Vol. 8, No. 12 / December 2020 / Photonics Research

Research Article

1875 |

SRR

PHOTONICS Research

Confocal visible/NIR photoacoustic microscopy of
tumors with structural, functional, and nanoprobe
contrasts

JiaNGBO CHEN,"" YACHAO ZHANG,"T XiaozHeN Li,>t JiNgY1 ZHu,! DeENGFENG Li,' SHENGLIANG Li,2
CHuUN-SING LEeg,>* anD Lipal Wang'3*

'Department of Biomedical Engineering, City University of Hong Kong, 999077 Hong Kong SAR, China

2Center of Super-Diamond and Advanced Films (COSDAF) and Department of Chemistry, City University of Hong Kong, 999077 Hong Kong SAR,
China

3City University of Hong Kong Shenzhen Research Institute, Shenzhen 518057, China

“e-mail: apcslee@cityu.edu.hk

e-mail: lidawang@cityu.edu.hk

Received 3 September 2020; revised 29 September 2020; accepted 30 September 2020; posted 2 October 2020 (Doc. ID 409378);
published 19 November 2020

Distinguishing early-stage tumors from normal tissues is of great importance in cancer diagnosis. We report fiber-
based confocal visible/near-infrared (NIR) optical-resolution photoacoustic microscopy that can image tumor
microvasculature, oxygen saturation, and nanoprobes in a single scanning. We develop a cost-efficient single laser
source that provides 532, 558, and 1064 nm pulsed light with sub-microseconds wavelength switching time. Via
dual-fiber illumination, we can focus the three beams to the same point. The optical and acoustic foci are con-
focally aligned to optimize the sensitivity. The visible and NIR wavelengths enable simultaneous tumor imaging
with three different contrast modes. Results show obvious angiogenesis, significantly elevated oxygen saturation,
and accumulated nanoparticles in the tumor regions, which offer comprehensive information to detect the tumor.
This approach also allows us to identify feeding and draining vessels of the tumor and thus to determine local
oxygen extraction fraction. In the tumor region, the oxygen extraction fraction significantly decreases along with
tumor growth, which can also assist in tumor detection and staging. Fiber-based confocal visible/NIR photoacous-

tic microscopy offers a new tool for early detection of cancer. ~© 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.409378

1. INTRODUCTION

Early diagnosis and accurate removal of tumors are of great im-
portance for cancer treatment [1-9]. In superficial tissue, the
gastrointestinal tract, or during surgery, visual inspection,
endoscopy, and other optical imaging techniques are often used
in cancer screening or tumor edge detection. Because of poor
contrast or low resolution, physicians may miss small tumors or
inaccurately cut less diseased or healthier tissues [10-19].
Optical-resolution photoacoustic microscopy (OR-PAM) is
a new biomedical technique for tumor imaging and is highly
complementary to existing imaging modalities. In OR-PAM,
focused optical excitation offers sub-cellular resolution and
excellent sensitivity to optical absorption contrast [20-29].
OR-PAM can image microvasculature, oxygen saturation (sO5),
blood flow, and a variety of other endogenous and exogenous

Co-registered multi-contrast imaging can offer more compre-
hensive information for tumor detection. However, state-of-
the-art OR-PAM must conduct repetitive scanning or even
use different systems to acquire multiple contrasts, which is
problematic for accurate co-registration and high-throughput
imaging, especially for future clinical applications.

Here, we report fiber-based confocal visible/near-infrared
(NIR) photoacoustic microscopy (CVN-PAM) that can image
the tumor with structural, functional, and nanoprobe contrasts
in a single scan. Based on a master oscillator power amplifier
(MOPA) fiber laser, we develop a three-wavelength pulsed laser
source for CVN-PAM. Via stimulated Raman scattering (SRS)
and fiber-based optical delay, we have 532, 558, and 1064 nm
wavelengths to image hemoglobin and nanoprobes. In the im-
aging probe, we use two single-mode fibers to deliver the visible

contrasts [30-38], offering valuable information for tumor
detection. An important limitation is that most OR-PAM
systems can only image one or two parameters at a time.
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and NIR light, respectively, so that we can align the three
optical foci with the acoustic focus to maximize the sensitivity.
We first characterize the system in phantom and iz vive
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experiments and then demonstrate the tumor imaging capabil-
ity in a 4T'1 breast cancer model. CVN-PAM enables simulta-
neous quantification of vessel density, angiogenesis, sO,,
oxygen extraction fraction (OEF), and nanoprobe concentra-
tion. We observe significant changes in all of these parameters,
which offers rich information for early detection and staging of
tumors.

2. CVN-PAM SYSTEM

Figure 1 shows a schematic of the CVN-PAM. A MOPA fiber
laser (VPFL-G-20, Spectra-Physics) is used as the pump source,
offering 1064 and 532 nm pulses. The 1064 nm beam is
coupled into a 1.5 m polarization-maintaining single-mode
(PMSM) fiber (HI1060, Corning). The 532 nm beam is split
into two by a polarizing beam splitter (PBS). The energy ratio
of the two beams is adjusted with a half-wave plate (HWDP1).
One 532 nm beam is coupled into a 60 m PMSM
fiber (HB450-SC, Fibercore Limited) to delay it by 300 ns.
HWP2 adjusts the incident polarization to suppress the SRS
effect. The other 532 nm beam is coupled into a 100 m
PMSM fiber to generate the 558 nm wavelength via the
SRS effect and delay it by 500 ns. The fiber coupling efficien-
cies are above 50%. HWP3 is placed before the 100 m fiber to
adjust the 558 nm efficiency. The delayed 532 nm beam is
combined with the 558 nm beam using a dichroic mirror
(DM1, T550lpxr-UF1, Chroma Technology) and coupled into
a 2 m PMSM fiber (P1-460Y-FC, Thorlabs).

The 532/558 nm beam and the 1064 nm beam are con-
nected to a photoacoustic (PA) imaging probe via PMSM fiber
1 and PMSM fiber 2, respectively. In the probe, the NIR and
visible beams are first collimated by two achromatic lenses
(AC064-013-A from Thorlabs and #33-202 from Edmund
Optics). Then, they are combined via DM2 (#87-887,
Edmund Optics) and focused by an achromatic objective
(0.09 numerical aperture, #33-202, Edmund Optics).
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Fig. 1. Schematic of the CVN-PAM. ACL, achromatic lens; AL,
acoustic lens; CL, convex lens; BPF, bandpass filter; CP, coupler;
DM, dichroic mirror; HWP, half-wave plate; MR, mirror; NDF, neu-
tral density filter; PBS, polarization beam splitter; UT, ultrasonic
transducer.

The focused beam is reflected in a cubic optical/acoustic beam
combiner, transmitted through an acoustic lens (AL #45-697,
Edmund Optics), and delivered to the sample. The excited
acoustic wave is collected by the acoustic lens, transmitted
through the optical/acoustic beam combiner, and received
by a piezoelectric transducer (50 MHz center frequency,
78% bandwidth, V214-BC-RM, Olympus). The optical/
acoustic beam combiner is made by bonding an aluminum-
coated prism to an uncoated prism (#32-331 and #32-330,
Edmund Optics). To minimize acoustic energy loss, the acous-
tic lens is glued to the optical acoustic beam combiner. The
dual-fiber design allows us to finely tune the visible and
NIR fibers independently so that we can align the visible
and NIR foci with the acoustic focus to maximize the sensitivity
of all three wavelengths. The ultrasonic signal is amplified by
48 dB (two ZFL-500LN+ amplifiers from Mini-Circuits) and
digitized at 500 MHz using a high-speed data acquisition card
(ATS9360, Alazar Technologies). Two linear stages (PLS-85,
Physik Instrument) translate the PA probe in the x and y di-
rections for raster scanning.

We measured the spatial resolutions for the visible and NIR
wavelengths. PA signal profiles across a sharp edge of a stainless-
steel sheet are measured to fit the edge spread functions (error
functions). Deriving the edge spread function, we can obtain
the line spread function and calculate its full width at half-
maximum (FWHM). Figure 2(a) shows that the lateral resolu-
tions for the visible and the NIR light are 3.2 pm (532 nm),
3.5 pm (558 nm), and 6.3 pm (1064 nm). To measure the axial
resolution, we imaged a metal surface. As shown in Fig. 2(a),
the FWHM of a Hilbert-transformed A-line is 36 pm, which
matches the theoretical value of 34 pm (based on 1500 m/s
speed of sound and 39 MHz bandwidth [39]). To measure
the imaging depth, a segment of a tungsten filament of
250 pm diameter is obliquely inserted into chicken breast tissue
as shown in Fig. 2(b). The 532 nm and 1064 nm images show
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Fig. 2. (a) Measured and fitted edge spread function (ESF) and de-
rived line spread function (LSF) at 532 nm, 558 nm, and 1064 nm;
acoustic axial resolution. (b) Penetration depths, 0.95 mm for 532 nm
and 1.45 mm for 1064 nm with a 6 dB SNR. (c) Depth-encoded
vascular image of the mouse ear at 532 nm. (d) Depth-encoded vas-
cular image of the mouse ear at 1064 nm. (¢) sO, image of the mouse
ear computed from 532 nm and 558 nm wavelengths.
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0.95 mm and 1.45 mm penetration depths with 6 dB SNR. To
demonstrate iz vivo imaging ability, we imaged blood vessels in
the mouse ear. The pulse energy is 70 n] for both the 532 nm
and the 558 nm light and is 4.6 pJ for the 1064 nm light. If the
optical focus is 0.5 mm below the tissue surface, the optical
fluence will be 1.1 mJ/cm? and 72 mJ/cm? for the visible
and 1064 nm wavelengths, within the American National
Standards Institute (ANSI) safety limit (20 and 100 mJ/cm?
for the visible and 1064 nm wavelengths). The time delays
among the three pulses further guarantee that the combined
three-wavelength excitation is stll in the safety limit
Figures 2(c) and 2(d) show the depth-encoded microvascular
images acquired with the 532 nm and the 1064 nm light.
Because of strong absorption and tight focusing, the visible
light can reveal more microvessels than the 1064 nm light. On
the other hand, the 1064 nm light is less scattered than the
visible light, and thus we can observe more deep vessels in the
NIR image. For example, the vessel labeled as “va” in Fig. 2(d)
can be imaged by the 1064 nm light but is barely visible in the
532 nm image. These results show that CVN-PAM can benefit
from complementary resolution, sensitivity, and imaging
depth. Figure 2(e) shows the microvasculature and sO, imaged

with the visible light [25].

3. EXPERIMENTAL RESULTS AND DISCUSSION
We demonstrate that the new CVN-PAM system can provide

comprehensive contrasts for 7z vivo early tumor detection.
With the visible wavelengths, we can image the microvascula-
ture and sO, of the tumor without labeling; with the NIR
wavelength, we can image nanoprobes with high sensitivity.
We use semiconducting polymer nanoparticles (SPNs) [18]
to enhance the tumor contrast. As shown in Fig. 3, we validate
that the CVN-PAM can image both SPNs and blood with high
sensitivity. The SPN concentration is 300 pg/mL. The surface
fluences of the 532 nm and 1064 nm pulses are set to
4.5 mJ/cm?. SPNs have higher PA amplitude at 1064 nm,
which is twice the blood amplitude at 1064 nm. The PA
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Fig. 3. (a) PA image of SPNs at 532 nm. (b) PA image of SPNs at
1064 nm. (c) PA image of blood at 1064 nm. (d) PA image of water at
1064 nm. (e) PA image of blood at 532 nm. (f) Comparison of average
PA amplitudes of these samples. Error bars are standard deviations.
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amplitude of the SPNs at 1064 nm is ~6.3 times the
532 nm one. Because the SPNs absorb 1064 nm light much
stronger than blood, we can effectively separate the nanoprobe
from the blood in the NIR imaging.

In the in vivo experiment, the pulse energies are 70 nJ, 55 nJ,
and 320 n] for the 532 nm, 558 nm, and 1064 nm wavelengths.
The pulse repetition rate (PRR) is 4 kHz for each wavelength. It
takes ~9 min to raster scan a4.1 mm x 3.4 mm area. In future
work, the imaging speed can be improved via using a fast scanner,
such as a microelectromechanical system (MEMS) mirror
[20,40], a voice coil scanner [22], or a polygon scanner [25].
Mice of 10 weeks old were used in the experiment. The mice
were anesthetized by inhaling 2% isoflurane air.

Before tumor implantation (day 0), the mouse ear was im-
aged with the three wavelengths. The photograph and the mi-
crostructure image are shown in Figs. 4(a) and 4(b). The
arteries, veins, and microvessels can be resolved in Fig. 4(b).
Figure 5(a) shows an sO, image of the mouse ear. After the
control imaging, 4T1 breast cancer cells (1 million cells in
20 pL PBS) were injected into the mouse ear. A small tumor
became visible on day 6, as shown in Figs. 4(d) and 4(e). Then,
we injected 150 pL SPNs (1042 pg/mL) into the caudal vein.
In 24 h following the SPNs injection (day 7), we imaged the
tumor on the mouse ear. As shown in Figs. 4(b) and 4(e), the
tumor growth results in obvious vascular structural change. We
can observe obvious vascular change and angiogenesis on days 6
and 7 in and around the tumor region. Compared with day 0,
the PA amplitudes of vessels labeled as ‘vb,” ‘vc,” and ‘vd’ of the
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Fig. 4. (a) Mouse ear before injecting tumor cells (day 0). The black
dotted box is the region of interest. (b) Microvasculature image of the
mouse ear at 532 nm on day 0. (c) The color-coded depth microvas-
culature image of the mouse ear at 532 nm on day 0. (d) The mouse
ear on day 6 (before injecting SNPs). (e) Microvasculature image of the
mouse ear at 532 nm on day 6. (f) The color-coded depth microvas-
culature image of the mouse ear at 532 nm on day 6. (g) The mouse
car on day 7 (24 h after SPN injection). (h) Microvasculature image of
the mouse ear at 532 nm on day 7. (i) The color-coded depth micro-
vasculature image of the mouse ear at 532 nm on day 7.
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tumor area show an obvious increase on days 6 and 7, as shown
in Figs. 4(b), 4(e), and 4(h). We also find the vessels, such as
vessels labeled ‘ve’ and vf; in the non-tumor area shrink and
become less visible, as shown in Figs. 4(b), 4(c), and 4(h).
Figures 4(c), 4(f), and 4(i) show color-coded depth microvas-
culature images of the mouse ear at 532 nm. The tumor growth
results in the height change of the tumor area. The microstruc-
ture change of the mouse ear fits well with the visual mouse ear
changes, as shown in Figs. 4(a), 4(d), and 4(g).

Figure 5(b) shows the sO, image of the mouse ear with a
tumor on day 7. Figure 5(f) compares the sO, histograms on
days 0 and 7. We can find that the sO, in many vessels in-
creased. For future clinical applications, tumor screening has to
be performed without any available control reference. It is thus
necessary to diagnose the tumor by comparing the tumor re-
gion with the non-tumor region. Therefore, we also compare
the sO, between the tumor region (R1) and the non-tumor
region (R2) in Fig. 5(b). Figure 5(g) shows that there is only
one peak at ~0.99 for R1. In R2, two sO, peaks are located at
0.75 and 0.99. Angiogenesis causes dramatic changes in vessel
structure. Figures 5(a) and 5(b) show that vessels labeled as
“vg” and “vh” become draining veins (a draining vein is defined
as a vein that drains the blood from the tumor [26,33]).
Compared with day 0, the sO, values of veins labeled as
‘v¢’ and vf* in the non-tumor region decrease on day 7, as
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Fig. 5. (a) The sO, of the mouse ear before injecting cancer cells
(day 0). (b) The sO, of the mouse ear on day 7. (c) Extracted sO, of
the tumor region. The feeding vessels and draining vessels are pointed
out. (d) Imaging of the mouse ear at 1064 nm on day 0 and day 7.
(¢) The combined image of sO, and 1064 nm image. (f) The sO,
pixels percentage in the mouse ear on day 0 and day 7. The vertical
axis is the percentage ratio of the pixel number at an sO, value to the
total pixel number of the blood vessels in the image. The sO, value
interval on the x axis is 0.001. (g) The sO, pixels percentage of R1 and
R2 in the mouse ear on day 7. (h) The sO, change of the feeding
vessels and draining vessels. The OEFs of the tumor region are ex-
tracted from the sO, values.
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shown in Figs. 5(a) and 5(b). We extract the vessels in the tu-
mor region according to the sO,, which is higher than 0.8, as
shown in Fig. 5(c). Three feeding arteries (a feeding artery is
defined as an artery that supplies blood to the tumor [33,41])
and 16 draining veins can be identified. The average sO, values
of feeding vessels and draining vessels are shown in Fig. 5(h).
The OEF [OEF = (5,0, -5,0,)/s,0,, where 5,0, is the
sO, value of the feeding arteries and 5,0, is the sO, value
of the draining veins [26]] can be calculated from the average
sO, values, as shown in Fig. 5(h). The OEF decreases obviously
from 0.38 on day 0 to 0.02 on day 7. Figure 5(d) shows the
1064 nm images. Because of the low pulse energy and week
blood absorption, the 1064 nm image (day 0) does not show
clear vascular features. The SPNs show high PA intensity on
day 7 due to the high optical absorption. We combine the
sO, and 1064 nm images in Fig. 5(e). The tumor can be dis-
tinguished from the background with high resolution. Because
the vessels in the tumor are leaky [42,43], SPNs accumulate in
the tumor body but not in the surrounding region. The vessels
surrounding the tumor may have an abnormal microstructure
and sO, elevation due to the angiogenesis and hypermetabo-
lism of the tumor. As shown in Fig. 5(e), the difference in the
accumulated nanoparticle map and vascular map provides high-
resolution information of the different types of vessels in and
surrounding the tumor. The tumor is ~2.6 mm? according to
the SPNs image boundary, which is determined by 6 dB SNR.
The feeding and draining vessels around the tumor are imaged
at high resolution. The combined image offers comprehensive
information for tumor diagnosis and therapy. CVN-PAM can
be used to image tumors in superficial tssues, such as oral
cancer on the mucosa or subcutaneous tumor models. It can
also be used to detect or stage exposed tumors during surgery.

Angiogenesis is a hallmark of cancer. We analyze vessel tor-
tuosity, vessel diameter, and vessel density. The vessel tortuosity
is calculated as ///', where / is the vessel path length, and /’ is
the linear distance between the two vessel ends. The vessel
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Fig. 6. (a) Color-coded vessel tortuosity of the microstructure on
day 0 and day 7. The extracted blood vessels are overlaid with the
vessel centerlines. (b) Color-coded vessel diameter on day 0 and
day 7. The extracted blood vessels are overlaid with the vessel center-
lines. (c) Color-coded vessel density on day 0 and day 7. The image is
divided into 40 x 34 subareas.
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Table 1. Vessel Parameters in Tumor and Non-Tumor Regions

Region Time Vessel Tortuosity (a.u.) Vessel Diameter (jum) Vessel Density (a.u.)
Tumor R3 Day 0 1.06 £+ 0.05 18.20 =+ 3.60 0.51 £+ 0.04
Day 7 1.21 £ 0.11 28.40 +5.10 0.81 £0.13
Non-tumor R4 Day 0 1.08 £ 0.06 18.30 £ 3.64 0.49 £ 0.05
Day 7 1.07 +0.08 10.56 4+ 4.25 0.55 4+ 0.08
density of a subarea is computed from PAy,/PA,, where REFERENCES

PA,,, is the total PA amplitude pixel value of the subarea,
and PA,j is the total PA amplitude pixel value of the region
of interest. Figures 6(a) and 6(b) are the blood vessels extracted
with a Hessian filter. The pseudocolor in Fig. 6(a) represents
the vessel tortuosity. The pseudocolor in Fig. 6(b) represents
the vessel diameter. To quantify the vessel density, the image
is divided into 40 x 34 subareas. As shown in Fig. 6(c), each
subarea is color-coded with its vessel densities. We separate
the tumor region (R3) from the non-tumor region (R4, the
region except R3). The average vessel tortuosity, vessel diam-
eter, and vessel density in the tumor and non-tumor regions
are summarized in Table 1. In the tumor region, compared
with day 0, the vessel tortuosity, vessel diameter, and vessel den-
sity increase dramatically on day 7. In the non-tumor region,
compared with day 0, the vessel tortuosity and vessel density
have no obvious change on day 7. The average vessel diameter
in R4 decreases from 18.30 pm to 10.56 pm. On day 7, we find
that the vessel tortuosity, diameter, and density are significantly
higher in the tumor region than that in the non-tumor region.

4. CONCLUSION

We develop a three-wavelength (532, 558, and 1064 nm) laser
source with 200 ns delay time. The visible and NIR laser beams
are adjusted to be confocal in a dual-fiber PA imaging probe.
CVN-PAM has two major advantages. One is that the visible
and NIR light offers complimentary imaging contrasts of bio-
logical tissue. The other one is that the dual-fiber-based con-
focal probe effectively improves the sensitivity and scanning
speed. CVN-PAM can image the microvasculature, sO,, and
NIR molecular/nanoprobes, providing comprehensive infor-
mation for tumor diagnosis. We image a 4T1 tumor model
with three contrast modes. Results show obvious angiogenesis,
significantly elevated sO,, and high-contrast nanoprobes in the
tumor region. Vessel tortuosity, diameter, and density increase
obviously when the tumor grows up. Feeding arteries and
draining veins of the tumor can be identified from the tumor
region. The sO, of draining veins increases, and OEF of the
tumor region decreases significantly. The CVN-PAM is a
powerful tool in tumor diagnosis and pathological studies.
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