP irradiation (see Fig. 4), though
other phototoxic effects cannot be ruled out. In addition, it
demonstrates the possibility of detection of heat releases in
cells employing RhB as an optical thermometer.

3.5. Fluorescence lifetime imaging (FLIM) and cell killing by
plasma generation

Acquisition of fluorescence intensity and fluorescence lifetime
images of HeLa cells incubated with RhB alone or RhB and
PVPAgNP was performed according to the following protocol:

1. Images of an area with several cells were acquired with
the excitation laser set at 880 nm (10 mW).

2. Images of one or two cells were obtained from a smaller
part of the first image with the excitation laser set at 780 nm
(12 mw).

3. Step 1 was repeated to compare fluorescence intensity
and lifetime images of cells either irradiated with 780 nm light
or not.

The irradiation time in each step was 80 s.

Fig. 7 shows the fluorescence intensity and lifetime images
obtained from HeLa cells incubated with RhB and PVPAgNP,

0.0

025 05 0.75
fluorescence intensity (a.u.)

Fig. 6 640 nm irradiation effect on the fluorescence intensity of Hela cells incubated with 10 pM PVPAgNP (24 h) and 2.5 yM RhB (30 min) at
25 °C. (a) Bright field image and fluorescence images obtained before (b), after 1 min (c), and after 6 min (d) irradiation with 640 nm light.

2614 | Biomater. Sci,, 2021, 9, 2608-2619
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Fig. 7 Fluorescence intensity and lifetime images of Hela cells incubated 24 h with 10 pM PVPAgNP (6 h) and RhB (30 min) was obtained with
880 nm excitation (10 mW) excitation (a and d). Afterwards the square marked with a dashed white line was illuminated with 780 nm light (12 mW)
(b and e). At last the larger area was excited again with low power 880 nm (10 mW) excitation (c and f).

according to the previous protocol. It can be clearly seen that
780 nm irradiation of HeLa cells previously incubated with
PVPAgNP generates roundish, spot-like areas with high fluo-
rescence intensity and short, multi-exponential fluorescence
decays visible both with 780 nm (Fig. 7b and e) as well as
880 nm excitation (Fig. 7c and f). Notably, the spatial fluo-
rescence intensity distribution and the fluorescence lifetimes
are unchanged in the cells not illuminated with 780 nm
(compare Fig. 7a and d with Fig. 7c and f). These newly emer-
ging fluorescent islands appear first after a few seconds when
acquiring Fig. 7b and e, while their number and strength
grows fiercely during the 80 seconds scan with 780 nm light.
To explain this behaviour, we need to examine in more detail
what the fs-pulsed near-infrared light (780 and 880 nm) is
causing in the cells loaded with PVPAg nanoplates and RhB.
First, RhB has a large two-photon absorption cross section®*>’
and will be excited by two-photon absorption and generate
RhB fluorescence mainly in the mitochondria, where RhB is
preferentially located. Its fluorescence decay is found to be
mono-exponential with a lifetime between 2.2 and 2.4 ns
(Fig. S8at) and it is the dominant signal in Fig. 7d and f except
for the cells that were illuminated by 780 nm light. Second,
PVPAgNP will absorb near-infrared light efficiently according
to their absorption spectrum (Fig. 1) and release heat. Since

This journal is © The Royal Society of Chemistry 2021

780 nm is very near to the absorption maximum of PVPAgNP,
while at 880 nm the absorption is three times lower, this local
heat dissipation around the (non-fluorescent) PVPAgNP will be
much more pronounced in the second experiment with
780 nm excitation (Fig. 7b and e). Third, various endogenous
fluorophores get excited via two-photon absorption at both
wavelengths leading to so-called autofluorescence distributed
over the whole visible spectrum.’®®°
cence has highly multiexponential fluorescence decays and is
dominated by contributions of NaDH/NAD" as well as protein-
bound or free FAD with average fluorescence lifetimes between
1 and 2 ns (photobleached areas in Fig. 7c, f and S8bf) for the
two-photon excitation range used here.’" The last process is a

Naturally, autofluores-

third contribution to the fluorescence characterized by round-
ish very bright fluorescent spots, which appear both in cyto-
plasm as well as in the nucleus while irradiating the PVPAgNP
loaded cells with 780 nm light. These newly formed fluo-
rescent centres are not only very bright but show also a charac-
teristic very short though non-monoexponential decay (Fig. 7b,
e, 8¢, f and S8c¥). It has to be noted that the RhB fluorescence
decay near to such fluorescent centres has a more light-blue
and green colour indicating shorter lifetimes of 1.5-2.1 ns,
when excited with 780 nm, the wavelength of maximal absorp-
tion, ie., maximal heat release around the PVPAgNP. Since

Biomater. Sci, 2021, 9, 2608-2619 | 2615
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Fig. 8 Fluorescence intensity and lifetime images of Hela cells incubated with RhB (30 min) but not with PVPAgNP was obtained with 880 nm exci-
tation (10 mW) excitation (a and d). Afterwards the square marked with a dashed white line was illuminated with 780 nm light (12 mW) (b and e). At
last the larger area was excited again with low power 880 nm (10 mW) excitation (c and f).

RhB fluorescence lifetime is indeed getting shorter with
increasing temperature'®*"°* (Table 1), the observed shorter
fluorescence decays could be interpreted as local heating.

In control experiments, where HeLa cells were stained with
RhB but not incubated with and therefore not containing
PVPAgNP (Fig. 8), excitation with strong 780 nm light (Fig. 8b
and e) leads only to pronounced photobleaching of RhB fluo-
rescence intensity but no fluorescence lifetime change (Fig. 8c
and f). Two hallmark observation of the previous experiment,
the intense roundish spots of intense fluorescence with very
short fluorescence decay as well as the apparent shortening of
the RhB fluorescence lifetime, are absent. Consequently, we
assign these two phenomena to the efficient absorption of
780 nm light by the PVPAg nanoplates, where the enhanced
photothermal effect is causing the observed fluorescence and
morphological changes leading to cell destruction.

We have demonstrated that there is a photothermal effect
upon NIR excitation of both, suspensions of PVPAgNP and
HelLa cells incubated with PVPAgNP (see above), but the gene-
ration of the short lived emission observed in the FLIM experi-
ments could be a physiological response of the cell upon gene-
ration of singlet molecular oxygen, O,("A,), photosensitized by
PVPAgNP. For silver nanomaterials it was proposed that only
nanostructures having the Ag(111) surface, such as Ag decahe-

2616 | Biomater. Sci, 2021, 9, 2608-2619

drons and Ag triangular plates as those employed in the
present study, can photosensitize the production of 0,(*A,).*
Thus, FLIM experiments were performed with cells incubated
with NaN;, a well-known O,('A,) quencher.®® Fig. S9 (ESI{)
shows that irradiation of HeLa cells incubated with RhB,
PVPAgNP and NaNj, does not preclude the generation of the
short lifetime areas upon irradiation at 780 nm. Unfortunately,
our experiments are not designed as such that we could evalu-
ate whether bright emissive spots with very short fluorescence
decays are formed to a lesser or the same extent in the pres-
ence or absence of NaN;. But we can conclude that the effect
of NaNj; is not sufficiently protective, thus further supporting
the involvement of the photothermal mechanism responsible
for the photodamage as we have proven here for continuous
excitation (640 nm) and one-photon absorption (see above,
Fig. 4 and 6).

The very different nature and extent of photodestruction of
cells loaded with PVPAgNP for the two excitation modes (cw
640 nm laser or fs-pulsed 780 nm laser) let us search for other
possible mechanisms. An obvious hypothesis to explain the
observation of areas with bright fluorescence and very short
fluorescence decays (as exemplary shown in Fig. S8c, 7f and
Fig. S9d, ht is a photosensitized or photochemically induced
biochemical process in cells previously incubated with

This journal is © The Royal Society of Chemistry 2021
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PVPAgNP and subjected to NIR (780 nm) light, where the
absorption of the light by the PVPAg NPs results in the gene-
ration of free NADH. NADH is one of the most prominent con-
tributors to cellular autofluorescence and it is long known that
the fluorescence decay of unbound NADH is very short.
Chance and Thorel showed that NADH exhibits autofluores-
cence, whereas the oxidized form NAD" is not fluorescent.®>°°
This allows microscopic determination of the NAD(H) redox
state by measuring NADH fluorescence intensity and
lifetime.®”®® Several research groups reported fluorescence life-
time values for unbound NADH (400 ps; free in solution) and
NADH bound to proteins, where the mean fluorescence life-
time varies between 1.0 and 4.0 ns, dependent on its
microenvironment.®”**””* The ratio of free to protein-bound
NADH correlates with the NAD(H) redox state, which can be
evaluated from measurements of the mean NADH lifetime,
and allows analysis of the metabolic state of cells. There are
numerous studies using this so-called metabolic imaging (of
autofluorescence upon excitation with near-infrared fs-pulsed
lasers,”> but in none of them a fluorescence lifetime com-
ponent shorter than 400 ps is reported.”>””> The nature of the
very fast, multiexponential fluorescence decay associated with
the here observed bright fluorescent spots caused by illumina-
tion of cells, which were incubated with PVPAgNP (Fig. 7b, c,
d, e, f and Fig. S9bf), however, does not fit to these
studies”*””> where an enhanced free NADH concentration was
observed. The major fluorescence decay component (relative
amplitude >95%) that we find in the bright spots has a fluo-
rescence lifetime of 50-80 ps, ie. about five to eight times
shorter compared to the fluorescence lifetime of free NADH.
We therefore conclude that the generation of free NADH
cannot be the cause of the emerging ultrafast fluorescence
emission.

If one carefully studies the literature on establishing two-
photon fluorescence microscopy with fs lasers in the early
1990s one finds several reports on an emission that was gener-
ated while imaging with apparently obviously too high exci-
tation powers. An extensive description of this phenomenon
has been given by Konig et al. with the somewhat surprising
conclusion that optical breakdown events are generating an
electron plasma inside the cell which is emitting light in the
whole visible spectrum. The signature of its fluorescence
decays is very similar to the one we found in the 780 nm
photogenerated bright fluorescent spots with a dominating
fluorescence lifetime component faster than 100 ps.”®”’® The
plasma formation in an optical breakdown event is essentially
the efficient formation of quasi-free electrons involving photo-
ionization and avalanche ionization causing very high photon
densities, which are easily achieved in modern fs-pulsed
lasers.”® Optical breakdown and therefore plasma formation
can occur without optical absorption but are strongly
enhanced when the material is absorbing. Konig and co-
workers investigated the bright luminescence emitted in
optical breakdown events during two-photon excitation fluo-
rescence microscopy in great detail and report a number of
astonishing details. The luminescence is distributed over the

This journal is © The Royal Society of Chemistry 2021
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whole visible spectrum. The shorter the pulse width and the
wavelength the more intense luminescence is formed. They
also observed that the start of optical breakdown usually was
in the perinuclear region with a high density of mitochondria,
which they suggested to be initiation sites for the optical
breakdown. Once some plasma has been formed and is distri-
buting throughout the cell it is formed everywhere when
excited again. These descriptive properties are strikingly
similar to our observations and we therefore assign our bright
luminescent spots to optical breakdown. The control experi-
ment shown in Fig. 8 delivers very important information,
namely, that the optical breakdown under our illumination
conditions only takes place in the presence of PVPAgNP. They
absorb strongly at 780 nm (and much less at 880 nm, where no
optical breakdown events occur) and hence we conclude that
they enhance the probability of optical breakdown significantly
by an unknown mechanism but very likely involving (multiple)
absorption events. Interestingly, the only difference to the
observations by Konig and co-workers is, that in our case
initiation centres of optical breakdown are both in the peri-
nuclear region near mitochondria but also inside the nucleus
(see Fig. 7b and e). This could be explained by PVPAg nano-
plates that enter the nucleus and enhance the optical break-
down also there. To summarize, we found here a new way for
photodestruction of cells using moderate powers of fs-pulsed
near infrared light and Ag nanomaterials (here PVPAgNP) as
inducers for optical breakdown, plasma formation and
efficient immediate destruction of mammalian cells. With cell-
specific targeted import of such Ag nanoplates in cells of inter-
est (tumors) and fs-pulsed laser excitation between 700 and
800 nm clinically relevant methods can be developed since it
will work also through endoscopes.

4. Conclusions

In vitro tests show that NIR irradiation of the photostable and
well-dispersed suspensions of PVPAg nanoplates leads to a sig-
nificant temperature increase. Thus, our nanoplates seem to
fulfil the requirements of a photothermal agent to be
employed in PTT. Therefore, we irradiated HeLa cells pre-
viously incubated with suspensions of PVPAgNP and per-
formed a series of SDCM and FLIM microscopy measure-
ments, which led us to the following conclusions:

(i) The dye RhB can be employed as an optical indicator of
the temperature increase following NIR irradiation of HeLa
cells.

(if) Annexin V and PI show that one-photon photoexcitation
with continuous light (640 nm) of cells incubated with
PVPAgNP leads to cell death by both necrosis and/or
apoptosis.

(iii) Irradiation of HeLa cells preincubated with PVPAgNP
with fs-pulsed laser light (780 nm) results in the generation of
areas with bright luminescence with very short fluorescence
decays. Cells, where such bright spots were formed, changed
their morphology drastically within a minute and were
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destroyed almost immediately. We attribute this to efficient
optical breakdown initiation around the strongly absorbing
PVPAg nanoplates leading to plasma formation that spreads
through the whole cell.
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