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Abstract

There is a rapidly growing interest in the advanced analysis of histological data and the
development of appropriate detection technologies, including mapping of nanoparticle
distributions in tissue in nanomedicine applications. We evaluated photothermal (PT) scanning
cytometry for color-coded imaging, spectral identification, and quantitative detection of individual
nanoparticles and abnormal cells in histological samples with and without staining. Using this
tool, individual carbon nanotubes, gold nanorods, and melanoma cells with intrinsic melanin
markers were identified in unstained (e.g. sentinel lymph nodes) and conventionally-stained
tissues. In addition, we introduced a spectral burning technique for histology through selective
laser bleaching areas with nondesired absorption background and nanobubble-based PT signal
amplification. The obtained data demonstrated the promise of PT cytometry in the analysis of low-
absorption samples and mapping of various individual nanoparticles' distribution that would be
impossible with existing assays. Comparison of PT cytometry and photoacoustic (PA) cytometry
previously, developed by us, revealed that these methods supplement each other with a sensitivity
advantage (up to 10-fold) of contactless PT technique in assessment of thin (<100 pm)
histological samples, while PA imaging provides characterization of thicker samples which,
however, requires an acoustic contact with transducers. A potential of high-speed integrated PT—
PA cytometry for rapid examination of both intact and stained heterogeneous tissues with high
sensitivity at the zepromolar concentration level is further highlighted.
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Historatrorocy 1S the well-established tool for diagnosis of diseases and evaluation of
therapeutic interventions through the microscopic examination of tissue samples taken from
anatomic areas of interest. Typically, sample preparation includes surgical extraction,
fixation, embedding to paraffin or freezing, sectioning, and staining of tissues with
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conventional dyes or immunohistochemical labeling with specific antibodies (1). Bright-
field optical microscopy is still the mainstay for examination of histological samples (2). A
trained pathologist may readily reach a diagnosis based on tissue morphology or with the
use of specific staining to identify tissue components. However, this remains a time-
consuming and labor-intensive procedure requiring extensive training. Processing and
staining, required for bright-field microscopy, may also introduce artifactual changes not
present in the native tissue. Various optical and nonoptical imaging techniques have been
developed to enhance histological analysis including fluorescence microscopy (3);
multispectral mapping (4); stimulated fluorescence microscopy for fluorescent proteins (5);
Raman spectroscopy (6); MRI (7); X-ray technique (8); TEM (9); and mass spectrometry
(10,11).

Recently, the rapidly growing application of nanotechnology in biology and medicine has
placed new demands on histological analysis (12). Various nanoparticles with different
sizes, shapes, and composition have been developed for gene/drug delivery, diagnosis, and
therapy (13-16). Before /n vivo clinical application of nanoparticles is feasible, it is
imperative to determine critical parameters such as the clearance rate, biodistribution, and
acute and chronic toxicity of nanoparticles in animal models (15,16). The TEM (9), X-ray
(17) and MRI (18,19) have been used for imaging of gold, magnetic, and other nanoparticles
in various tissues. However, most nonoptical methods are complex techniques requiring
expensive equipment and increased costs of time and labor. Some methods may be limited
to assessment of a single nanoparticle type. For example, only magnetic nanoparticles may
be evaluated using MRI. Optical techniques, including diffusion optical spectroscopy (20)
and optical coherence tomography (21), may reveal changes in optical parameters of tissue
in the presence of nanoparticles; however, imaging contrast is low with these methods. In
addition, the sensitivity of scattering-based methods is much lower than that of direct
absorption measurement (22) and is not sufficient for imaging of individual nanoparticles or
small aggregates.

We believe that many of these limitations may be overcome by using photoacoustic (PA),
and especially photothermal (PT) imaging techniques which recently were shown to
demonstrate greater sensitivity and spatial resolution compared with other optical modalities
(22-32). To this end, we developed PA scanning cytometry/microscopy for imaging of
unlabeled melanoma cells in a thin layer of whole blood (33), label-free mapping of real
melanoma metastasis at the single cell level both /n vivoand in vitroin sentinel lymph
nodes (SLN) at different stages of cancer progression (25,34,35), as well as detection of
tumor cells molecularly targeted by conjugated nanoparticles in lymph node samples
(25,35,36). The advantages of the PA method include its combination of high sensitivity
with increased depth of penetration and the flexibility in sample preparation. PA imaging
does not require fixation, sectioning, and staining as in conventional histology (33-38).

PT technique has higher absorption sensitivity compared with PA technique for thin samples
(39,40) as in the case of conventional histological sections with thickness of 5-50 um. The
applications of PT method have been recently reported toward transparent biological
samples such as individual cells (28,41,42) and some thin tissues (40); however, the use of
PT method for analysis of conventional histological samples has not yet been demonstrated.
Herein, we demonstrate the excellent capability of contactless high-sensitivity PT scanning
cytometry/microscopy for analysis of both conventionally fixed and stained histological
samples as well as fresh histological without fixation or processing.
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Materials and Methods

PT Scanning Microscope—-Cytometer

The PT cytometer setup (Fig. LA) was built on the technical platform of an invert
microscope (model 1X81, Olympus America, Center Valley, PA), with incorporated PT, PA,
fluorescent, and transmission digital microscope (TDM) modules, and a tunable laser-based
optical parametric oscillator (OPO, Opolette HR 355 LD, OPOTEK, Carlsbhad, CA) with the
following parameters: spectral range of 410-2,200 nm; pulse width, 5 ns; pulse repetition
rate, 100 Hz; line width, ~0.5 nm; pulse energy up to 2 mJ; a fluence range, 1-10% mJ/cm?;
and pulse energy stability, 3-5%. Energy of each OPO pulse was controlled by energy meter
(PE10-SH, OPHIR, Logan, UT). The absorbed energy of OPO laser (also referred to as
pump) pulses in the sample is transformed through quick nonradiative relaxation into heat.
Laser-induced temperature-dependent variations of the refractive index around absorbing
zones cause defocusing (i.e., thermal-lens effect) of a collinear probe beam from continuous
waves stabilized He—Ne laser (wavelength, 633 nm; power, 1.4 mW; model 117A, Spectra-
Physics, Santa Clara, CA). The subsequent change in the beam's intensity at its center
(further referred to as PT signal) is detected after passing through a pinhole by a photodiode
with built-in preamplifier (PDA36A, 40-dB amplification, ThorLabs, Newton, NJ). Thus,
PT cytometry method is based on time-resolved optical probing of temperature gradient
dynamics in the sample (e.g., cells or nanoparticles) on exposure to pump laser. The
analytical signals correlate with local light absorption of the sample in the irradiated
(detection) volume. In a linear mode (i.e., at low laser fluence), the observed PT signals
demonstrated a fast rise (nanosecond scale) associated with quick transformation of
absorbed energy into heat and a longer (microsecond scale) exponential decrease
corresponding to cooling of samples through diffusion of heat into surrounding medium. At
high laser fluence, sample overheating can lead to formation of nanobubbles and
microbubbles around strongly absorbing zones. These nonlinear phenomena have been
manifested through appearance of a negative sharp peak in PT signals due to refraction and
scattering phenomena in rapidly (~0.5 to 2 ps) expanding and collapsing bubbles (Fig. 1A,
right top). PT imaging (PTI) mode was provided by scanning samples with a two-
dimensional (2D; X=Y) translation stage (H117 ProScan Il, Prior Scientific, Rockland, MA)
having positioning accuracy of 50 nm. The intensity of each pixel of PT image represents
the average of PT signals (averaged absolute values of probe beam intensity change) from
several OPO pulses (Fig. 1A, right bottom). The ultimate lateral resolution of PTI was
determined by the focal spot size of the pump laser beam. For micro-objectives with
magnification of 20x (NA 0.45) and 100x (NA 1.25), spatial resolution was estimated as
~1.0 wm and ~0.5 pm, respectively (for excitation wavelength of 740 nm).

A color CCD camera (PC135C-4G, Supercircuits, Austin, TX) was used to track positions
and dimensions of the laser beams in the sample plane. Conventional absorption spectra
were obtained by spectrophotometer (USB4000, Ocean Optics, Dunedin, FL) collecting
transmitted light through an ocular via custom-made fiber connector.

A PC (Dell Precision 690) equipped with a high-speed (200 MHz) analog-to-digital
converter board PCI-5124, 12-bit card, 128 MB of memory (National Instruments, Austin,
TX) was used to acquire PT signals. Synchronization of the pump laser, signal acquisition/
procession, and control over translation stage were implemented in a single software module
(customized software based on LabView 8.5 complex, National Instruments).

Nanoparticles

Single-walled carbon nanotubes (CNTSs) with an average length and diameter of 190 nm and
1.7 nm, respectively, were purchased from Carbon Nanotechnologies (Houston, TX).

Cytometry A. Author manuscript; available in PMC 2012 April 30.
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Ultrasonic cleaner (Branson 2200, Branson Ultrasonic, Danbury, CT) was used to disperse
large CNT aggregates. CNT solution typically contained both individual nanoparticles and
aggregates. The average size of aggregates in the solution was controlled by high-resolution
optical imaging with 100x microobjective. Depending on the duration of ultrasonic
treatment and filtering procedure, the average aggregate sizes could be selected in the broad
range of 0.3-10 wm. Gold nanorods (GNRs) with axial size 30 nm, diameter 10 nm, peak
absorption at 740 nm were purchased from Nanopartz (Loveland, CO).

Animal Model, Cells, and Histological Procedures

Results

Nude mice weighing 20-25 g (Harlan Spraque-Dawley) were used in accordance with
protocols approved by University of Arkansas for Medical Sciences Institutional Animal
Care and Use Committee. B16F10 mouse melanoma cells were obtained from a cell bank
(American Type Culture Collection). Melanoma cells (106 B16F10 cells in a 50-uL
suspension) were inoculated subcutaneously in the mouse ear. Distribution of CNTSs in
histological samples was studied on melanoma-bearing mice. Selected mice were used to
determine the ability of PTI to detect micrometastatic lesions.

First model was created by injection of CNTs in a phosphate-buffered (PBS) solution (2.5
g delivered in 50 pL of PBS) into the tail vein 4 days after melanoma implantation. A
complete necropsy was performed at 23 days post-CNT injection. The spleen, kidney, liver,
lung, lymph nodes, and heart were fixed in 10% neutral buffered formalin, processed and
embedded into paraffin, sectioned at 5 um, and mounted onto microscope slides. Slides
were stained with hematoxylin and eosin (H&E) dye, and a serial section from each slide
was left unstained. To differentiate CNTs from melanin, slides containing CNTs were
subjected to melanin chemical bleaching in 1% potassium permanganate solution for 30 min
followed by washing in PBS and decolorization with 2% oxalic acid. After bleaching,
samples were stained with H&E and examined by PT and optical microscopes.

Second model was created by allowing tumors in mice to grow for 7 and 14 days,
respectively, and the mice were euthanized in CO, chamber. Immediately following
euthanasia, the SLN were extracted, washed with PBS, placed on a glass slide, and covered
with a coverslip. Gentle pressure was applied to the coverslip to spread lymph node. In
selected experiments glycerol was used to improve optical imaging and prevent sample
drying.

Microscopic and H&E pathological examination and immunohistochemistry were carried
out by a veterinary pathologist using Olympus invert 1X81 microscope with digital camera
(DP72, Olympus America, Center Valley, PA).

For PT cytometer calibration purposes, unstained 5-pm-thick histological sections of control
mice without tumor or injected nanoparticles were spiked with GNR or CNTs nanopatrticles.
Samples were deparaffinizated in xylene and washed with 95% ethanol. Then, 10 L of
nanoparticle solution (10 pg/mL) was placed locally on the surface of deparaffinized tissues
for 30 s. Non-adhered nanoparticles were removed by three washings in PBS. Glycerol was
topically applied on the sample surface to improve imaging quality, and then samples were
sealed with a coverslip.

PTI of Stained Tissue Samples

PT mapping was provided by successive monitoring of PT signals during movement of a
microscopic stage with the sample at the fixed position of the focused laser beam (Fig. 1A);
color-coded scale is used to represent PT signal amplitude. For validation of PT mapping
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accuracy and resolution, we selected dyes used in routine histology. Hematoxylin is a blue—
purple, basic dye that stains regions rich in nucleic acids, i.e. ribosomes, chromatin-rich cell
nucleus, and some cytoplasmic regions (1). Alcohol-based acidic eosin Y stains intracellular
or extracellular proteins in bright pink color. The absorption spectra of dyes are partially
overlappping (Fig. 1B). PT signal amplitude is proportional to a total light absorption of the
sample; thus, amplitude in each image pixel at eosin absorption maximum wavelength (~530
nm) represents the sum of absorption from both the dyes (Fig. 2A, right). At 625 nm
(hematoxylin maxima—eosin minima), PT signal was preferentially determined by
hematoxylin content (Fig. 2A, middle). In general, PT images demonstrate high sensitivity,
high resolution, and high contrast.

To demonstrate spectral selectivity of PT cytometry in imaging mode, we examined
melanoma cells in distant meta-static sites of tumor-bearing mice. Melanin is an intrinsic
marker distinguishing malignant melanoma metastasis (34). Melanin has wide absorption
spectra with gradual, slight decrease in absorption with increasing wavelength (Fig. 1B).
Selective detection of melanoma cells was performed at OPO wavelength of 800 nm, where
influence of H&E stain is minimal. PT mapping clearly indicated the presence of melanin in
tissues with metastasis (Fig. 2B). Indeed, PT image sensitivity and contrast were high
enough to distinguish small melanin inclusions in melanin-containing cells not visible by
optical transmission microscopy (Fig. 2B, enlarged parts). The melanin detection limit at the
laser fluence used was estimated as a single melanin particle with a size of 0.9 £ 0.2 pmin
the 3-um laser spot. Thus, presence of intensive PT signals reveals presence of melanin in
tissues and could be used to identify metastatic melanoma. Comparison of melanin content
in metastatic and healthy tissues could be used for quantitative analysis based on an average
PT signal for a given area of the sample. For tissue sample considered herein (Fig. 2B,
enlarged part), with low melanin content, PT signal averaged over 60 x 60 wm? area was (43
+ 4) x 1072 a.u. that significantly differs from an average PT signal of healthy tissues (5 +
0.4) x 1072 a.u. (7= 360, P=0.95; Fig. 2B). Quantification of melanin content in tissues
may be useful for detection of the very early metastasis before morphological changes
become readily visible in H&E stained sections.

PT Spectral Analysis with Spectral Burning Techniques

PT spectroscopy represents an additional mode of PT cytometer for sample characterization
through spectral identification of the individual components in the spectral range of OPO
(410-2,200 nm). By acquiring PT signal amplitudes at different OPO wavelengths, we
obtained PT spectra from local areas (Fig. 3B) that correlated well with conventional
absorption spectra (Fig. 3A). Both PT and absorption spectra represent sum of H&E dyes in
the sample as mentioned above. For example, for the tissues reacting with eosin (pink),
eosin band prevailed both in PT and absorption spectra (Figs. 3A and 3B: I, I, and IV). For
tissues stained in the blue—purple range, PT and absorption spectra reveal both H&E bands
(Figs. 3A and 3B: Ill and V). PT spectra of metastatic melanoma cells (Fig. 3B: V1)
corresponded well to the conventional absorption spectrum of melanin (Fig. 1B).

Next, we studied PT signal behavior as a function of pump laser fluences. PT signal linearly
depended on pump pulse fluence at relatively low laser pulse fluence below 400 mJ/cm?
(Fig. 4A). At this fluence, there were no signs of sample photodamage. The reproducibility
of PT signals in this fluence range was relatively high with standard deviation of 3-5% for
three consecutive scans. At higher laser energy above 1.0 J/cm?, strong nonlinearity in PT
signal amplitude was observed due to overheating of the irradiated volume. In particular, for
energy fluence of 1.5 J/cm?, the PT signal amplitude increased 5-10 times compared with
the one at fluence of 1.0 J/lcm? (Fig. 4A). This signal enhancement was accompanied by the
appearance of nonlinear PT signals with negative amplitude (Fig. 1A, right top). This
phenomenon is explained by overlapping of nano- and micro-bubbles from multiple
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overheated nano- and micro-scaled heterogeneous absorbing zones in the irradiated volume,
acting as PT signal amplifier (43).

Bleaching of stained samples was observed as a result of prolonged laser exposure (more
than 100 laser pulses) at energy fluence exceeding 0.4 J/cm? for eosin at 532 nm and at
fluence of 1.7 J/em? for hematoxylin at 625 nm. Thus, relatively high pulse energy fluence
provided both PT signal amplification and dye bleaching. This made it possible to spectrally
selective “erase” one stain without bleaching of another one (Fig. 4B). This spectral PT
bleaching (also referred to as laser burning) could be used to reveal weak staining in the
presence of nondesired intensive background staining (Figs. 4C and 4D). A measurement of
PT spectra allowed verification and real-time monitoring of laser-based hematoxylin PT
bleaching with eosin remaining intact (Fig. 4B).

PT Mapping of Nanoparticles Distribution in Histological Samples: A Model Study

To assess performance of PT cytometry to nanomedicine-related applications, we used a
model tissue slice spiked with nanoparticles. Nanoparticles were deposited from solution
onto the surface and into the intercellular spaces of the 5-pm-thick deparaffinized tissue
section. We used two types of nano-particles to validate PT mapping sensitivity: CNTs and
GNRs that are both prospective PT/PA contrast agents, for which, toxicity should be
assessed before clinical use (44-47). CNTs absorb light in a wide spectral range from visible
to infrared with a slight gradual decrease of absorption with wavelength increased. The
absorption of GNRs is more specific in near-infrared range with profound maximum at 740
nm. CNTSs have a tendency to aggregate forming typical CNT clusters up to 300-500 nm,
which can be distinguished and hence verified by conventional TDM. GNRs can also form
aggregates; however, these aggregates were small enough that visualization by TDM was
difficult.

First, we used histological samples spiked with CNTs. These samples contained a few large
CNT clusters with diameter ranging from 1 to 4 um. TDM (Fig. 5A) was used to verify
result of PT detection (Fig. 5B). CNT aggregates were successfully imaged in the tissue
(Fig. 5C). However, the PT data revealed numerous PT signals coming from sample areas
where TDM did not reveal the presence of nanoparticles. We assume that these signals come
from individual CNTs as the level of these signals significantly exceeded background level
of control sample treated with PBS solution. Additionally, PT spectra from these areas were
acquired to verify the nature of these signals. Obtained PT spectra were similar to
conventional absorption spectra of CNTs (Fig. 1B). With the size of CNT cluster determined
by high-resolution TDM, we obtained the calibration graph for PT signal as a function of
cluster size (Fig. 5D). For the PT microscope configuration used, linear calibration estimates
the limits of detection at the level of 200-250 nm sized cluster. However, this data requires
additional verification.

Second, we tested the sensitivity of PT cytometry using samples spiked with well-sonicated
CNT solution containing submicrometer clusters. Average size of each cluster was in the
range of 400-800 nm as verified by high-resolution TDM (Fig. 5E). PT images had high
contrast even for these small nanoparticles with a typical signal-to-noise ratio of 10 and
better (Fig. 5F). We determined that the demonstrated sensitivity could be further increased
more than 10-fold by increasing laser pulse energy (e.g., from 0.1 to 2.0 J/cm?) or by
decreasing detection volume with laser beams focusing to the diffraction limit. For the
unstained tissues, there were no signs of laser-induced photodamage at energy fluence up to
10.0 J/cm? at the used wavelength of 740 nm.

For samples spiked with GNRs, we observed relatively homogeneous distribution of
nanoparticles (Fig. 5H) deposited on the tissue surface (Fig. 5G). No traces of GNRs in the
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sample were noted by TDM (not shown) due to low absorbance of the GNRs. Given that
amplitudes of PT signals from GNRs (laser fluence of 2.0 J/cm?2) and from 5-10 wm clusters
of CNTSs (laser fluence of 0.1 J/cm?) had the same level, we suppose, that total light
absorbance of individual GNRs or its small clusters (100-200 nm) in the irradiated volume
was smaller than that of 5 um CNT aggregates. Thus, despite stronger absorption of
individual GNRs compared to that of individual CNTs, the capability of CNTSs to create
large clusters provides more enhanced PT signal amplification.

PT Mapping of Carbon Nanotubes in Tissues of Mice with Melanoma

To verify our technique /n vivo, we used B16F10 melanoma-bearing mice exposed to CNTs
solution through intravenous tail injection. By selecting this model, we constructed a
complex model containing not only CNTs but also metastatic melanoma cells. This model
was also relevant to PT therapy of metastatic cells targeted by absorbing nanoparticles (34).
Conventional histological examination at 23 days post-CNT injection demonstrated the
presence of large CNT aggregates in mouse tissues. CNTs were located within the alveolar
septa (Fig. 6A) and small arteries (Fig. 6B) within the lung, in Kupffer cells in the liver (Fig.
6D), and in an artery in the heart (Fig. 6E). In addition, CNTs were occasionally located
within pulmonary metastases (Fig. 6C). No inflammatory infiltrates or other signs of tissue
damage were found in association with CNTs. In melanoma-containing tissues, we
performed melanin chemical bleaching to differentiate black CNTs from similarly colored
melanin (Fig. 6C). This bleached melanin to a light brown color, while CNTs remain black.

Next, we used PT mapping to verify the nature of black material observed in the sample.
Large black clumps observed in tissues provided high PT signal at the level comparable to
that of CNTs in the model tissue spiked with CNTSs. Increase in PT signal amplitudes with a
decrease of irradiation wavelengths correlates to absorption spectrum of CNTs (Fig. 1C),
which likely confirms the CNTs as main source of PT signals. On the basis of the results of
PT sample mapping, we also found a number of smaller CNT clusters undetected with
TDM. Several clusters with sizes around 1.5-2 pm were observed among the liver cells
(Fig. 6F) despite the high background absorption of H&E stain in visible range.

PT Scanning Cytometry of Sentinel Lymph Nodes

Finally, we used PT scanning cytometer/microscope for examination of the excised tissue
sample without any fixation or processing. Recently, we reported the use of PA scanning
cytometry of the SLN to detect and map metastatic melanoma cells (34). On the basis of this
experience, similar animal models, and the same protocols (34), we provided PT assessment
of the SLN extracted from melanoma-bearing mice. Light scattering was decreased and
imaging quality improved by immersion of the tissue into glycerol. The SLNs were
additionally slightly squeezed between glass slides (Figs. 7C and 7D). SLNs were analyzed
using the same method as conventional histological samples. PT mapping revealed the
presence of intensive PT signals in SLNs at both 7 and 14 days post tumor inoculation (Figs.
7A and 7B). PT images showed the presence of micrometastases at the first week that
significantly increased at the second week. Primary tumor sizes at weeks 1 and 2 were 1.2 +
0.3 mm? and 4.0 + 0.8 mm?2, respectively. There were no PT signals above background level
recorded from SLN of a control healthy mouse with no tumor melanoma implanted. These
data were well correlated with the results obtained with PA scanning cytometry (34). In
particular, no sign of metastasis was found with conventional histological assays after 7
days. This suggests that both PT and PA techniques allow label-free detection of early
micrometastases (after first week) at single cell level, which cannot be achieved by
conventional assay. Moreover, in this case optimal conditions for quantification of light
absorbing component are provided as no fixation or tissue procession is required (48).
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Discussion

To our best knowledge, this is the first demonstration of the use of pump-probe PT thermal
lens method for examination of real histological samples. PT technique was validated for
imaging and quantification of stains in a tissue sample, mapping of melanin content in
melanoma metastasis, assessment of model samples spiked with CNTs and GNRs, and
eventual detection of CNTs in mouse histological tissue sections after intravenous injection
of CNTs. Our data indicate that sensitivity of the PT method is sufficient to detect individual
melanoma cells even with very low melanin content as well as to detect individual
submicrometer sized nanoparticle clusters. We were also able to demonstrate PT spectral
identification of individual nanoparticles that were not visible with conventional assays in
tissue sections. Integration of PT scanning image cytometry, PT spectroscopy, and
conventional optical bright-field TDM microscopy provided opportunity for detailed
observation of morphological tissue features and ultra-high sensitivity detection,
quantification and spatial localization of nanoparticles. No additional sample preparation is
required for PT analysis of histological samples; moreover, high PT contrast allows
nondestructive mapping of a wide range of nanoparticles in the sample without the need for
enhancement of nanoparticle optical properties [e.g., with silver staining kit (49) used to
image gold nanoparticles].

Given the extremely fast growth in a number of nanotechnology applications in biology and
medicine, we expect wide range of PT cytometry applications including detection of various
types of light-absorbing nanoparticles such as gold nanoparticles or quantum dots (29).
Besides biodistribution of nanomaterials in different tissues, possible applications could
include study of cell-nanoparticle interaction, verification of the relationship between
morphological tissues changes and presence of nanoparticles with a focus on acute and long-
term toxicity. Routine detection of nanoparticles in histological sections via conventional
methods is challenging (see Introduction Section), and in samples with a low density of
nanomaterials, many sections must be examined at high magnification and/or with the use of
enhancing Kits. PT technique may reduce analysis duration providing rapid examination
with higher sensitivity compared with existing assays. Our data demonstrates that in current
configuration detection limits for CNTs were at the level of individual 150-200 nm
nanoparticle clusters in the detection volume with potential for detection of single
nanoparticles.

We also consider PT cytometry as a tool for verification and refinement of conventional
histopathology data. First, PT contrast superior to that of conventional optical microscopy
could be used for detailed analysis of weakly stained histological structures. We expect
significant increase in the amount of information acquired from low contrast or weak stains
in immunohistochemistry with the use of PTI and functionalized nanoparticles (to be
addressed in our future study). We recently demonstrated the unprecendented high
sensitivity of PT cytology in detection of small amounts of antibody-nanoparticle conjugates
bound with specific antigens of breast cancer cells (36). The same protocol can be applied
for PT cytometry of histological tissue sections. Second, PT analysis is capable of localizing
and quantifying label-free subcellular molecular chromophores. As we demonstrated
previously (28), sensitivity of pulsed PT method is sufficient for mapping low amount (up to
15 zeptomol) and distribution of intrinsic cell chromophores such as cytochrome cin
unstained cells. This methodology could be easily extended to histological samples. Third,
the observed effects of dye PT bleaching under intensive laser irradiation may become a
powerful tool for identification of weakly absorbing components (50) against strongly
absorbing nondesired background by selective laser-based photobleaching of the stains in
the sample. In this case, the PT technique simultaneously erases nondesired dye and controls
amount of the remaining dye through acquiring PT signals. A similar approach was reported
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for fluorescent labeling of proteins in tissue samples (51) and for cells in microarray (52);
nevertheless, to the best of our knowledge, controllable laser-based erasing of nondesired
background stains in histological samples was proposed here for the first time.

Previously reported application of PA scanning cytometry for early detection of metastasis
in nonstained biopsy samples of SLNs (34) was herein repeated by PT assessment of the
extracted SLNs. Comparison of these approaches demonstrated the complementary nature of
PA and PT scanning cytometry technologies: in combination, these methods may cover a
wider range of tissue samples and provide more detailed information than if used alone. The
advantage of PA cytometry is the ability to image relatively thick samples, while contactless
PT cytometry provide higher sensitivity (10-50 folds) for samples less than 120-pum thick. It
should be noted that PT and PA methods are based on similar physical processes (optical
excitation — nonradiative relaxation — medium heating — detection of thermal-based
effects) and both methods target objects with similar properties (absorbing or weekly
fluorescent objects). Both may be used for many applications in spectroscopy, microscopy,
analytical chemistry, and biomedicine. The difference between the methods is the detection
parameter [thermal generation of acoustic waves (PA) or temperature-dependent changes in
refraction index (thermal lens, PT)]. The laser-induced temperature profile in the sample
could be detected by various methods: thermometry, infrared radiometry, deflection, phase
contrast, polarization interference contrast, heterodyne, acoustic, and other schematics (22—
25,32,34,39,42). Detection parameters influence detection schematics, creating advantages
and limitations for each method. For example, in PA methods, the ultrasound transducer
must be in acoustic contact with samples, while in contactless PT thermal lens method, the
distance between photodetector and sample can be tens of centimeters.

The relative ease of use of the PT/PA-based methods and lack of additional histological
sample preparation (including staining free analysis) provide key advantages of these
methods over other optical modalities. The nanosecond laser-based pump-probe thermal lens
schematic used in this work has rather simple optical scheme, is robust, and allows detection
sensitivity sufficient for nanoparticles [pump-probe thermal lens method sensitivity is less
affected by light scattering than that of conventional spectrophotometry or scattering-based
PTmethods (22,39)].

For the current setup with OPO operating at 100-Hz pulse rate, PT mapping of the sample
area of 100 x 100 wm? with 1-m resolution took at least 3.2 min (total time per pixel was
defined by translation stage response time of 20 ms). These parameters can be significantly
improved using advanced optical components and lasers. In particular, a short PT/PA signal
duration of 2-10 s in the time-resolved mode could be used for rapid (millisecond scale)
examination of histological samples using pulsed nanosecond laser with high pulse rates (up
to 100-500 kHz; 53). In this case, high pulse rate allows the use of high-speed mechanical
stage operating at linear rate of up to 10 cm/s, while maintaining 1-pum PT/PA image
resolution. This scheme could be preferred for large sample areas with fast linear sweeps
over the sample surface. On the other hand, for relatively small areas, a 2D PT/PA imaging
with the use of an advanced scanning system (54) could acquire PT images containing 10 x
10 (one cell) or 100 x 100 pixels in 1 and 100 ms, respectively (100-kHz laser source, one
laser pulse per pixel). The PT schematic could be easily integrated into different microscope
systems.

With the current schematic, the PT image is correlated with a 2D depth-integrated
absorption distribution in the irradiated volume. High sensitivity of PT/PA technique may
provide assessment of weakly absorbing samples that is unachievable with other optical
modalities. Further development of the technique could include 3D PT mapping of tissues
with confocal PT microscopy (55), PT tomography as analogous to PA tomography
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(31,32,56), far-field PT microscopy beyond diffraction limit (57), and fast scanning imaging
with a high pulse rate laser (53). It would be intriguing to combine PT, PA, optical, and
fluorescent imaging modalities in a single universal multifunctional setup to increase the
range of detectable substances, sensitivity, specificity, and allow for flexible analysis of
tissue samples of various thickness.
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Figure 1.

PT scanning cytometry of histological samples: A: Schematic of PT scanning microscope-
cytometer; linear and nonlinear PT signals, right top; scanning and probing sample
absorbance construct color-coded PT image, right bottom; B: absorption spectra of melanin,
eosin, and hematoxylin; and C: absorption spectra of carbon nanotubes (CNTSs) and gold
nanorods (GNRs).
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Figure 2.

PT mapping of histological sample with stains and natural chromophores (i.e., melanin). A:
High-resolution TDM (%100 microobjective) and PT images of cells in mouse kidney tissue
at OPO wavelengths 532 and 625 nm. Parameters: laser fluence, 100 and 400 mJ/cm2,
respectively; scan step, 500 nm; laser spot size, ~450 nm. B: Comparison of TDM and PT
images of melanoma cells distribution in mouse lung with melanoma metastasis (top), the
enlarged part of the images (bottom). Parameters: PT scan step, 3 um; laser wavelength, 800
nm; laser fluence, 100 mJ/cm?; signal-to-noise ratio, 100.
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Figure 3.

Validation of PT spectral analysis: conventional (A) and photothermal (B) spectra of mouse
histological samples (H&E staining): I, skeletal muscle; 11 and 1V, liver; 111 and V, lymph
node; and VI, melanin containing melanoma cell. Conventional spectra (A) were acquired
from ~300 wm spot using fiber-coupled spectrometer. PT spectra were obtained from 3 pm
spot in the sample zone denoted by red arrows. TDM images were acquired with x40
microobjective for samples I-111 and with X100 microobjective for samples IV-VI.
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Figure4.

Selective PT bleaching/laser burning of stain guided by PT cytometer. A: PT signals of
hematoxylin stained sample as a function of laser fluence at wavelength of 625 nm for laser
spot of 3 um. B: PT spectra of mouse spleen before and after laser scanning at 625 nm at
laser fluence of 2.0 J/cm? and 100 laser pulses per spot. TDM (optical) images of mouse
spleen fragment before (C) and after (D) laser-induced PT bleaching of hematoxylin stain.
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Figure5.

PT mapping of nanoparticle distribution in model histological samples. I: CNT aggregates of
0.5-10 um in size: TDM (A), PT (B), and phase contrast (C) images. Color arrows denote
large aggregates presented on both images. Calibration graph (D) represents PT signals for
clusters of different size. Il: Small submicrometer sized CNT clusters: TDM image (E;
clusters are denoted by arrows; typical size ~600-700 nm) and corresponding (F) PT image.
I11: Histological sample spiked with GNRs: phase contrast (G) and PT image (H) of GNRs
distribution. Insets at right are the color scales coding amplitudes of PT signal (in au). Laser
parameters: wavelength, 740 nm; pulse energy fluence, 0.1 J/cm?2 for CNTs and 2.0 J/cm?
for GNRs; 20 signals acquired from each spot. Microscopic images (A), (C), and (G) were
obtained with x20 and (E) with x60 microobjective.
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Figure®6.

Distribution of CNTs in mouse tissues. TDM images (x40 microobjective) of lung (A, B),
liver (D), and heart (E) tissue. Differentiation of CNTs and melanin by chemical bleaching
(C). Black arrows indicate CNTs (black color), gray arrow indicates bleached melanoma
(light brown color). PT imaging reveals presence of 1.7-ium CNTSs clusters in liver (F; x100
microobjective). Laser parameters: wavelength, 800 nm; pulse energy fluence, 0.1 J/cm?.
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Figure7.

Ex vivo PT mapping of metastatic melanoma cells in mouse SLNs. PT images of SLN
extracted from mice at 7 (A) and 14 (B) days post inoculation. Color scale codes the
amplitude of PT signals; signal of control experiment corresponds to black background.
Each single color-coded pixel was associated with individual metastatic melanoma cells
with different pigmentation. Laser parameters: wavelength, 850 nm; pulse energy fluence,
0.5 J/cm?; laser spot size, 5 um. Lymph node (C) was deposited on the glass slide. D: High-
resolution TDM image of individual lymphocytes (white arrows) in the lymph node
(microobjective x100).
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