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ABSTRACT The photothermal effect of plasmonic nanostruc-
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tures has numerous applications, such as cancer therapy, photonic
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gene circuit, large cargo delivery, and nanostructure-enhanced laser
tweezers. The photothermal operation can also induce unwanted
physical and biochemical effects, which potentially alter the cell A
behaviors. However, there is a lack of techniques for characterizing \

the dynamic cell responses near the site of photothermal operation

with high spatiotemporal resolution. In this work, we show that the

incorporation of locked nucleic acid probes with gold nanorods

allows photothermal manipulation and real-time monitoring of

gene expression near the area of irradiation in living cells and animal tissues. The multimodal gold nanorod serves as an endocytic delivery reagent to
transport the probes into the cells, a fluorescence quencher and a binding competitor to detect intracellular mRNA, and a plasmonic photothermal
transducer to induce cell ablation. We demonstrate the ability of the gold nanorod-locked nucleic acid complex for detecting the spatiotemporal gene
expression in viable cells and tissues and inducing photothermal ablation of single cells. Using the gold nanorod-locked nucleic acid complex, we
systematically characterize the dynamic cellular heat shock responses near the site of photothermal operation. The gold nanorod-locked nucleic acid
complex enables mapping of intracellular gene expressions and analyzes the photothermal effects of nanostructures toward various biomedical

applications.
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he advent of plasmonic nanostruc-

tures has opened new opportunities

in fundamental biology and transla-
tional medicine.' "' Photothermal therapy
of cancer and other diseases, for instance, is
based on plasmonic nanoparticle-enhanced
laser absorption to treat the target cells or
tissues.* With the leaky vasculature of tumor
tissues or by specific surface functionaliza-
tion, plasmonic nanoparticles can preferen-
tially accumulate in cancer cells.'* ' The
high concentration of nanoparticles in the
cancer tissue enables photothermal opera-
tion, such as localized heating and cell abla-
tion, using near-infrared laser, which has a
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large penetration depth in tissue. Photother-
mal therapy of cancer, for instance, utilizes
the plasmonic effect of gold nanorods with
near-infrared laser.*'® Furthermore, plasmo-
nic nanostructures coupled with small inter-
fering RNA (siRNA) have been applied to
control photonic gene circuits.”'® The siRNA—
nanostructure technique allows optically
addressable release of siRNA and provides
an effective approach for precise perturba-
tion of gene circuits without permanent
genomic medications. A photothermal nano-
blade has also been developed for large cargo
delivery in living cells."” The technique utilizes
a glass microcapillary pipet with a thin metal
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film sputtered onto the tip. To transfer cargo into living
cells, the tip is positioned to lightly touch the mem-
brane of a cell and a short laser pulse, which causes the
formation of a nanoscale cavitation bubble due to
laser—metal structure coupling at the tip to locally
disrupt the contacting lipid bilayer. In addition, dielec-
trophoretic force can also be induced for cell manip-
ulation by focusing a polarized laser to a gold nanoshell
array or other nanostructures.®'® The laser excites loca-
lized surface plasmon resonance and creates high non-
uniform electric field for dielectrophoretic manipulation.

In most biological and clinical applications, short
laser pulses or low laser powers are applied to avoid
unnecessary harmful effects to cells and tissues. With
the increasing applications of plasmonic nanostruc-
tures, unwanted effects could be introduced to cells in
or near the site of photothermal operation, especially
in situations that require long excitation duration or
high laser power.'® In particular, localized heating
could induce cellular stress responses, such as heat
shock proteins (HSPs), which are molecular compo-
nents in the cellular defense mechanism against en-
vironmental insults. For photothermal therapy, the
upregulation of heat shock protein may enhance
tumor cell imparting resistance to chemotherapy and
potentially increases tumor recurrence induced by
heat stress.'® 22 Furthermore, excessive heating to
the neighboring regions could damage the healthy
tissues. Despite its importance, little is known about
the spatiotemporal gene expression distribution for
viable cells and tissues near the region of photother-
mal operation.

In this study, we incorporate locked nucleic acid
(LNA) probes with gold nanorods (GNRs) for monitor-
ing the spatiotemporal gene expression near the site of
photothermal operation. LNA probes for detecting
intracellular mRNAs are designed and characterized
in viable human cells and mice tissues. The effects of
laser power and duration on the spatiotemporal tem-
perature distribution are measured and correlated
with the gene expression profiles measured by the
GNR—LNA complexes. Computational analysis is also
performed to elucidate the heat transfer characteristics
and optimize the irradiation conditions for single-cell
photothermal ablation. Furthermore, the dynamic cel-
lular heat shock responses under different conditions
are characterized systematically near the site of photo-
thermal operation.

RESULTS AND DISCUSSION

Figure 1a illustrates the design of the GNR—LNA
complex for mapping photothermally induced gene
expression in living cells and tissues. Detection of
intracellular mRNA in individual cells is achieved by
taking advantage of the gold nanoparticles' intrinsic
quenching property**~%” and the gold nanoparticle—
nucleic acid binding affinity.?® In this approach,
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5’ fluorescently labeled LNA probes with alternating
LNA/DNA monomers are attached to GNRs, sponta-
neously forming GNR—LNA complexes. Alternating
LNA/DNA monomers were previously shown to im-
prove the probe stability for intracellular detection and
adjust the binding affinity.>° 32 In the absence of a
target mRNA, the fluorophore conjugated to the LNA
probe is quenched due to proximity with the GNR. With
the specific target, the LNA probe is displaced from the
GNR thermodynamically and hybridizes to the mRNA,
allowing the fluorophore to fluoresce.

We characterized the GNR—LNA complexes for in-
tracellular detection in human breast adenocarcinoma
cells and mice tissues. Figure 1b shows the intensity of
LNA probes targeting $-actin and heat shock protein
70 (HSP70) in the alveolar structures of mice lung
tissues. High intensities were observed for the probes.
In contrast, the random probe had a low intensity
throughout the experiment. Similar results were ob-
served in MCF7 cells and mice liver tissues (Supporting
Information Figure S1). Furthermore, the GNR effec-
tively quenched the fluorophore and displayed a
quenching efficiency 2.4 times higher than an organic
quencher conjugated to a complementary LNA/DNA
sequence (Figure S2a,b). The specificity of the assay
was tested by the random probe control (Figure S2c).
Without a target, both probes exhibited a low back-
ground level comparable to the buffer solution. The
p-actin target significantly increased the intensity of
the f-actin probe but not the random probe, demon-
strating the specificity of the assay. To examine the
effect of laser irradiation, laser was irradiated to the
GNR—LNA solution and did not show any observable
effect (Figure S2d). These results collectively support
the effectiveness of the GNR—LNA complex for gene
expression analysis.

With GNRs, individual cells in tissues and monolayer
cultures could also be selectively ablated by focusing
the laser to the cell (Figure 1c and movie S1). Control ex-
periments without GNRs were also performed (movie
S2). We utilized UV—vis—NIR spectrophotometry to
measure the absorption spectrum of the GNR for opti-
mizing the photothermal effect (Figure S3a). The length
and width of the GNR were 67 and 10 nm, and there
were two peaks at 900 and 570 nm corresponding to the
longitudinal and transverse surface plasmon resonance
modes.3® Dark-field images illustrated that the uptake of
GNRs was uniform among the cells (Figure 2a,b and
Figure S3b). To determine the amount of GNRs in the
cell, we performed inductively coupled plasma mass
spectrometry measurement after 12 h of incubation
(Figure S3c). The amount of intracellular GNR could
be controlled by adjusting the concentration of GNR
during incubation. With an appropriate concentration
(e.g., 4000 GNRs/cell), the GNRs displayed minimal
cell toxicity, as indicated by cell morphology and viabi-
lity, and provided an optimum photothermal effect
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Figure 1. Multimodal GNR—LNA complexes for intracellular gene expression mapping and photothermal operation. (a)
Schematic of the photothermal experiment. To induce photothermal effects, the laser was focused to a cell of interest. The
laser energy is coupled by the plasmonic GNRs in the cells. The GNR also delivers the LNA probes into the cells and quenches
the fluorophore conjugated to the probe. With a target mRNA, the probe displaces from the GNR and hybridizes to the target,
allowing intracellular gene expression analysis in living cells and tissues. (b) Intracellular gene expression of $-actin and
HSP70 mRNAs in mice lung tissues. A random sequence is designed as the negative control. The fluorescence intensity in the
cytoplasm of each cell can be extracted from the images to map the spatiotemporal gene expression dynamics. Scale bar,
50 um. (c) Photothermal ablation experiment performed by focusing the laser to a target cell of interest in mice lung tissues
(left) and monolayer cultures (right). Cycles indicate the target cell in the ablation experiments. Scale bars, 50 um. Data are
representative images from three independent experiments.

(Figure S3d,e).>*~>” This concentration was thus used
throughout this study.

The photothermal temperature elevation at this GNR
concentration was then characterized using miniatur-
ized thermocouples (10 um diameter) and an infrared
camera. With continuous irradiation to a target cell
(150 mW; 15 um beam size) for 1 min, a temperature
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gradient was established and cells nearby experienced
different temperatures depending on their positions
(Figure 2c,d). The temperature rise at the irradiation
site could be controlled from 2 to 15 °C by adjusting
the laser power (Figure 2e). Without GNRs, the tem-
perature was only modulated slightly (<2 °C), and the
cells did not show any observable effect (Figure S3f,g).
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Figure 2. Characteristics of GNR for photothermal operation. (a,b) Dark-field and bright-field images for characterizing
cellular uptake of GNRs. The cells were incubated with 2 x 10"" GNR/mL for 12 h. Scale bar, 25 um. (c) Infrared thermometry for
measuring the temperature profile in a glass bottom tissue culture dish. A single cell is irradiated by the laser to induce
localized photothermal heating. Scale bar, 1 mm. (d) Temperature distribution near the laser. Scale bar, 150 um. Color bar
indicates the temperature elevation with respect to the reference temperature (37 °C). (e) Temperature distributions near the
laser with different values of laser power after 1 min irradiation. Laser was focused at the origin. (f) Heating experiments
measured by miniaturized thermocouples with laser irradiation at 150 mW. Data were fitted with exponential functions to
extract the heating time constants. (g) Thermal cooling experiments monitored by miniaturized thermocouples. Data were
fitted with exponential functions to extract the cooling time constants. (h) Computational simulation illustrating the
evolution of the spatial temperature profiles with continuous laser irradiation. The simulation domain consists of
1600 elements, and each element represents 100 um by 100 um. The size of the domain is 2 mm by 8 mm. Color bar

indicates the amplitude of temperature elevation.

To determine the heat transfer characteristics, we
performed thermal cooling and heating experiments.
The heating time constants were between 1 and 4 s
depending on the distance from the laser (Figure 2f). A
longer constant in the range of 15—25 s was observed
for cooling (Figure 2g). To elucidate the heat transfer
process, a numerical simulation was also performed
(Figure 2h and Figures S4—S7). Effects of laser duration
on the temperature profile are described in supple-
mentary section B and movies S3—S6. The results were
in good agreement with the experiments and revealed
that the thermal time constants are related to the
convective heat transfer at the boundary and the heat
accumulation of the bulk solution.
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To examine the spatial cellular heat shock responses,
the intensity distributions of the HSP70 probes were
measured in human cells and mice lung tissues (Figure
S8 and Figure 3). The laser beam size was focused to
smaller than a cell (~15 um) with an optical intensity
of 0.85 mW/um?. The HSP70 expressions were exam-
ined before and after laser irradiation in lung tissues
(Figure 3a,b). The spatial gene expression profiles were
dependent upon the irradiation duration. For 5 min
irradiation, the gene expression in neighboring cells
near the irradiation area was upregulated and dis-
played a gradient in response (Figure 3c. With longer
irradiation (e.g., 15 or 30 min), the cell response was
upregulated in 100—300 um away from the laser and
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Figure 3. Mapping of HSP70 gene expression distributions induced by laser irradiation of single cells. (a,b) Fluorescence and
bright-field images before and after 5 min of laser irradiation. The LNA probes target HSP70 mRNA and a random sequence.
Red circles indicate the locations of laser irradiation in lung tissues. Scale bar, 25 um. (c—e) Intercellular gene expression
distribution in different locations. Laser was focused at the origin. Intensity was measured before and at 2, 5, 15, and 30 min
after laser irradiation. The experiment was repeated with 5, 15, and 30 min of laser irradiation. A single cell was irradiated in
each experiment. (f,g) Laser irradiation experiments were performed using the random and f-actin probes with 30 min
irradiation. All other conditions were the same as the HSP70 experiments. Statistical analysis, n = 3 (NS, not significant;

*P < 0.05; **P < 0.01; ***P < 0.001).

was downregulated in the vicinity of the laser
(Figure 3d,e). To confirm that the observed gene
expression response is not a result of thermal dissocia-
tion of the GNR—LNA complexes, the random and
B-actin probes were used as control, showing uniform
intensities throughout the experiment (Figure 3f,g).
The intensities were primarily compared between
different time points at the same location due to the
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random distribution of the initial intensity. This observa-
tion confirmed that the temperature elevation induced
at different distance from the heat source did notinduce
nonspecific release of the probes from the GNRs inside
the cells. The general trend of the spatiotemporal gene
expression responses was similar in MCF7 cell cultures,
despite the differences in architectures, heat transfer
characteristics, and cell types (Figure S8).
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Figure 4. (a) Cell apoptosis measurement using Hoechst 33342. The distributions of apoptotic cells after 1 and 30 min of laser
irradiation. Scale bars, 50 um (left) and 100 «m (right). (b) Region of cell death as a function of the duration of laser irradiation.
(c) Computational simulation showing the temperature distribution for different durations of laser irradiation. The domain of
the simulation was 2 mm by 8 mm. Only the temperature near the laser (2 mm by 2 mm) is shown to illustrate the local
temperature distribution. Color bar indicates the amplitude of temperature elevation.

To investigate the reduction of HSP70 expression
near the laser at long irradiation, the cells were eval-
uated with a fluorescent apoptosis assay. Figure 4a
shows the distribution of apoptotic cells relative to the
location of laser irradiation. With a short duration (e.g.,
1 min or less), cell ablation was achieved at the single-
cell level (~25 um). Increasing the duration expanded
the region of apoptotic cells (Figure 4b), which corre-
lated to the area of HSP70 reduction. For instance,
30 min of irradiation induced cell apoptosis in a region
~140 um from the laser. The HSP70 reduction and cell
apoptosis near the site of photothermal operation
were determined by the coupled effects of spatial
temperature profile and the duration that cells experi-
enced the elevated temperature. With continuous
irradiation, heat accumulation was observed in the
bulk solution, which extended the high-temperature
region (Figure 4c). The elevated temperature reduced
HSP70 expression and induced cell apoptosis. Collec-
tively, these results revealed the effects of irradiation
duration on the cellular heat shock stress response and
determined the length scale of photothermal damage
on neighboring cells.

We further analyzed the dynamic response of HSP70
mRNA induced photothermally (Figure 5 and Figures
S9 and S10). With a short duration of irradiation (e.g.,
1—2 min), the cells near the laser exhibited only a small
elevation of HSP70 mRNA expression. With longer
irradiation durations, the HSP70 expression for most
cells within 100—400 um increased asymptotically
toward temperature-dependent steady-state values.
Figure 5a—c shows the heat shock response between
40 and 44 °C. We excluded the data for the cells
experiencing high temperature (>44 °C) due to the
loss of HSP70 expression. The data followed the
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first-order kinetics, allowing the time constants and
amplitudes to be extracted (Figure 5d). The time con-
stant increased linearly with respect to the irradiation
time, suggesting the cell actively responded to con-
tinuous irradiation (Figure 5e). Remarkably, the time
constant was insensitive to temperature between 40 to
44 °C. In contrast, the amplitude of HSP70 expression
increased with both irradiation time and temperatureina
nonlinear manner (Figure 5f). The cells near the laser
responded to both amplitude and duration of laser
irradiation dynamically, highlighting the complex cellular
heat shock response and the importance of monitoring
cellular responses during photothermal manipulation.
In this study, we demonstrate the multimodal GNR
approach for photothermal operation and monitoring
the spatiotemporal gene expression in living cells and
tissues. The technique allows us to study the dynamic
cellular response induced photothermally. In particu-
lar, heat shock triggers multiple signaling pathways
and complex regulation of gene expression in cells and
tissues.®33° Our HSP70 mRNA and cell viability data
illustrate the complex spatiotemporal dynamics in
which the combined effects of irradiation duration
and associated temperature elevation are critical dur-
ing photothermal operation and should be considered
for utilizing plasmonic nanostructures. This is particu-
larly important in cases that require high laser power or
long duration, such as cancer photothermal therapy,
tissue ablation, physical manipulation of cells, and
gene manipulation. Previous characterization of the
photothermal response primarily relied on immuno-
chemistry and RNA in situ hybridization in fixed cells
and tissues. These techniques have limited abilities to
measure the spatiotemporal gene expression profiles
and to reveal the characteristics of the dynamic heat

AR

VOL.8 = NO.4 = 3597-3605 =

2014 ACS

WWwWW.acsnano.org

3602



an b 70 C 70

(] - o] - [o]
60 4 42-44 °C » : 60 1 41-42 °C 60 - 40-41 °C
S ¢ 5 —~
: 50 o X T I~ > 50 o > 50 + . T
Sol A4 g
g1 [T 201 = >4 1 ‘
%30 h @ 1min 8 30 4 4 Q 30 + = - <
= #— ¥ m2min 250 S| EF—F—F
£20 1 A 5min < =
J ¢ 15min o - J
10 ® 30min 10 10
0 T r r r 0 T T T T 0 T T T T
0 20 40 60 8 100 0 200 40 60 80 100 0 20 40 60 8 100
Response time (min) Response time (min) Response time (min)

d e 40 f 20
= s ]
A, E 35 H ~35 3
<= 30 + S 30 4 :
= £ 25 4 . S 4 ¢
2 S ] o i t
5 ® 20 | T 20 A A
= c oC =)
£ g 15 A T ’ﬁ_igoc F 15 1 }% #42-44°C
v10{ ¥ wioarec | E10 m4142°C
A, S 5 i : < 5 J LI 40-41 °C
T ~ i
0 —r—— 0+ T T T
. 0 5 10 15 20 25 30 35 0 5 10 15 20
Response time Irradiation time (min) Irradiation time (min)

Figure 5. Dynamics of HSP70 expression and regulation. (a—c) Dynamic intensity profiles of HSP70 probes under different
temperatures and irradiation durations. Lines are curve fitting using the equation defined in d. (d) Kinetic equation for
estimating the time constant, 7, and amplitude, A,—A;. (e,f) Time constants and amplitudes of HSP70 expression extracted
from data in a—c. Each data point is an average of at least 50 cells from three independent experiments. The data are
expressed as mean + SEM.

shock response. With its simplicity and effectiveness cells and tissues. The gold nanorod quenches the

for mapping intracellular gene expression, the multi- fluorophore with high efficiency and allows intracellu-
modal GNR—LNA is anticipated to serve as a platform lar delivery to living cells and tissues without the re-
technology for characterizing the cell behaviors during quirement of transfection reagents or microinjection.
photothermal manipulations and optimizing the per- Furthermore, the complex enables us to monitor
formance of plasmonic nanostructures toward a wide the dynamic gene expression of cells near the site of
spectrum of biomedical applications in the future. photothermal operation. The GNR—LNA represents a

highly effective approach for intracellular gene expres-

CONCLUSIONS sion analysis and has the potential for characterizing

In summary, we demonstrate a GNR—LNA complex the photothermal effects of nanostructures in a wide
for monitoring intracellular gene expression in living spectrum of biomedical applications.

MATERIALS AND METHODS cores were cut with a Brendel/Vitron Tissue Slicer (VITRON. Inc.)
into 500—600 um thin slices. Lung slices were incubated in MEM
with 0.5% gentamycin at 37 °C, 5% CO,, and 100% air humidity
under cell culture conditions. Incubation medium was changed
every 30 min for 2 h after slicing, and followed by a change every
hour for the next 2 h, in order to remove agarose residues and

Cell Culture. Human breast adenocarcinoma cells (MCF7)
were obtained from American Type Culture Collection (ATCC
HTB22). Cells were cultured in Dulbecco's modified Eagle
medium (Invitrogen) supplemented with 10% deactivated fetal

bovine serum (Gemini BioProducts), 2 mM HEPES buffer (Sigma cell debris from the tissue slices. To prepare precision-cut liver
Aldrich), and 0.1% gentamycin (GIBCO). slices, the livers were placed into ice cold PBS for 10 min. Ten
Mice Tissues. Female C57BL/6 mice were fed on laboratory millimeter diameter tissue cores were prepared using a shar-
food and tap water ad libitum in a regular 12 h dark/light cycle. pened stainless steel tube. Liver tissue cores were then cut into
Preparation of precision-cut lung slices (PCLS) was performed as thin slices (500—600 u«m). Liver slices were incubated in MEM
previously described.*° Six weeks old mice were anesthetized with 0.5% gentamycin at 37 °C, 5% CO,, and 100% air humidity
through IP injection of 240 mg/kg avertin (2-2-2 tribromo- for 90 min. The University of Arizona Institutional Animal Care
ethanol, Sigma Aldrich). The skin was dissected from the abdo- and Use Committee approved all animal work and protocols.
men to the neck, and the pleural cavity and trachea were Photothermal Ablation. Cell monolayers cultured on glass
exposed. The trachea was cannulated, and the animals were bottom culture dishes were incubated with different concen-
exsanguinated by cutting aortaventralis. Lungs were filled trations of GNRs, including 10'® GNR/mL, 2 x 10'" GNR/mL, and
in situ with 38 °C 0.75% agarose (Research Products Interna- 5 x 10" GNR/mL, for 12 h. Quantification of GNR internalized is
tional Corp.) in minimal essential medium (MEM) and covered described in supplementary section A. In the photothermal
with ice for 10 min. Lungs were removed from the thoracic experiment, a 1064 nm fiber laser with stable high-quality
cavity into a plate filled with PBS and cooled on ice for an TEM®® beam was utilized for laser irradiation. The laser module
additional 10 min. Ten millimeter diameter tissue cores were was attached to the microscope (Nikon, TE2000-U) through an
prepared using a sharpened stainless steel tube. Lung tissue epi-fluorescence port. To optimize the conditions, individual
RIAHI ET AL. VOL.8 = NO.4 = 3597-3605 = 2014 ACS
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cells were targeted at laser powers between 0 to 150 mW with a
40x objective, which focused the laser to 15 um. For tissue
studies, mice tissues were first incubated with 2 x 10'" GNR/mL
for 12 h and then placed on glass bottom dish for single-cell
ablation with irradiation intensity of 0.85 mW/um?.

Gene Expression Mapping. We designed probes for S-actin
mMRNA as a positive control and HSP70 mRNA to study the
cellular responses induced photothermally. A random probe
sequence was also designed as the negative control to evaluate
the selectivity of the assay. The specificity of the probe se-
quences has previously been tested and verified3' The cell
monolayer and mice tissues were cultured in serum-free medi-
um for 30 min before the GNR—LNA complexes were intro-
duced with a concentration of 2 x 10"" GNR/mL for 12 h. To
induce the photothermal effect, laser with 0.85 mW/um? power
density was irradiated to individual cells for durations of 1, 2, 5,
15, and 30 min. To determine the spatial gene expression profile
near the laser, the fluorescence intensity of intracellular gene
expression was measured at different locations. To measure the
dynamic changes of gene expression, the intensity profiles of
cells were monitored at different time points.

Imaging. Gene expression mapping with GNR—LNA com-
plexes of living cells and tissues, and immunostaining experi-
ments were performed using the inverted fluorescence
microscope. Bright-field and fluorescence images were cap-
tured using an HQ2 CCD camera (Photometric, Tucson, AZ). For
fluorescence microscopy, all images were taken with the same
exposure time and conditions for comparing the intensity. To
characterize GNR internalization, dark-field images were re-
corded by observing scattered light using a Nikon dark-field
condenser (dry, 0.95—0.80 NA) coupled with the microscope.
Data collection and imaging analysis were performed using the
NIH Image)J software.
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A. Experimental methods

LNA probe design

All LNA probes were synthesized by Integrated DNA Technologies (IDT). The single-
stranded locked nucleic acid (LNA) probe consists of alternating LNA/DNA monomers
and is complementary to the target nucleic acid sequence. The alternating LNA/DNA is
previously shown to optimize the binding affinity and the stability of the probes, resulting
in enhanced performance for intracellular measurement.” The LNA probe is labeled
with a fluorophore (6-FAM) located at the 5’ end. In the present study, LNA probes and
corresponding target DNA were synthesized by Integrated DNA Technologies Inc. The
target gene sequences were obtained from the NCBI GenBank database
(Supplementary Table S1). A random probe with no known complementary sequence
in the human genome was designed as the negative control. All sequences were
analyzed by NCBI Basic Local Alignment Search Tool database to evaluate the
specificity. The Mfold web server was utilized to estimate the probe-target binding
dynamics and secondary structures.’ The gold nanorod-locked nucleic acid (GNR-LNA)
complexes were used for real-time monitoring of specific target mRNA in living cells and
tissues. Intracellular gene expression analysis was achieved by taking advantage of the
intrinsic fluorescence quenching property of gold nanoparticles.® In the absence of a
target mMRNA, the fluorescently labeled LNA is quenched due to proximity with the GNR
surface. However, upon hybridization to target RNA the probe is separated from the
GNR and releases into the cytoplasm. This event allows fluorescence emission of the

LNA probe with the presence of the target mMRNA. To evaluate the quenching efficiency



of GNR, the double-stranded LNA probe® was used for comparison (Supplementary Fig.

S2).

Characterization and preparation of the GNR-LNA complexes

GNRs with 10 nm in width and 67 nm in length were purchased from Nanopartz with
mercaptoundecyltrimethylammonnium bromide (MUTAB) as a surfactant. These GNRs
were synthesized according to the seed-mediated growth method resulted with high
yield and monodispersity that allows a narrow plasmon resonance band.” In the
calibration experiments with synthetic targets, 5x10"" GNR/ml was prepared to allow at
least 1.2 pm interparticle separation avoiding interparticle coupling between the
plasmon-enhanced electric filed.2 Then, 30 nM LNA probe was introduced to the GNR
solution to fully saturate the GNRs surface based on electrostatic interaction between
the GNR and LNA probes while maintaining minimum background noise. The GNR-
LNA complexes were allowed to equilibrate for 30 min at room temperature before

mixing with the target solution (500 nM) for detection (Supplementary Fig. S2).

Quantification of LNA bound on the GNR surface

The LNA probe spontaneously binds to the GNR due to the interaction between nucleic
acids and gold nanoparticles. To quantify the amount of LNA probe attached to a
nanorod, mercaptoethanol was used to displace the LNA probe.9 After displacement,
the sample was centrifuged and supernatant containing the LNA probe was isolated
from the GNR for fluorescence characterization. The fluorescence intensity of the

sample was measured and the amount of LNA probes displacement was quantified.



Dividing the number of GNRs determined by UV-Vis extinction measurement yield the
number of LNA probe attached to a single GNR to approximately 34 LNA per GNR.
Considering each GNR carries ~34 copies of LNA probes in a cell, the final probe
concentration inside a cell was approximately 45 nM. For cell imaging, 2x10"" GNR/m
GNR-LNA complexes targeting heat shock protein 70 (HPS70) mRNA, B-actin mRNA,

and random sequence were tested.

Quantification of internalized GNRs

Inductively coupled plasma mass spectrometry (ICP-MS) was applied to quantify GNRs
internalizations. Briefly cells were cultured overnight. GNRs with concentration of 10°,
2x10"", and 5x10"" GNR/mI were introduced to 24 well plates and incubated for 12
hours. Cells were then washed for 3 times with 1X PBS to remove excessive GNRs
that were not internalized. Cells were harvested with 0.25% trypsin solution and
centrifuged at 1500 rpm for 5 min. The cell pellets were then resuspended in 1X PBS to
obtain a final concentration of 5x10° cell/ml. The GNR samples were prepared by acid
digestion of cells using the CEM MARS6 microwave digestion system (Matthews, N.C.).
The sample was weighed in a tared Teflon vessel. Freshly-prepared aqua regia
(Aristar-Plus grade HNO3:HCI at 1:3 ratio) was added. After one hour of pre-digestion,
1.0 ml of 18 megohm water was added prior to sealing the vessels. During the
digestion process, the temperature of the solution reached to 200°C after 20 min, and
was held at this temperature for an additional 15 min. After cooling, the digest was
transferred into a pre-weighed 15mL trace-metal-free PP tube (VWR Scientific). The

mass of GNRs in the solution were then determined by Agilent 7700x CIP-MS system



(Agilent Technologies, Santa Clara, CA) and converted to the number of GNRs per cell
using the calculated number of gold atom in each nanorods according to the equation

previously reported'®.

Statistical analysis.

All experiments were performed independently for at least three times. For mapping
the spatial and temporal heat shock response of cells after laser irradiation, at least 50
cells were measured for each data point. The data are expressed as mean £ SEM. For
characterizing laser induced temperature elevation, the experiments were repeated

(n=3) for statistical analysis. Statistical analysis was carried out using Student's t-test.

Temperature measurement

The temperature was measured at different time points and locations from the laser.
For thermal heating and cooling experiments, miniaturized thermocouples (Omega) with
10 ym diameter were placed inside the media near the cell monolayer. Data were
recorded using a thermocouple reader (Okolab) at different time points. The
thermocouple was placed at different locations using a costumed 3D traversing system
to determine the temperature distribution near the laser. To verify the temperature
measurement and resolve the spatial temperature distribution, infrared thermometry
was also performed using a mid-wavelength infrared camera (SC6700, FLIR
Thermovision). The camera was positioned on top of the microscope stage to monitor
the temperature distribution. Thermal analysis software (FLIR ExaminIR V.2.0) was
used for data acquisition and analysis. To determine the heating and cooling time

constants, the temperature profiles were measured after applying and terminating the



laser with 150 mW (a power density of 0.85 mW/um?). This setting was also used in the
heat shock response mapping experiments. Numerical analyses were performed using
the theory described in Supplementary Section B to compare with the experimental

measurement.

B. Numerical analysis of temperature profile

Heat equation

To investigate the temperature distribution near the site of photothermal operation and
the effects of laser power and duration, we performed computational analyses to
estimate the temperature profile near the irradiation area. In particular, the heat
diffusion equation, which describes the distribution of temperature over time, was
considered in the analysis'’. A heating term was introduced to represent the localized

heat generated due to the photothermal effect (equation S1).

aT
at

DV?T + S (S1)
where T is the temperature distribution and S is the local photothermal heating source.
D is the thermal diffusivity of the medium. Thermal diffusivity of water was used in the
calculation. The value can be modified to describe the heat transfer in other media.
The localized heating is modeled by assigning an appropriate temperature at the
location of photothermal operation. The partial differential equation was written in two-
dimensional form to approximate the photothermal ablation experiment (equation S2).
The equation was discretized in space and time using the finite difference approach and

implemented in MATLAB (equation S3)."> n, i, and j are discrete time and space

indexes.
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Boundary and initial conditions

Supplementary Fig. S4a shows the domain considered in the simulation. In the
simulation domain, there were 20 by 80 elements and each element was 100 um by 100
Mm in size. Initial and boundary conditions were required to solve the heat equation.
For initial condition, the temperature was considered to be uniform at the reference
temperature initially. The thermal boundary condition was determined by the heat
transfer through the cover slip (Supplementary Fig. S4b). In particular, the heat loss to
the cover glass was determined by the heat transfer coefficients at the liquid-glass
interface and glass-air interface, and conductive heat transfer through the cover glass.
Ty, Ts, Tp, and T, were the temperature of the liquid, the liquid-glass interface, the glass-
air interface, and the ambient. In our experimental condition, the heat flux was mainly
determined by the heat transfer coefficient at the glass-air interface. Since most of the
heat loss occurred near the laser source on the cover glass, the heat transfer was
considered to be the same in all boundaries. The parameters and values used in the

numerical simulation are described in Table 2.

Temperature distribution with continuous laser irradiation



The temperature profiles with continuous laser heating were shown in Fig. 2h in the
main text (see also Supplementary movie S3). In the simulation, heat diffused rapidly to
the surrounding media in the first few seconds. The temperature profile then gradually
reached a quasi-steady state value when the heat flux is approximately equal to the
heat loss to the substrate. Supplementary Fig. S5 shows the temperature profiles near
the laser. The region of temperature elevation was localized near the heat source. The
temperature dropped to 50% of the maximum value in 200-300 um, representing a
characteristic heat transfer length scale of the system. This length scale was in good
agreement with the value measured in the experiment by infrared thermometry and

miniaturized thermocouples (see Fig. 2e).

Heating and cooling time constants

To estimate the thermal time constants of the system, numerical simulation of heating
and cooling experiments were performed. The temperature distributions at several
locations away from the laser source are shown in Fig. S6. At a location near the laser
(e.g., less than 100 um), the temperature rapidly reached a high value in approximately
3 sec and increased gradually afterward (see also Supplementary movie S3). Our
observation suggested that two time scales were involved in the system. Examining the
parameter space revealed that the two time scales were related to the convective heat
transfer at the boundary and conductive heat transfer in the bulk solution. To
investigate the cooling time constant, the heat source was removed after 10 sec of
heating. Similarly, a rapid drop in the temperature was observed initially and followed

by a slow decay of the temperature. These observations were in general agreement



with the experiment measurement, supporting the use of the numerical analysis for

interpreting the temperature distribution near the site of photothermal operation.

Effects of laser duration

We then investigated the effects of the duration of heating on the temperature profile.
Supplementary Fig. S7 shows the temperature distributions with different heating
durations. In general, a short heating duration, relative to the heating time constant, will
result in a localized heating effect, since the heating source was removed before the
heat accumulate and propagate to a location away from the heating source. For
instance, limiting the heating duration to 2 sec will significantly reduce the maximum
heating compared to continuous irradiation. Supplementary movies S4-6 illustrated the

spatiotemporal temperature distribution with different heating durations.



C. Supplementary Tables

Table S1. Sequences of single-stranded LNA probes with alternating DNA/LNA monomers for

intracellular detection. Bold italic letters represent LNA monomers.

Length | AGpr
Target Gene | Name Sequence/Label (base) (kcal/mol)

Donor (D) 5'-IFAM-6/AGGAAGGAAGGCTGGAAGAG/-3’ 20

B-actin Quencher (Q) | 5-/CTTCCTTCCT/lowa Black RQ/-3' 10 -25.8
Target (T) 5-/CTCTTCCAGCCTTCCTTCCT/-3’ 20
Donor (D) 5-IFAM-6/TTGTCGTTGGTGATGGTGAT/-3’ 20

HSP70 -24.9
Target (T) 5-/ATCACCATCACCAACGACAA/- 3 20
Donor (D) 5'-/IFAM-6/ACGCGACAAGCGCACCGATA/-3' 20

Random -26.2
Target (T) 5/TATCGGTGCGCTTGTCGCGT/3’ 20




Table S2. Parameters in the numerical simulation.

Heat diffusivity of water 0.143x10®

Cover slip thickness L 170x10® m
Thermal conductivity k 1.13 W/(mK)
Heat transfer coefficient, air ha 2.5 W/(m?K)

Heat transfer coefficient, water  h, 100 W/(m?K)



D. Supplementary figures
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Figure S1. Intracellular gene expression analysis. a-b, Intracellular gene expression of B-actin
and HSP70 mRNAs in (a) MFC7 cells and (b) mice liver tissues. A random sequence is
designed as the negative control. The intensity in the cytoplasm of each cell can be extracted

from the images to map the spatiotemporal gene expression dynamics. Scale bars, 25 um.
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Figure S2. Characteristics of the GNR-LNA complexes for gene expression analysis. a, The
quenching efficiency of GNR was compared to a complementary LNA sequence labeled with an
organic quencher (quencher sequence). lowa black was used as the organic quencher for
comparison. The quencher sequence and the LNA probe were heated to 95°C for 5 min and
cooled down slowly for hybridization. The GNR reduced the fluorescence signal for 137 folds
compared to the probe hybridized to the target DNA (i.e., quenching efficiency ~99.27%). b, (a)
is plotted in the low intensity range to illustrate the quenching efficiency of GNR compared to the

organic quencher. The quenching efficiency of GNR is 2.4-fold better than the quencher



sequence. ¢, Specificity of the GNR-LNA complexes. A synthetic DNA sequence
complementary to the B-actin probe was applied and the target concentration was 500 nM. The
random probe was included to test the specificity of the assay. d, Laser irradiation to the GNR-
LNA complexes with and without the complementary synthetic target sequence. The LNA probe

concentration was 30 nM in all cases. Statistical analysis, n=3 (***, P < 0.001).
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Figure S3. GNRs uptake and photothermal effect. a, UV-Vis spectroscopy for determining the
absorption spectrum of the GNR in DMEM. b, Dark field microscopy for observing GNRs in
living cells. Control represents a cell that was not incubated with GNR. ¢, The effect of GNR
concentration during incubation on intracellular uptake of GNRs determined by ICP-MS. d, The
effect of GNR concentration on cell viability. The measurements were done after 24 hr and 48
hr of incubation. e, The temperature distributions obtained with different concentrations of GNR
and a laser power of 150 mW. f, Comparison of temperature distribution with and without
internalized GNRs. The laser with 150 mW was focused to a spot size of 15 ym. g, A control
photothermal ablation experiment without GNRs. Cycles indicate the target cell in the ablation

experiments. Scale bars, 25 ym. Statistical analysis, n=3 (NS, not significant; *, P < 0.05).
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Figure S4. Computational simulation of the temperature profiles. a, The domain considered in
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Figure S8. Mapping of HSP70 gene expression distributions induced by laser irradiation of

single cells. a-b, Fluorescence intensity observed before and after 5 min laser irradiation using

GNR-LNA complexes. The LNA probes target HSP70 mRNA and a random sequence. Red



circles indicate the locations of laser irradiation. Scale bar, 25 um. c-h, Intercellular gene
expression distribution in different locations. Laser was focused at the origin. The experiment
was repeated with different durations of laser irradiation. A single cell was irradiated in each
experiment. i-j, The intensity distributions of random probes with 5 min and 50 min of

irradiation. Statistical analysis, n=3 (NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Figure S9. Dynamics of HSP70 expression. a-f, Dynamics response of HSP70 mRNA after

different durations of laser irradiation. Red lines indicate the time course of laser irradiation.

Gene expressions were measured 5 min after termination of the laser.
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Figure S10. The effects of temperature on HSP70 expression kinetics. Dynamics response of
HSP70 mRNA for cells experienced temperature from a, 44-51°C, b, 42-44°C, c, 41-42°C, and

d, 40-41°C.



E. Supplementary Movies

Movie S1. A photothermal single cell ablation experiment. A single cell is irradiated by
150 mW laser power for 3 sec.

Movie S2. A control experiment of laser irradiation without GNRs. A single cell is
irradiated with 150mW laser power for more than 7 sec.

Movie S3. Temperature distribution under continuous laser irradiation. The duration of
simulation is 20 sec. The height and width of the simulation domain are 2 mm and 8
mm respectively.

Movie S4. Temperature distribution with 1 sec laser pulse. The duration of simulation
is 10 sec.

Movie S5. Temperature distribution with 3 sec laser pulse. The duration of simulation
is 10 sec.

Movie S6. Temperature distribution with 5 sec laser pulse. The duration of simulation
is 10 sec.
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