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Brain tumor delineation enhanced by
moxifloxacin-based two-photon/CARS
combined microscopy
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Abstract: Delineating brain tumor margin is critical for maximizing tumor removal while
sparing adjacent normal tissue for better clinical outcome. We describe the use of
moxifloxacin-based two-photon (TP)/coherent anti-Stokes Raman scattering (CARS)
combined microscopy for differentiating normal mouse brain tissue from metastatic brain
tumor tissue based on histoarchitectural and biochemical differences. Moxifloxacin, an FDA-
approved compound, was used to label cells in the brain, and moxifloxacin-based two-photon
microscopy (TPM) revealed tumor lesions with significantly high cellular density and
invading edges in a metastatic brain tumor model. Besides, label-free CARS microscopy
showed diminishing of lipid signal due to the destruction of myelin at the tumor site
compared to a normal brain tissue site resulting in a complementary contrast for tumor
detection. This study demonstrates that moxifloxacin-based TP/CARS combined microscopy
might be advantageous for tumor margin identification in the brain that has been a long-
standing challenge in the operating room.
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1. Introduction

Brain metastasis is an important cause of morbidity and mortality for cancer patients with
solid tumors [1]. It occurs in 15-25% of patients with cancer and exceeds the number of
primary brain tumors at least four fold [2,3]. Scattered cancer cells from other parts of the
body may pass through the blood-brain barrier, enter the brain parenchyma, and form
metastatic colonies [4]. The percentage of tumor that has been removed during surgery is an
important prognostic factor [5]. Currently, brain tumor margins are determined by
neurosurgeons based on visual inspection and information provided by surgical navigation
systems using computerized tomography (CT), magnetic resonance (MR) images, and/or
intraoperative ultrasounds (IOUS) [6]. Still, it has been challenging to differentiate tumor
margin due to limited resolution of these techniques [7]. Although on-site histopathology
provides an accurate diagnosis, it is time-consuming and expensive. Thus, there exists a
clinical demand of better approaches for precise tumor margin delineation with advanced
optical imaging modality.

Optical techniques are useful for brain tumor surgery by providing real-time
intraoperative information and various contrasts [8]. Brain tumor location is usually shifted
during surgery, because brain tissue sinks and deforms due to its high compliance [9].
Fluorescein and 5-ALA, which are fluorescent dyes, are currently used to guide the location
of tumors during surgery [10, 11]. Other optical imaging techniques have been developed to
be used for delineating tumor from the normal at the resection field based on various optical
properties. Optical coherence tomography (OCT) is a 3D imaging modality based on light
scattering, and has detected tumors based on their high scattering properties compared to the
normal [12]. Diffuse reflectance imaging measures the scattering and absorption properties of
tissues, and was used to detect tumor margins [13]. Combination of autofluorescence and
diffuse reflectance imaging was used to enhance the detection efficiency by using multiple
contrasts [6]. However, these optical methods have limited image resolutions or biochemical
contrast.

Microscopy techniques have better accuracy by providing high-resolution images down to
the cellular level. Although on-site histopathology provides an accurate diagnosis, it is time-
consuming. Thus there exists a clinical demand of better approaches for precise tumor margin
delineation with advanced optical imaging modality. Over the past decades, new advanced
optical microscopy techniques using nonlinear light-matter interactions to generate signal
contrast have been developed [14]. Two-photon microscopy (TPM) has been widely used for
translational and clinical cancer research [15, 16]. TPM uses either exogenous markers or
endogenous contrasts including autofluorescence (AF) [17]. AF has typically been used for
clinical application as many fluorescent markers have been limited due to biocompatibility
issue. However TPM imaging with AF usually requires higher excitation laser power and
longer pixel dwell time due to weak signal [18, 19]. Hence, a simple and clinically applicable
contrast agent that is brighter than AF would be beneficial in cancer imaging.

Coherent anti-Stokes Raman scattering (CARS) microscopy is another nonlinear imaging
modality that can be used for chemically-selective imaging of brain tumors. CARS



Research Article Vol. 8, No. 4 | 1 Apr 2017 | BIOMEDICAL OPTICS EXPRESS 2151 I

Biomedical Optics EXPRESS .

microscopy is based on intrinsic vibrational properties of the molecules and thus does not
require staining or labeling [20]. In CARS microscopy, a pump field E,(w,) and a Stokes field
E (w;) interact with the molecules in samples through a four-wave mixing process. When the
beat frequency (o, - ®s) matches the vibrational frequency of a molecule, a strong anti-Stokes
field E, at frequency 2w, - o, is generated. For brain imaging, the beat frequency is usually
tuned to 2845 cm™' to detect lipids in the myelin membrane where CARS signal is from
symmetric stretching vibration of C-H bonds in CH, functional groups of lipids. CARS
microscopy has been used to identify lipid changes within tumor microenvironment during
high-fat diet [21], to image myelin sheaths in nervous systems [22], and to differentiate
between normal and malignant brain tissue [23]. With the capability of providing molecular
information at sub-cellular resolution, CARS microscopy can augment information of
traditional histopathology techniques. Stimulated Raman scattering (SRS) microscopy, which
is another coherent Raman scattering microscopy technique without non-resonant
background, was developed. Spectroscopic SRS microscopy, which can image multiple
Raman vibrational bands, was applied to brain tumor and delineated tumor from normal tissue
based on both relatively high protein and low lipid signals [24, 25].

We recently reported that moxifloxacin hydrochloride, an FDA-approved antibiotic
compound, can be used as a biocompatible contrast agent for TPM imaging of cells in tissues
by providing an excellent fluorescence contrast surpassing the weak AF [26]. Here we
provide an evidence that the use of moxifloxacin in TPM can help reveal tumor margin in a
metastatic brain tumor setting. Furthermore, this delineation of tumor can be further
complemented by a combined modality with CARS microscopy which provides a myelin-
specific contrast in central nervous tissue. For this study, we developed a simple brain
metastasis model with a calvarial door approach.

2. Materials and methods
2.1 Two-photon (TP)/CARS microscopy setup

Simultaneous moxifloxacin applied TPM and CARS microscopy was performed using a
custom-built system described in Fig. 1. The excitation beam for TPM was a femtosecond
Ti:Sapphire laser (Chameleon Ultra II, Coherent, CA, USA), and this laser was used for the
pump beam for CARS imaging. The Stokes beam for CARS imaging was generated from an
optical parametric oscillator (OPO) (Chameleon, APE, Berlin, Germany), pumped by the
Ti:Sapphire laser. To enhance the CARS signal, a 3 nm bandpass filter (F1, Semrock, NY,
USA) was added to the Stokes beam line. The pump beam was kept unchanged to maximize
the two-photon (TP) excitation of moxifloxacin. Wavelengths of the two beams were tuned to
808 nm for the pump beam and 1049 nm for the Stokes beam to make a frequency difference
of 2843 cm™, corresponding to CH, symmetric stretching mode. The two laser beams were
set at parallel polarization and temporally overlapped using delay lines DL1 and DL2, and
then combined using a long-pass dichroic mirror DM1 (T860LPXR, Chroma, VT, USA). The
collinearly combined beams were relayed to an objective lens after passing through a
galvanometric scanning unit. The objective lens was 40 x , 1.1 NA (LD C-Apochromat 40 x
/1.1, ZEISS) for high magnification imaging and 20 x , 1.1 NA (XLUMPLFLN, NA 1,
Olympus) for wide field of view (FOV) imaging. The combined laser power of pump beam
and Stokes beam was 17.5 mW on the sample surface. Epi moxifloxacin and CARS signals
were collected by the same objective lens and separated by a long-pass dichroic mirror DM3
(T630LPXR, Chroma, VT, USA). Then the signals were detected by two photomultiplier
tubes (PMT1 and PMT2, R298P, Hamamatsu, Tokyo, Japan) after filtered with a 550/100 nm
bandpass detection filter (F3) for moxifloxacin signal and 680 short-pass filter (F2) for CARS
signal. The pixel dwell time was set at 25 ps and the images were acquired at 150 um X 150
um FOV in the x-y plane with 512 pixels x 512 pixels or 256 pixels x 256 pixels. Total time
to acquire one x-y frame was 6.5 seconds for 512 pixels x 512 pixels image and 3.25 seconds
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for 256 pixels x 256 pixels image. For each imaging session, the live, fast scanning imaging
was performed at the speed of 3.25 seconds per frame to scan the whole sample surface to
locate the region of interest. After acquisition, the raw data was processed to get color
encoded images by a custom-built Matlab program (Matlab R2015a, Mathworks, MA, USA).

L2 L1 Scanner
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DNT2 ' x DL 1
AN

Obj. Lens

PMT 1 yi

F2DM3 L3
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wu gog

kil OPO \ Ti:Sapphire
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Fig. 1. Schematic of the TP/CARS combined microscopic system. The system uses
Ti:Sapphire and OPO to produce 808 nm and 1049 nm beams as the pump and Stokes beams.
Moxifloxacin signal and CARS signal are collected backward using objective lens and two
photomultiplier tubes. SBS: beam splitter; OPO: optical parametric oscillator; DL1, DL2:
delay lines; DM1, DM2, DM3: dichroic mirror; F1: 3nm narrow bandpass filter; F2, F3:
detection bandpass filter; L1, L2, L3: lens; PMT: photomultiplier tube.

Large FOV moxifloxacin based TP imaging of brain tumor tissues, containing DsRed
cancer cells, was conducted by using a commercial TPM (TCS SP5 II MP, Leica, Wetzlar,
Germany) equipped with a Ti:Sapphire laser (Chameleon Vision II, Coherent, CA, USA).
Excitation wavelength was selected at 830 nm to simultaneously excite both moxifloxacin
and DsRed with deep tissue penetration. A 20x objective lens (HCX APO L20x 1.0NA, water
immersion, Leica, Wetzlar, Germany) was used with z stepwise increment of 2 um for 3D
imaging. By using a set of dichroic mirrors and band-pass filters, emission light was
spectrally resolved to 2 channels, 495 nm - 560 nm for moxifloxacin and 560 nm - 620 nm for
DsRed, and detected by photomultiplier tubes (R10467U-40, Hamamatsu Tokyo, Japan).
Each image contains 1024 pixels % 1024 pixels with FOV of 775 um x 775 um. The imaging
speed was 0.1 frame per second including 2 line averaging and 2 frame accumulation. In
order to enable large-area imaging, nine images were taken using an x-y translational stage
and carefully stitched together manually.

2.2 Normal mouse brain tissue preparation

This study was approved by the Institutional Animal Care and Use Committee board of the
Pohang University of Science and Technology (POSTECH-2015-0030-C1). Mouse models
were bred at the animal facility of POSTECH Biotech Center under specific pathogen-free
(SPF) condition. Six-week-old, three C57BL/6 mice were used. The brain tissue was
extracted from the skull right after sacrifice. The brain tissue was sectioned in the coronal
plane in 1 mm thickness with a surgical razor blade after 5 minutes of hardening in a freezer
at — 20 °C. Moxifloxacin ophthalmic solution (0.5%, Vigamox, Alcon, TX, USA) was
dropped over the sectioned brain tissue followed by incubation for 20 minutes at room
temperature. After the incubation period, the remnant moxifloxacin was washed out with PBS
1 x and then the tissue was imaged with TP/CARS microscope system. After locating the
hippocampus and subcortical white matter areas by performing the live and fast scanning
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imaging, the 2 by 2 mosaic image covering an area of 300 um X 300 pm was acquired.
Hematoxylin and Eosin (H & E) staining was used to characterize cellular structure of the
examined tissue sample.

2.3 Cell preparation for brain tumor models

Highly metastatic colon cancer cells, SL4-DsRed, were kindly provided by the Edwin L. Steel
Laboratory (Massachusetts General Hospital and Harvard Medical School, MA, USA). SL4-
DsRed cells were cultured in Dulbecco’s modified Eagle’s Medium/Ham’s F-12
(DMEM/F12) 1:1 medium supplemented with L-glutamine and 2.438 g/L. NaHCO,;, 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin solution. All the media and reagents
were purchased from Gibco (Invitrogen Corporation, NY, USA).

2.4 Development of metastatic brain tumor models: a calvarial door approach

Five-week-old, ten C57BL/6 mice were acclimatized for one week before use as described in
Fig. 2. As spontaneous or hematogenous brain metastasis models are difficult to control for
their occurrence and locations, an implanted brain metastasis is a feasible model for this
experimental study [27]. Initial steps of the surgical procedure are similar to those of cranial
window procedure [28]. The hair of the skull was shaved and cleared with hair removal cream
under anesthesia with a Zoletil/xylazine mixture in saline solution (60/10 mg/kg body weight)
(Figs. 2(b)-2(e)). After making a longitudinal incision of the scalp between the occiput and
the forehead, underlying periosteum was scraped off to the temporal crests (Fig. 2(e)). A
rectangle with 3 mm % 3 mm size was marked over the left parietal region of the skull (Fig.
2(f)). Using a sterile dental drill, three deep grooves and one shallow groove along each side
of drawn rectangle were made (Fig. 2(g)). With repetitive gentle drilling, a door-like bony
window (a calvarial door), was created. After opening the calvarial door, SL4-DsRed cancer
cells (1 x 10° cells, suspended in 10 pL of phosphate buffered saline (PBS 1 x )) were
injected into the center of the craniotomy site at the depth of approximately 1.5 — 2.5 mm
from the cortical surface by using a low-volume Hamilton syringe (Figs. 2(h) and 2(i)). After
gentle injection, the craniotomy site was washed with PBS to prevent extra cerebral tumor
growth and the calvarial door was closed. Finally, the scalp was sutured with surgical suture
filaments (Vicryl 6-0, Ethicon Inc., Guaynabo, Puerto Rico).

2.5 Ex vivo imaging of moxifloxacin-based TP/CARS microscopy in a metastatic
brain tumor model

Six mice bearing metastatic brain tumor were sacrified 7 days after cancer cell injection. The
brain tissue was extracted right after sacrifice. The brain tissue slice was prepared and
moxifloxacin was applied as described in section 2.2. Each sample was first imaged with the
commercial TPM to get large FOV images with moxifloxacin and DsRed fluorescence, and
then imaged with TP/CARS microscope system to obtain simultaneous moxifloxacin/CARS
images. For TP/CARS imaging, after locating the tumor margin region by performing the live
and fast scanning imaging, the 2 by 3 mosaic image covering an area of 300 pm X 450 pm
was acquired. H & E staining was applied to the examined tissue sample.
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Fig. 2. Development of metastatic brain tumor model with a calvarial door (A) Image of an
anesthetized C57BL/6 mouse. (B-D) Hair removal and preparation of the surgical site. (E)
Incision of the scalp tissue. (F) Marking a rectangle on the left parietal lobe. (G) Making
grooves along the edges of the rectangle with a dental drill. (H) Opened state of the calvarial
door. Inset: magnified image of calvarial door. (I) Intracerebral injection of cancer cells with
28-gauge needle Hamilton syringe.

3. Results
3.1 Imaging mouse normal brain with moxifloxacin-based TP/CARS microscopy

Figure 3 shows mouse brain tissue imaging with TP/CARS microscopy after applying
moxifloxacin. Moxifloxacin-based TP images showed multiple, neuronal cells in the
hippocampus and subcortical white matter as well as myelinated fiber tracts (Figs. 3(a) and
3(d)). In contrast, those cells were not visible in CARS images. On the other hand, CARS
images showed myelinated neural fibers more clearly than TP images (Figs. 3(b) and 3(e)).
Correlated Fig. 3(h) and 3(e) image showed similar cellular distribution with TP images and
fiber tract distribution with CARS images (Figs. 3(c) and 3(f)). This demonstrates the
complementary nature of TPM and CARS microscopy in brain tissue imaging providing rich
structural and chemical information.

3.2 Imaging mouse metastatic brain tumor with moxifloxacin-based TP/CARS
microscopy

We obtained TP/CARS images from tumoral infiltrated lesion with histologic analysis. TP
image showed high cellular density lesion on the left imaging fields, compared with right side
(Fig. 4(a)). CARS image showed loss of myelination on the left side. However, it was
difficult to define the tumor margin (Fig. 4(b)). Figures 4(h) and 4(e) stained tissue image
showed tumoral infiltration on the left side of imaging fields (Fig. 4(c)). Multiple cancer cells
(red arrow heads in Fig. 4(c)) and peritumoral immune cell infiltrations (blue arrows in Fig.
4(c)) were detected. With confirmation of correlated histologic staining, we can demonstrate
the usefulness of moxifloxacin-based TPM and complimentary role of CARS microscopy.
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Two-photon CARS H & E staining

Hippocampus

Subcortical
White matter

Fig. 3. TP/CARS microscopic images of hippocampus and cerebral cortex in normal mouse
after application of moxifloxacin. Hippocampal images by (A) TPM and (B) CARS
microscopy. (C) Hematoxylin and eosin (H & E) stained image of corresponding hippocampus
tissue. Subcortical white matter with (D) TPM, (E) CARS and (F) H & E stained tissue image.
Cellular components and neural fibers are visible in TPM, while myelinated neural fiber was
dominantly imaged in CARS images.

Two-photon CARS H & E staining

Fig. 4. Mosaic images with TP/CARS microscopy at the vicinity of a metastatic brain tumor.
(A) TP image showed significantly higher cellular density region in the left side of white-
dotted line. (B) CARS image showed decreased signal in the left side of blue-dotted line. (C)
Hematoxylin and eosin (H & E) stained tissue image showed tumor cells (red arrow head) in
the left side of red-dotted line. Immune cells were infiltrated to tumor and peritumoral areas
(blue arrows).

Next we attempted to image mouse brain sections containing metastatic tumor with
commercial TPM to get a large field image with moxifloxacin. Brain tumor was detected in
the left cerebral hemisphere of the mouse brain tissue and grossly appeared to penetrate into
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the contralateral hemisphere (Fig. 5(a)). TPM image was obtained 20 min after applying
moxifloxacin to sliced brain tissue. High cellular density lesion with normal adjacent brain
tissue was observed in the green channel (Fig. 5(b) or see Visualization 1). Red fluorescence
labeled SL4-DsRed cancer cells were detected in highly concentrated tissue area in the red
channel (Fig. 5(c)). Merged image of both the green and red channels confirmed the boundary
of metastatic tumor (Fig. 5(d)). For more detailed analysis, four regions of interest (ROIs)
were selected and displayed with magnified views (Fig. 5(e)). A part of hippocampus was
specifically discernible due to the presence of a distinct curved shape, consisting of pyramidal
neurons (Fig. 5(f)). A circular cell cluster, presumably a perivascular metastatic growth,
showed higher cellular density than adjacent normal brain tissue (Fig. 5(g)). Inside of tumor
(Fig. 5(h)) and tumor border adjacent to normal tissue (Fig. 5(i)) showed higher cellular
density with unorganized fashion than adjacent normal brain tissues.

500 um 500 um 8 - 500 pm
Gross Image Moxifloxacin SL4-DsRed Fused Image

G

Fig. 5. Moxifloxacin-based TPM image of mouse brain that contains metastatic tumor. (A)
SL4-DsRed tumor was mainly located In left cerebral hemisphere. Red 3 x 3 rectangular
region was imaged with TPM. (B) TPM image after topically treated moxifloxacin (green). (C)
TPM Red fluorescence image confirming by Ds-Red labeled cancer cells. (D) Merged
fluorescence image with moxifloxacin and SL4-DsRed. (E) Four regions of interest (ROls) are
magnified: (F) Multiple cellular bodies were detected in hippocampus. (G) Round, condensed
cellular structure was shown. (H) Tumor lesion showed high cellular density. (I) Border of
tumor and normal tissue. The cellular density of tumor area was significantly higher than
adjacent normal tissue.

To confirm these findings from TPM, we performed hematoxylin and eosin (Figs. 5(h)
and 5(e)) staining with the adjacent tissue section. A histological image showed a condensed
cellular mass invading into normal adjacent brain tissue (Fig. 6(a)). A magnified image
showed perivascular tumor infiltration (Fig. 6(b)). Inside of tumor showed high cellular
density (Fig. 6(c)), compared with contralateral normal hippocampus brain tissue (Fig. 6(d)).
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Fig. 6. Histologic characteristics of metastatic brain tumor.(A) H & E staining showed high
cellular density tumor cells invading adjacent normal brain tissue (100X). (B) Magnified
image showed perivascular growth of metastatic tumor cells along blood vessels evidenced by
red blood cells (230X). (C) Magnified image of center of tumor lesion (230X). (D)
Hippocampus image in the contralateral normal brain tissue (230X).

With another slice of the same sample, TP images was compared with CARS images to
evaluate tumor margin delineation as described in Fig. 7. TP image showed significantly
different cellular densities between tumor and adjacent normal tissue. The tumor tissue with
densely packed cell bodies can be clearly demarcated with adjacent normal brain tissue that
only contains sparsely distributed cell bodies (Fig. 7(a)). CARS image showed higher lipid
signals in adjacent normal tissue while diminishing lipid signals at tumor site mainly due to
the destruction of myelin (Fig. 7(b)).

4. Discussion and conclusion

In this study, we developed a combined TP/CARS microscopy system, and demonstrated
moxifloxacin-based TPM could be used for brain tumor margin delineation with the
supplementary from CARS microscopy. To our knowledge, this is the first report to use
moxifloxacin as the contrast agent of TPM to delineate brain tumor.
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Fig. 7. A strip of images with TP/CARS microscopy at the vicinity of a metastatic brain tumor.
(A) TP image showed significantly higher cellular density in tumor region than adjacent
normal brain tissue. Numerous cellular body was identified in tumor tissue, while few cellular
bodies were shown in adjacent normal tissue. Tumor margins was clearly defined as yellow
dotted line. (B) CARS image showed high signal in adjacent normal brain tissue than tumor
tissue. Tumor margins was clearly defined as yellow dotted line.

To demonstrate this application to brain tumor, we developed a novel calvarial door
approach for intracerebral injection of tumor cells. By opening the door made on the skull and
washing the surface after tumor cell injection, we minimized the potential extracerebral tumor
growth from leaked cells. This approach provides a reliable and reproducible model system
for further study such as cancer treatment efficacy.

Delineation of brain tumor margin was attempted with several optical imaging modalities,
such as optical coherence tomography (OCT) [12], diffuse reflectance imaging [6,13] and
SRS [25]. While OCT and diffuse reflectance imaging allow relatively large field of view and
imaging depth in millimeters, these cannot provide high resolution for cellular level imaging
that can result in potential inaccuracy in tumor delineation at infiltrating site. SRS microscopy
can provide cellular resolution and biochemical information. However, SRS requires more
complex instrumentation than CARS. With combined TP/CARS system, the moxifloxacin-
labeled TPM provides high-resolution histoarchitectures and CARS further adds biochemical
differentiation such as lipid signal from myelination or lipid droplets improving diagnostic
accuracy in the clinic.

The developed TP/CARS combined microscopy system provided subcellular resolution
images of both moxifloxacin-labeled cells and myelinated axons. In the current system, the
narrow excitation band-pass filter was not added to 808 nm pump beam to maximize the
moxifloxacin TP excitation process of the femtosecond laser. However, this approach might
increase the CARS background due to the broad spectral bandwidth of femtosecond laser.
The narrow band-pass filter could be used if two types of image were acquired sequentially.
Furthermore, because moxifloxacin is a FDA-approved compound, the clinical applications of
the moxifloxacin-based TP/CARS microscopy could be developed as an intraoperative
imaging tool. The combined system would be used to examine both the excised brain tissue
and remaining exposed tissue in the surgical field to determine whether there are remnant
cancer cells.

The complementary nature of TPM and CARS microscopy may provide enhanced
information for tumor margin detection. Both microscopic imaging modalities clearly
detected tumor margin from adjacent normal brain tissue (yellow dotted line in Figs. 7(a) and
7(b)). TPM with moxifloxacin clearly showed cellular structure with bright fluorescence, and
could detect tumors by visualizing infiltrating high cellular density lesion. On the other hand,
label-free CARS microscopy clearly visualized myelinated axons which contained a high
density of ordered CH, groups which produce a large CARS signal [29]. Due to the
destruction of normal brain tissue by the comparatively highly cellular, lipid deficient
metastatic tumor cells, the tumor can be discerned by low CARS signal intensity in the CARS
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image [23]. With co-registered images of TPM and CARS microscopy, tumor margins may
be better identified with combined imaging system.

We also obtained contralateral hemisphere of metastatic brain tumor model with
commercial TPM to identify the presence of cancer cell involvements. Moxifloxacin-based
TPM images showed high cellular density lesion from adjacent normal brain tissue (Fig. 8(b)
in the Appendix or see Visualization 2). Magnified image showed irregularly arranged cells
on the brain tissue (Figs. 8(h) and 8(i)). Red fluorescence image from SL4-DsRed cells
confirmed that these regions are sites of tumor cell invasion. Due to highly metastatic
tendency of SL4-DsRed cells, micro metastasis or cellular infiltration could be revealed with
moxifloxacin-based TPM imaging.

In our previous reports, we used 780 nm or 790 nm as an excitation light for moxifloxacin
[26, 30]. The peak excitation and emission wavelengths of moxifloxacin is 290 nm and 500
nm, respectively [26]. However, we used 830 nm laser as excitation light to achieve better
tissue penetration and simultaneously excite both moxifloxacin and SL4-DsRed fluorescence.
In TP/CARS system, we used 808 nm pump beam as excitation light for moxifloxacin to get
both CARS and moxifloxacin based TP images simultaneously. Although these wavelengths
— 830 nm and 808 nm — were not ideal peak of both moxifloxacin and DsRed fluorophores,
we could obtain adequate fluorescence image due to relatively broad excitation spectrum and
strong two-photon fluorescence of moxifloxacin.

There are several kinds of fluorescent agents for fluorescence-guided resection of brain
tumors, such as aminolevulinic acid (ALA) induced protoporphyrin IX (PpIX), fluorescein, or
nanoparticles [11]. While ALA fluorescence has been clinically used for brain tumor
resection, it is relatively costly and must be administered several hours prior to surgery as its
mechanism of action is based on tumor metabolism [31]. Fluorescein sodium is a non-specific
dye for intraoperative visualization of brain tumor based on a disturbed blood-brain barrier
(BBB) that poses a risk of false-positive indication such as surgical trauma [32].
Nanoparticles still has low biocompatibility problem. In comparison, moxifloxacin is a low-
cost FDA-approved antibacterial agent that provides a direct morphological information with
high contrast via topical administration on the exposed tissue of interest with a potential for
brain tumor delineation.

Moxifloxacin is a fourth generation fluoroquinolone antibacterial agent and
fluoroquinolones have been commonly reported to cause dizziness, drowsiness, headache and
more rarely seizures [33]. The global incidence of CNS symptom with fluoroquinolone was
1-2% [34] However, among the fluoroquinolone agents, moxifloxacin showed little CNS-
related adverse effect than other fluoroquinolone agents and even more safe than other
categories of antibacterial agents [34, 35]. There have been only two case reports that caused
seizure by moxifloxacin since FDA approval on 1999 [36, 37]. Both patients had pre-existing
CNS disease and seizures were occurred with systemic administration of moxifloxacin for 3
or 5 days. Unlike these systemic administration, we used moxifloxacin as single, topical
administration followed by washout in 20 minutes. Therefore, we can obtain the high contrast
image while minimizing the drug-related adverse effect. Nevertheless, moxifloxacin should
be used with caution for in vivo intraoperative imaging in the clinic.

While moxifloxacin possesses a great potential for clinical TPM imaging, it is nonspecific
cell-labeling agent and cannot provide definitive information about the cell types and cellular
functionality. Thus the combination of moxifloxacin-based TPM imaging with other
complementary modalities such as simultaneous CARS microscopy or TP fluorescence
lifetime imaging prior to moxifloxacin-based TPM would be useful. In the current study with
brain tissue, the tumor infiltration or margin was examined based on the disruption of known
normal histological features of the brain such as distinct hippocampal cytoarchitecture,
cellular arrangements and densities, and white matter axonal bundles. Thus whether our
proposed approach can be widely applicable for broader setting needs further studies.
Nevertheless, our study suggested that moxifloxacin-based TP/CARS microscopy holds a
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great potential for differentiating tumor tissue from adjacent normal brain, and warrants
further optimization for the treatment of cancer growing in the brain in surgical setting.

In the long run we believe that this TP/CARS system can be used for intraoperative
setting. Currently there remain several technical challenges and further development. Present
TP/CARS system has high cellular resolution at the cost of smaller FOVs which needs to be
improved. TP/CARS microscopy have imaging depth of several hundred microns which
could limit the detection of deep infiltrating tumor cells. Leaked blood during surgical
procedure would be an obstacle due to attenuation of signal. Furthermore, the TP/CARS
system needs to be miniaturized for either portable hand-held device or adaption to surgical
microscope head. Hence, initially it is more feasible for TP/CARS system to be used as a
complementary benchtop system to assist pathologists with further information on the excised
sample.

Appendix
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Fig. 8. Moxifloxacin-based TPM image in the contralateral hemisphere of the metastatic brain
tumor model. (A) Blue 3 x 3 rectangular lesion were imaged with TPM. (B) TPM image after
topically treated moxifloxacin (green). (C) Ds-Red labeled cancer cells were detected with
TPM. (D) Merged fluorescence image with moxifloxacin and SL4-DsRed showed metastases
of tumor cell to contralateral cerebral hemisphere. (E) Four regions of interest (ROI) are
magnified. (F) Multiple cellular bodies were visible. (G) Characteristic cellular array of
hippocampus was noticeable. (H) Perivascular tumor growth was identified and confirmed in
red fluorescence channel. (I) Border of tumor and normal tissue. High cellular density was
identified in tumor area than normal adjacent brain tissue.
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