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Using specifically designed gold nanoparticles and local laser irradiation, individual cells and small cell

clusters could be targeted on a microscopic scale with minimal toxicity to nearby tissue. To date, most

scientific studies and technological demonstrations of this approach were conducted on two-dimensional

cultures, while most feasibility tests and preclinical trials were conducted using animal models. For brid-

ging the gap between two-dimensional cell cultures and animal experiments, we propose and demon-

strate the use of a natural hydrogel for studying the effect of intense, ultrashort laser pulses on a gold

nanoparticle targeted tissue. Using illumination parameters comparable to those used with two-dimen-

sional cultures, we show the complete eradication of multilayered cell colonies comprising normal fibro-

blasts and malignant epithelial cells co-cultured on a hydrogel scaffold. By evaluating the extent of cell

damage for various pulse durations at off-resonance irradiation, we find that the observed damage
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1. Introduction

Plasmonic cell manipulations mediated by the interaction
between laser irradiation and gold nanoparticles have been
shown to be promising for the selective targeting of cancer,"?
offering highly localized light-particle interactions, low
residual cytotoxicity, and a wide range of potential cell damage
mechanisms. Numerous research groups have studied and
demonstrated plasmonic cell targeting by employing a variety
of nanoparticles of different shapes (spheres,” rods,"®
shells™” and others®) and irradiation parameters (continuous
wave®>® and short pulses®™®), as well as in concert with chemo-
therapy’ and immune system activation.’® While 2D cell cul-
tures are ideal for studying the detailed intracellular response
to the plasmonic treatment, they often fail to mimic the com-
plexity of in vivo environments; cell cultures in 2D cannot
emulate the typically well-defined polarity in living tissue,
which is known to affect intracellular signaling,"** cell mor-
phology"® and phenotype,'>'* as well as cell response to
environmental cues that trigger apoptosis,’® proliferation and
differentiation.'®'” Furthermore, 2D cell cultures often lack a
normal extra-cellular matrix (ECM) that is vital for cell
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mechanism was dominated by rapid thermal transitions around the gold nanospheres, rather than by
photoionization. The work provides a new tool for understanding the complex pulse—particle—tissue
interactions and demonstrates the important role of nanoparticle mediated cavitation bubbles in a thick,

adhesion and signaling,'® are often subjected to non-physio-
logical mechanical forces,'® and do not exhibit physiological
gradients of nutrients and gases.'®?° Consequently, animal
models are often favored over cell cultures for studying tissue
response to new drugs and to multifactorial therapeutic
approaches. Successfully damaging tissue via plasmonic inter-
actions has been demonstrated on murine models using gold
nanoshells™” and gold nanoparticles in combination with anti-
cancer drugs.>'>* Unfortunately, while providing an effective
in vivo platform for preclinical experiments, animal models
too often fail to accurately represent human physiology and
genetics,”*® and hence are unable to correctly predict the
complex human response to treatments; cancer therapies that
were demonstrated effective in animals have shown less than
8% success in clinical trials.*”*®

The wide experimental gap between 2D cell cultures and
human subjects could, in many cases, be bridged using 3D
cell cultures, in which cells are embedded within cell-support-
ing environments including tissue-derived spheroids,"* pluri-
potent organoids,> biological and/or synthetic tissue
scaffolds,*® hydrogels,® small chips®** and 3D-printed struc-
tures.** Compared to 2D cell cultures, 3D cultures would be
more effective for studying laser therapy approaches, offering
environments that more realistically mimic tissue optical para-
meters and more closely represent physiological conditions for
studying, for example, the local delivery of treatment-mediat-
ing agents. Recently, a semi-synthetic 3D scaffold (polyethyl-
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ene glycol-heparin) has been demonstrated to be useful for
providing an in vitro environment suitable for studying laser
pulse targeting of glioblastoma cells conjugated by gold nano-
rods.>® Gold nano-stars and continuous-wave illumination
were used to study the eradication of small breast cancer
tumor emboli in suspension.®®

In this work, we study the plasmonic targeting of malignant
epithelial breast cancer cells co-cultured with normal foreskin
fibroblasts, all embedded and cultured in a three-dimensional
natural hydrogel. Following the attachment of gold nano-
spheres coated by anti-EGFR antibodies to the cells, the cul-
tures were irradiated by a sequence of high-intensity off-reso-
nance pulses and continuously monitored using time-lapse
microscopy for studying the culture response over the course
of several days. We show that the total pulse energies required
for the effective elimination of the cell colonies were compar-
able to 2D cultures,*®?” despite the notable differences in cell
arrangement, irradiation wavelength, and the underlying cell
damage mechanisms, dominated here by disruptive thermally
driven processes and not by multiphoton ionization.*®

2. Results

Epithelial breast cancer MDA-MB-468 cells seeded on the top
surface of a 4% Matrigel hydrogel formed unicellular networks
after approximately 1.5 hours (Fig. 1a). Over time, the networks
developed into cell colonies interconnected by thin unicellular
extensions that were later retracted, leaving isolated dense
multilayered colonies on the gel. Eight hours after seeding, the
cultures were incubated for 16 hours with 20 nm-diameter
gold nanospheres conjugated to anti-EGFR molecules with
high affinity to the EGFR overexpressed on the cancer cell
membranes. The presence of nanoparticles within the cell
culture was verified using two-photon excitation fluorescence
microscopy (Fig. 1b), showing particle attachment deep within
the colonies. Twenty-four hours after seeding, the cells were
irradiated by scanning a high irradiance (0.3 TW cm™?, 1 kHz)
45 fs pulse laser beam at an off-resonance 800 nm center wave-
length, resulting in up to 20 pulses irradiating each location
on the gel. Time lapse imaging (Fig. 2a) of the irradiated cul-
tures was conducted at the rate of one frame every 5 minutes
for the first 10 hours, followed by one frame every hour over
several days. The culture medium was replaced every 24 hours
to prevent dehydration and provide fresh nutrients. Whereas
in the absence of nanoparticles the irradiated cell population
gradually grew into large, multi-layered opaque cell colonies
(Fig. 2a, top row and the ESI Movie 1), the irradiated cultures
with nanoparticles slowly disintegrated several hours after
irradiation, until no living cells remained within the field of
view 400 hours after irradiation (bottom row in Fig. 2a and the
ESI Movie 21). Colony disintegration was strongly dependent
on the number of irradiating pulses - six pulses slightly
reduced colony growth while twelve pulses strongly inhibited
colony growth but did not eliminate all the cells, allowing the
remaining cells to grow back into small colonies after

17808 | Nanoscale, 2018, 10, 17807-17813

View Article Online

Nanoscale

: s

5

et

L TR
i

IR T
oW Sceding o Rn

Fig. 1 Cell colony formation and nanoparticle targeting. a. Time-lapse
widefield microscopy of MDA-MB-468 cell growth from seeding to the
formation of multilayered colonies. b. Two-photon excitation fluor-
escence microscopy analysis of a colony targeted by anti-EGFR-coated
20 nm-diameter gold nanospheres revealed the 3D distribution of the
nanospheres (yellow) deep within the cell colony.

150 hours. Colony size estimation was done using a specialized
software code (Matlab) that integrated all pixel values in the
colony image for calculating the total optical opacity of the cell
cultures in visible light (Fig. 2b); colony growth rapidly
decreased with the increasing number of pulses, from an 8.6-
times increase in opacity level for the control particle-free colo-
nies, down to a 250-times opacity reduction in the nano-
particle-targeted culture, 400 hours after irradiation.

Under similar irradiation conditions (20 pulses, 800 nm
wavelength, 0.3 TW cm™) 2D cultures of MDA-MB-468 cells
have shown similar trends of cell damage and elimination. As
shown in the ESI Fig. 1,1 the 2D cultures exhibited significant
(80%) drop in the number of live cells 50 hours after
irradiation, while the irradiated particle-free cultures contin-
ued to grow by more than 50% during 50 hours.

In order to study the potential of plasmonic therapy for tar-
geting malignant cells in the context of a connective tissue
comprising normal stromal cells,® human foreskin fibroblasts
(HFFs) were seeded on top of a 4% Matrigel, forming cellular
networks that rapidly developed into isolated colonies com-
prising densely packed round cells (Fig. 3, 2-10 hours).
Malignant MDA-MB-468 cells added (1:1 ratio) to the culture
24 hours after HFF seeding formed cellular networks that were

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Time-lapse microscopy image of plasmonic eradication of MDA-MB-468 cell colonies. a. Widefield images show inhibited growth of the
dark cell colonies with increasing number of pulses. Complete colony destruction was observed 400 hours after irradiation by 20 pulses. Pulse dur-
ation was 45 fs, with 0.3 TW cm™2 peak power (13.5 mJ cm~2) and 800 nm central wavelength. The red arrow and the dashed line indicate the time
of irradiation. b. The measured optical opacity of the colonies at different times after irradiation. Error bars represent standard deviations.
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Fig. 3 Formation of cell colonies in HFF : MDA-MB-468 cell co-culture (1:1 ratio). 2—-23 h: HFF cell growth into small multilayered colonies. 24 h:
Addition of malignant MDA-MB-468 cells. 24-46 h: Gathering of the MDA-MB-468 cells around the HFF colonies. Scale bars represent 250 pm.

gradually wrapping around the existing HFF colonies (Fig. 3,
24-46 hours). Irradiation (30 pulses, 45 fs, 0.3 TW cm™?) of the
control co-cultures (without nanoparticles) had no effect on
the cells that sustained their growth and developed into large
colonies (Fig. 4a and the ESI Movie 3t). Laser irradiation of
the nanoparticle-targeted co-culture resulted in a complete
halt of colony growth (Fig. 4a and the ESI Movie 47), followed

This journal is © The Royal Society of Chemistry 2018

by gradual colony disintegration between 5 and 48 hours after
irradiation. Image analysis of the time lapse images revealed
approximately 157% increase and a 7-times decrease in total
cell opacity (400 h after irradiation) for the nanoparticle-free
and the nanoparticle-targeted co-cultures, respectively
(Fig. 4b). Eradication of cells in co-cultures with a higher
malignant-to-normal cell ratio of 6:1 showed higher resilience

Nanoscale, 2018, 10, 17807-17813 | 17809
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Fig. 4 Plasmonic eradication of HFF : MDA-MB-468 (1:1) co-cultures. a. Time lapse widefield microscopy of irradiated control and nanoparticle-
targeted co-cultures. The red arrow and the dashed line indicate the time of irradiation. b. Colony optical opacity at different times following
irradiation. The particle-targeted colony did not recover even 400 h after irradiation. Error bars represent standard deviations.
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Fig. 5 Effect of pulse duration on colony damage. HFF : MDA-MB-468
co-cultures in a 1: 6 cell ratio were heavily damaged using 45 fs, 90 fs
and 200 fs, but appeared unaffected following 500 fs pulse irradiation.
The red arrow and the dashed line indicate the time of irradiation. Error
bars represent standard deviations.
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of the colonies to the laser irradiation, requiring twice the
number of pulses (60 pulses) for delivering substantial
damage (Fig. 5a), whereas control, particle-free cultures contin-
ued to evolve after irradiation; irradiated colonies with nano-
particles ceased their growth and disintegrated less than
24 hours after irradiation.

The need for additional laser pulses for eradicating colonies
with a higher malignant-to-normal cell ratio could suggest that
the damage to the colonies was primarily energy-dependent,
rather than peak-power dependent.*® To reveal the dominant
physical mechanism responsible for the observed cell damage,
co-cultures with a similar (6:1) malignant-to-normal cell ratio
were irradiated by pulse trains (60 pulses) of various pulse dur-
ations of 45 fs, 90 fs, 200 fs, and 500 fs (Fig. 5b); pulse energies
had remained constant (0.18 mJ) during the experiment, result-
ing in substantially lower peak powers (4 GW, 2 GW, 0.9 GW
and 0.36 GW, respectively) for the longer duration pulses. Up to
200 fs, the substantial extent of cell damage remained
unaffected despite pulse broadening by a factor of 4.4. For the
500 fs pulses, however, no visible damage to the colonies was
evident (Fig. 5b, the lowest panels), suggesting that the cell
damage observed throughout this work was most likely domi-
nated by rapid thermally driven effects (i.e. mechanical shock
waves and cavitation bubbles) and not by multiphoton ion-
ization, which is a strongly nonlinear peak-power dependent
process.

3. Discussion

Compared with standard cell cultures on a glass substrate, 3D
cultures can more closely imitate small solid tumors, and
would thus be more suitable for preliminary studies of thera-
peutic approaches aiming to target various malignancies
embedded within a healthy tissue. In particular, photothermal
therapy techniques that rely on specific mediating agents
could greatly benefit from such models that allow studying the

This journal is © The Royal Society of Chemistry 2018
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underlying damage mechanisms, understand the various para-
meters affecting tumor eradication, and demonstrate the
promises and limitations of each approach.

Our experiments with thick cell colonies grown on natural
hydrogels have revealed various aspects related to laser-tissue
interactions and pointed to some of the challenges associated
with nanoparticle-mediated laser therapy in general. First, our
initial experiments showed that thick MDA-MB-468 cell cul-
tures exhibited comparable damage thresholds with those
exhibited by equivalent 2D cultures; one should keep in mind,
however, that numerous factors are often involved in colony
damage, including non-specific particle attachment to the
hydrogel and different cell morphology - rounded compact
cells in 3D and strongly adhered to the flat glass substrate in
2D. This finding is somewhat different from previous results
reported by Goncalves et al.>* and Crawford et al®* on less
effective photothermal damage in 3D semi-synthetic hydrogels
and in tumor emboli suspension. Second, co-cultures of malig-
nant and normal fibroblast cells required higher irradiation
doses (1.5 times the number of pulses compared to homo-
geneous cultures) for achieving complete disintegration of the
cell colonies. The higher damage thresholds could be due to
the support provided by the stromal cells (fibroblasts) to the
colonies.?**? Thickening of the colonies also reduced light
penetration into deep cell layers, hence requiring higher pulse
energies for damaging the entire colony. Third, as shown in
Fig. 4 and 5, eradication of the cell colonies included also the
death of the normal fibroblasts, suggesting either particle
binding to the hydrogel components in close proximity to the
cells (see the ESI Fig. 2at for nonspecific damage to irradiated
HFF cells), or the involvement of collateral damage mecha-
nisms that extend beyond the nanometric-scale environments
around the particles. Fourth, the large clusters of gold nano-
spheres that are formed throughout the hydrogel may shift the
resonance wavelength to the near infrared range; hence, the
800 nm wavelength used in our experiments may be more
effective for targeting tissue regions with larger aggregates.
Finally, our results with varying pulse durations (Fig. 5) indi-
cate that the colony damage was mainly triggered by dominant
cell-destructive photothermal processes®*™ around the nano-
particles. Unlike in our previous work with 2D cultures, where
multiphoton ionization dominated cell damage at on-reso-
nance irradiation,*® here the colony damage was found to be
insensitive to changes in pulse duration up to a few hundreds
of femtoseconds. The negligible cell damage at relatively long
pulse durations of 500 fs (Fig. 5) indicates that the dominant
damage mechanism was most likely thermally driven cavita-
tion bubbles,*®"” which require pulses that are shorter com-
pared to the particles’ heat diffusion time constants, resulting
in a rapid heating of the nanoparticles to well above melting
temperatures. Particle expansion and water evaporation
around the particles then generated mechanical shock
4348 that may inflict substantial mechanical damage to
the nearby tissue. For shorter pulses, the resulting higher peak
powers increased the multiphoton ionization efficiency within
and around the gold nanoparticles; still, the weak dependence

waves
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of colony damage on pulse duration between 45 fs and 200 fs
suggests that multiphoton ionization is less harmful to the
colonies compared with the dominant thermally driven damage.

4. Conclusion

In summary, eradication of thick cancer cell colonies grown on
a natural hydrogel was demonstrated using a series of intense
ultrashort pulses of durations between 45 and 200 fs. The
three-dimensional cell colonies exhibited similar damage
thresholds compared to 2D cultures, despite the numerous
obvious differences in the experimental parameters. Co-cultur-
ing the cancer cells with normal fibroblasts improved the resis-
tance of the colonies to laser light, most likely due to the
improved cell viability within the co-cultures. The dominant
thermally driven damage mechanism was also different from
the photoionization damage that dominated our previous studies
with resonantly irradiated 2D cell cultures, suggesting clear
differences in cell environment and in the pulse-particle inter-
actions between these experimental settings. The results of
this work demonstrate the potential of 3D cell cultures for
advancing the research of nanoparticle mediated cancer
therapy using intense laser pulses. The physical environments
provided by the hydrogels may offer a closer representation of
small solid tumors compared to 2D cultures, allowing studying
the complexity of the light-particle-tumor interactions under
more realistic conditions.

5. Experimental data

Cell culture

MDA-MB-468 epithelial cells (American Type Culture
Collection) and human foreskin fibroblast (HFF) cells were
grown at 37 °C and 5% CO, in DMEM medium (Sigma). The
medium was supplemented with 2 mM glutamine and 5 mM
sodium pyruvate for the MDA-MB-468 cells and 0.1 mM
f-mercaptoethanol and 0.1 mM MEM for the HFF cells in
addition to 10% heat-inactivated fetal bovine serum. Cell cul-
tures were seeded on top of Matrigel (Corning) hydrogel
extracted from mouse sarcoma, containing growth factors and
ECM proteins that are essential for cell growth and differen-
tiation. The total protein concentration was 4 mg ml™" with
200 pl Matrigel gel per 1 cm?® well. Approximately 0.3 x 10°~1.7 X
10° cells were seeded in each well.

Nanoparticle preparation

Gold nanoparticles were prepared using a citrate reduction
protocol®® resulting in an average particle diameter of 20 nm.
Anti-EGFR (Lab Vision, clone designation EGFR.1) coating was
carried out according to Weiss et al.>® Shortly, anti-EGFR was
incubated with OPSS-PEG2000-NHS (PEGWorks) for 1 h in a
mole ratio of 1: 2500, followed by an additional 1 h incubation
with gold nanospheres in a mole ratio of 1:10°
nanospheres : OPSS-PEG2000-NHS.

Nanoscale, 2018, 10, 17807-17813 | 17811
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Cell targeting by nanoparticles

MDA-MB-468 cells and/or human foreskin fibroblasts (0.3 x
10°-1.7 x 10’ cells) were grown on Matrigel hydrogel for 8 to
36 hours, followed by incubation for 16 hours at 37 °C with
1.5 x 10" anti EGFR-coated gold nanoparticles. Cells were
washed from unbound nanoparticles (three medium washes)
prior to laser irradiation. By measuring the concentration of
the washed-off particle solution, we estimate an average
binding of approximately 3 x 10° nanoparticles per cell.
Control experiments were conducted in parallel to all experi-
mental procedures, including particle-targeted cells without
irradiation and irradiation of cells without nanoparticles.

Two photon microscopy

A beam from a Ti:sapphire oscillator (25 fs, 80 MHz, 800 nm)
was scanned using two galvanometric scanners (Cambridge
Technology), magnified, and focused onto the sample using a
60%, NA = 1.2 water-immersion objective. The average power on
the sample was approximately 90 mW. Two-photon excited
fluorescence was filtered using a short-pass dichroic mirror
(700 nm threshold wavelength, Chroma Technology) and a
barrier filter (E680SP-2P, Chroma Technology), and measured
using a photomultiplier tube (H7422-40, Hamamatsu
Photonics). Prior to imaging, cells were fixed using 4%
paraformaldehyde. Z-Projection images include the summation
of 66 frames captured at 1 pm intervals along the z-axis. The
exposure time was 12.5 ps per pixel.

Laser pulse irradiation

A beam from an amplified Ti:sapphire oscillator (Spitfire Pro
XP and MaiTai, Newport Corp.) centered at 800 nm wavelength
was coupled into one of the ports of an inverted microscope
(Nikon Eclipse Ti). Pulse duration was adjusted between 45 fs
and 500 fs by tuning the pulse compressor parameters inside
the amplifier. Pulse durations below 100 fs were measured by
interferometric autocorrelation (Femtometer ™, Femtolasers
Produktions GmbH), while longer pulse durations were
measured by calculating the relative drop in the pulse intensity
autocorrelation. Pulse intensity was controlled by adjusting the
angle between a half-wave plate and a linear polarizer.
Irradiated cells were first placed in eight-well chamber slides
(Lab-Tek II, Thermo Scientific; 200 pl hydrogel per well) within
a microscope stage incubator (Okolab Inc.) at controlled temp-
erature and CO, concentration. A circular 400 pm-diameter
Gaussian beam was used to irradiate a total area of 1 cm’
using a matrix of 25 x 25 spots, where the lateral beam scan
rate was adjusted to obtain the desired number of pulses illu-
minating each sample location. Beam profile was measured
using a Spiricon laser beam sampler (LBS 100, Ophir).
Experiments at each set of irradiation parameters were
repeated at least three times.

Data analysis

Images of cells acquired immediately after irradiation and up
to 400 h after irradiation were selected from a time-lapse
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series and used for the quantification of cell growth. Selected
images from the time-lapse image series were analyzed using
a dedicated Matlab code for estimating the size of the cell
colonies. Each image was inverted and background sub-
tracted, followed by the computation of a binary mask that
corresponds to the effective area covered by the cells. The
optical opacity at each pixel within the colony area was calcu-
lated as the difference between the pixel value and the back-
ground level from a nearby cell-free region. The total sample
opacity reported in Fig. 2, 4, and 5, which is correlated with
the total number of the cells, was calculated by integrating
the overall opacity values at all pixels within the area of the
colonies. The live cells in the ESI, Fig. 1f were manually
counted.
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