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Abstract. By allowing more photons to reach deeper tissue, the optical clearing agent (OCA) has gained
increasing attention in various optical imaging modalities. However, commonly used OCAs have high fluidity,
limiting their applications in in vivo studies with oblique, uneven, or moving surfaces. In this work, we reported
an OCA with high viscosity. We measured the properties of this viscous OCA, and tested its successful per-
formances in the imaging of a living animal’s skin with two optical imaging modalities: photoacoustic microscopy
and optical coherence tomography. Our results demonstrated that the viscous OCA has a great potential in
the study of different turbid tissues using various optical imaging modalities. © 2014 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.19.7.076019]
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1 Introduction

By smoothing the refractive index, optical clearing agents
(OCAs) can effectively reduce tissue light scattering.'> Since
OCAs can make the skin more “transparent,” they are com-
monly employed in many optical imaging modalities, such as
optical coherence tomography (OCT),>* two-photon micros-
copy,” and second harmonic generation imaging.® Recently,
OCA was also implemented in another emerging optical
imaging method, photoacoustic microscopy (PAM),”® and
in vivo photoacoustic flow cytometry.’ In addition to develop-
ments in applications, more chemical components and new
preparation methods make OCAs less toxic and more suitable
for in vivo study.

However, commonly used OCAs primarily have high fluid-
ity, which can easily flow away from the oblique, uneven,
or moving surfaces of living bodies. Therefore, repeatedly
reapplying agents during the experiments is generally required.
Practically, this operation not only probably alters the mor-
phology of the imaged target but also has the risk to change
the alignment of the imaging system. Therefore, a viscous
OCA for long lasting application on oblique, uneven, or moving
surfaces, like the water-based ultrasonic coupling gel used in
ultrasound imaging, is highly desired.

In this work, we developed an OCA with high viscosity. This
agent can stay on a skin surface for a much longer time with little
sacrifice of the optical clearing effect. In the following, we first
described the preparation of this agent, and then measured
its physical properties, followed by in vivo animal experiments
with two optical imaging modalities to demonstrate its perfor-
mance. Finally, we discussed the toxicity and other alternative
methods to make viscous OCAs.

*Address all correspondence to: Changhui Li, E-mail: chli@pku.edu.cn
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2 Methods and Results

2.1 Preparation of the Viscous OCA

The viscous OCA is composed of an OCA,'” polyethylene
glycol (PEG)400 (Sinopharm Chemical Reagent Co., Ltd.,
Beijing, China) mixed with thiazone (Yuancheng Gongchuang
Technology Co., Ltd., Wuhan, China), a penetration enhancer,
with the volume ratio of 9:1. To increase the viscosity, 5%
(mass percent) polyvinylpyrrolidone (PVP) K88-92 (Aladdin
Industrial Co., Ltd., Shanghai, China) was added to the mixture
as a thickener.

Due to the low dissolution rate of PVP K88-92 in PEG-400,
we used water bath heating for PVP dissolution. To avoid pos-
sible chemical reactions related to thiazone at high temperature,
thiazone was not put into the mixture while heating. After pour-
ing PEG-400 into a beaker containing PVP and a magnetic stir-
rer, we rotated the magnetic stirrer immediately to disperse PVP.
The mixture was kept at 95°C with stirring until all PVP was
dissolved. Then, we cooled it slowly down to room temperature
(~25°C). Thiazone was then added into the mixture with stir-
ring. Due to the high viscosity of the mixture at room temper-
ature, glass rod stirring by hand was performed until all the
thiazone was dissolved.

2.2 Characteristics of the Viscous OCA

We used a rheometer (AR-G2, TA Instruments, Elstree, Herts,
United Kingdom) to measure the viscosity of this viscous OCA,
and compared it with that of PEG-400+thiazone (PEG-T, vol-
ume ratio of 9:1). Newton’s law of internal friction, which is
obeyed by all Newtonian fluids, indicates that the viscosity
of a lowly viscous fluid is the ratio of the shear stress to the
shear rate, which is independent on the shear rate. Different
from invariable viscosity (~0.09567 Pa - s) of PEG-T, which

0091-3286/2014/$25.00 © 2014 SPIE

July 2014 « Vol. 19(7)


http://dx.doi.org/10.1117/1.JBO.19.7.076019
http://dx.doi.org/10.1117/1.JBO.19.7.076019
http://dx.doi.org/10.1117/1.JBO.19.7.076019
http://dx.doi.org/10.1117/1.JBO.19.7.076019
http://dx.doi.org/10.1117/1.JBO.19.7.076019
http://dx.doi.org/10.1117/1.JBO.19.7.076019

Deng et al.: Viscous optical clearing agent for in vivo optical imaging

" ~PEG-T 2 0.08((0
s 4 —~—PEG-T-PVP| 3
< | S 0.06
g !
2 2 2
S £ 0.04
= 17
>0 2 002
0 100 200 300 400 600 800 1000
Shear rate (1/s) Wavelenth (nm)

Fig. 1 (a) The photographs of PEG-T-PVP in viscous state. (b) The viscosities of PEG-T and
PEG-T-PVP at different shear rate. (c) The absorption spectrum of PEG-T-PVP at 400 to 1100 nm.

was proven to be a Newtonian fluid, the viscosity of PEG-400
+thiazone+PVP (PEG-T-PVP) depended highly on the changes
of the shear rate [shown in Fig. 1(b)], which means that the sub-
stance is too viscous to obey Newton’s law of internal friction.
Considering the low shear rate of the viscous OCA in practical
experiment conditions, the viscosities at 10.00 1/s shear rate
were chose for comparison. The viscosity of the new agent was
5.268, which is about 55-fold times that of PEG-T (0.09599).
The viscosity of the mixture can be adjusted by changing the
percentage of PVP in the mixture.

Optical properties of this OCA were measured. The optical
refractive index of PEG-T-PVP was measured to be 1.477,
which was similar to PEG-T (1.474), and was a bit larger than
that of PEG-400 (1.465). The UV-vis absorption spectrum of
the new agent was measured on a UV-vis spectrophotometer
(Evolution 220, Thermo Scientific, Shanghai, China) in Fig. 1(c),
which shows a small optical absorption from 400 to 1100 nm.

We also measured the relative acoustic attenuation of PEG-T-
PVP at 20 MHz. In this measurement, PEG-T-PVP, water-based
ultrasonic coupling gel, and deionized (DI) water, were succes-
sively filled into a container with 14-mm inner bottom diameter,
13-mm inner height. An unfocused ultrasound transducer (cen-
tral frequency: 20 MHz; V-212-BB-RM, Olympus, Waltham,
Massachusetts) contacted the top surface of the agents and
detected the pulse-echo ultrasound signals passing through the
agents. The amplitude ratio of the signal from the PEG-T-PVP to
that from the DI water is 0.9132, which was similar to the ratio
for gel (0.9609), so the PEG-T-PVP has a very low ultrasound
attenuation as does the gel.

PEG-T has been proven to have a good optical clearing
effect.!” We tested the potential influence of additional PVP
to the skin optical clearing effect. In this study, PEG-T-PVP
and PEG-T were applied to two different pieces of ex vivo ven-
tral skin from the same rat with thicknesses of about 1.13 and
1.09 mm, respectively. Figure 2(a) shows the setup of this
experiment. A He-Ne laser at 632.8 nm was used as the light
source. The light was expanded through a concave lens, then
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Fig. 2 (a) The experiment setup of PEG-T-PVP and PEG-T applied to
ex vivorat skin. (b) The AT of ex vivo rat skin with two different agents
and corresponding fitted curves y = Ax.
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shone on the rat skin. Two optical power meters (sensors:
OP-2 VIS; LabMax_TOP, Coherent, Santa Clara, California)
were used to detect the intensity of the transmitted light through
the skin and also to monitor the variation of light intensity,
respectively. The relative change of transmittance at i min AT
was calculated as

T, T
AT; = lTo 2

) M

where T; = P,;/P,;, P,; is the power of transmitted light at i
min; and Pg; is the laser source power at i min. Figure 2(b)
shows the skin optical clearing results of the two agents. The
slope of the solid line (with PVP) is 0.8241-fold as much as
that of the dashed line (without PVP), which means that the
presence of PVP slightly decreases the skin optical clearing
effect.

2.3 In Vivo Animal Study

We then employed this viscous OCA in the in vivo imaging of
animal skin by PAM and OCT. Due to the high viscosity, no
agent reapplying operation was employed in all the following
experiments, which guaranteed system alignment and imaging
consistency during the experiment. Furthermore, we tested
massage which is a commonly used method to improve skin
permeability, to help the optical clearing of this viscous
OCA. All research complied with protocols approved by the
Institutional Animal Care and Use Committee of Peking
University.

2.3.1 PAM study

In this study, two PAM modalities, acoustic-resolution PAM
(AR-PAM)'! and optical-resolution PAM (OR-PAM),'? were
used to study the effect of OCA on both rat and mouse skins,
which are common models for skin optical clearing study. The
laser wavelengths in following experiments are 532 nm.
Details of the AR-PAM system and its operation can be
found in previous literature."”” The imaged rat (~120 g, SD)
was first anesthetized, and then the imaging region was cleanly
depilated and gently scrubbed with DI water to remove impu-
rities on the skin. Anesthesia was maintained by an isoflurane
machine (1.0% to 1.2% vaporized isoflurane with an airflow
rate of 1 L/ min) throughout the experiment. An excessive
amount of OCA was applied on its ventral skin before imaging.
After a 5-min system alignment, we repeatedly scanned along
a fixed line for 20 times to acquire a series of B-scan images.
The interval between two successive scannings was 30 min.
The wave-like patterns in Figs. 3(a) and 3(b) were induced
by the rat’s breathing motion during scanning. In this study,
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Fig. 3 AR-PAM B-scan images of rat skin after (a) 5 min and (b) 95-min PEG-T-PVP application, respec-
tively. Panels (c) before and (d) after 95-min PEG-T-PVP application, respectively. (e) The AA of selected
vessel from B-scan images. (f) The depth between the surface of the skin and the selected vessel from
B-scan images. Maximal amplitude projection (MAP) images of another rat skin after (g) 5 min and
(h) 365-min PEG-T-PVP application, respectively. (i) Normalized PA amplitude along the red dashed

line in (g) and (h).

a 20-frame-mean amplitude (A;) from a selected subcutaneous
blood vessel [shown in Figs. 3(a) and 3(b)] at i min was calcu-
lated. AA,, the relative change of A;, was processed similar to
Eq. (1). Figure 3(e) demonstrated the obvious increase in PA
amplitudes from the selected vessel. In addition, we measured
the depth from the skin top surface to the center of the selected
vessel in the selected region. Figure 3(f) shows the decrease of
the depth. It is consistent with the skin thinning effect due to
dehydration caused by the hypertonicity of PEG-400. Maximal
amplitude projection (MAP) images of another rat skin with an
application of viscous OCA were also obtained. As shown in
Figs. 3(g) and 3(h), not only do the PA amplitudes of shallow
subcutaneous vessels become stronger, but more branching ves-
sels in deeper regions were also visualized. The AA of five ran-
domly selected subcutaneous blood vessels from MAP images
(from 5 to 365 min, 60-min interval) monotonically increased as
in Fig. 3(e).

We also compared the performance between the viscous
OCA and water-based ultrasonic coupling gel in an in vivo
mouse (~25 g, BALB/c) skin study. The content of vaporized
isoflurane for mice was decreased from 0.8% to 1.0%. Contrary
to the increases when using the viscous OCA, the PA amplitude
from subcutaneous vessels decreased using the traditional
water-based gel [shown in Fig. 4(e)], which demonstrated
that the skin whitening induced by gel could impact the penetra-
tion of light. In addition, using water-based gel made the dis-
tances between epidermis and the subcutaneous blood vessel
larger, as shown in Fig. 4(f). The gel was hypotonic versus skin,
which fosters the diffusing of water from the gel into the skin,
allowing the skin to become whiter and thicker.

In the OR-PAM, the lateral resolution is determined by ¢ dif-
fraction-limited optical focusing, while the focusing capability
degrades due to tissue optical scattering. We tested the perfor-
mance of this viscous OCA in an OR-PAM study of a living
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mouse (~25 g, BALB/c). Details of the OR-PAM system and
its operation can be found in other literature.'"* The increase
of amplitudes from subcutaneous blood vessels was seen in
Fig. 5(c). The MAP images were acquired after 5 and 65 min
applications of the new OCA, as shown in Figs. 5(d) and 5(e).
The FWHMs of the Gaussian fit was calculated along the red
dashed lines on the two vessels [seen in Figs. 5(f) and 5(g)].

0.6[ Water-based ultrasonic
coupling gel
0.4
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Fig. 4 AR-PAM B-scan images of mice skin after (a) and (c) 5 min, (b)
and (d) 245-min PEG-T-PVP application and water-based ultrasonic
coupling gel application, respectively. (e) The AA of selected vessels
from B-scan images. (f) The depth between the surface of the skin and
the selected vessel from B-scan images. Panels (g) and (i) before, (h)
and (j) after 245-min PEG-T-PVP and gel application, respectively.
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Fig. 5 OR-PAM B-scan images of mouse skin after (a) 5 min, and (b) 125-min PEG-T-PVP application,
respectively. (c) The AA of selected vessel from B-scan images. MAP images of another mouse skin after
(d) 5 min and (e) 65-min PEG-T-PVP application, respectively. The FWHMs of Gaussian fit (f) and

(g) along red dash lines in (d) and (e), respectively.

Not only did the PA amplitudes of the two vessels increase, but
the FWHMs of the two vessels noticeably decreased, which
verified that viscous OCA can improve the lateral resolution
of OR-PAM.

2.3.2 OCT study

OCA has already been successfully implemented in OCT." To
validate the performance of this viscous OCA, we used it
in in vivo rat skin imaging with a commercial OCT system
(central wavelength: 840 nm, OCT1000, New Vision, Dongguan,

R(Z) = Ao + Boe_#‘oz

3 150

S
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China). The preparation of rat (~120 g, SD) skin and animal
anesthesia was similar to the aforementioned procedure. After
application of the viscous OCA on rat skin, we scanned the
rat skin every 15 min, and at each scanning 32 B-scan images
were acquired. Five of each of the 32 B-scans were randomly
selected on which to perform statistical analysis [as shown in
Figs. 6(a) and 6(b)]. Details of the processing method for
selected regions can be found in the previous literature.'> The
total attenuation coefficient yu, was gained from the fitted
curve of the averaged OCT signals shown in Figs. 6(c) and
6(d). Au,, the relative change of y,, was processed similarly to
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Fig. 6 OCT B-scan images of rat skin after (a) 0 min and (b) 120-min PEG-T-PVP application, respec-
tively. Panels (c) and (d) the averaged OCT in-depth signal of respectively selected regions from
(@) and (b) and corresponding fitted curves R(z) = A+ Be#Z, where A, =4.156, B, = 149.1,
i =70.76 cm=', and A, = 1.987, By = 161.8, u;; = 49.03 cm~'. (e) The Au; of selected region

from five random B-scans.
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Fig. 7 MAP images of another rat skin (a) before and (b) after 30-min PEG-T-PVP application with mas-
sage, respectively. Normalized PA amplitude along the (c) red dashed line and (d) red dotted line in (g)
and (h), respectively. Panels (e) before and (f) after 30-min PEG-T-PVP application with massage,

respectively.

Eq. (1) using fi,;, the u, mean of 5 frames at i min. Figure 6(e)
demonstrated the decrease of y, of rat skin.

2.3.3 Performance of massage for viscous OCA

As is commonly employed in the implementation of OCAs,3°
massage was used as an effective way to foster the optical
clearing effect. Therefore, we also tested the effect of massage
in helping the penetration of the viscous OCA when using the
AR-PAM imaging system. In this study, we first acquired a
control image of the rat (~120 g, SD) skin [seen in Fig. 7(a)]
without OCA and massage. Then, the animal was removed from
the AR-PAM system, and we applied the viscous OCA on the
same site and performed massage for 30 min. After that, we
repositioned the rat in the PAM system and did another imaging
[as seen in Fig. 7(b)]. Compared with Fig. 7(a), Fig. 7(b) showed
a dramatic enhancement in the photoacoustic signal. In addition,
the time for the OCA to take effect was greatly shortened
compared with the results in Figs. 3(g) and 3(h). Since massage
slightly altered the morphology of the skin and the repositioning
of the animal caused variations in the imaging area, the imaging
region in Fig. 7(b) does not exactly match that in Fig. 7(a).

3 Conclusions and Discussions

In summary, we developed a viscous OCA composed of PEG-
400, thiazone, and PVP. We demonstrated that this OCA has the
combined good properties of high viscosity and an optical clear-
ing effect. The high viscosity allows the OCA to be more stable
on oblique, uneven, or moving skin surfaces, avoiding multiple
reapplications of OCAs during the experiment. In addition, the
new OCA overcomes the skin whitening effect of water-based
ultrasonic coupling gel. In addition, our results also demon-
strated that the massage operation successfully helps the perfor-
mance of this viscous OCA. The toxicity of PEG-T has been
tested in a previous study,'® concluding that no apparent inflam-
matory or toxic reactions were induced. In addition, it has been
confirmed that the PVP is a safe component often used in daily
cosmetics.'® As a nontoxic excipient to thicken the mixture
without a chemical reaction, PVP does not affect the safety
of the mixture.
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In addition to the recipe and preparation method of the vis-
cous OCA in this work, other chemical components and proce-
dures are potential for viscous OCAs. Several OCAs,” which are
widely used for optical clearing, can be components of viscous
OCAs. Different penetration enhancers or thickeners also have
the potential for the preparation of viscous OCAs. However,
the solubility of penetration enhancers or thickeners in OCAs is
the main challenge to preparation. For example, agarose, another
polymer for thickening, is poorly soluble in PEG-400 and propyl-
ene glycol; thiazone is poorly soluble in glycerol at room temper-
ature. We can choose an appropriate proportion among these three
substances to gain a mixture sited to a specific application.

To the best of our knowledge, this is the first time an OCA
with a high viscosity has been prepared. Our results showed that
the imaging qualities in PAM and OCT can be improved using
this viscous OCA. Other operations'’ for improving the skin
permeability to OCA can be used for penetration enhancement
before imaging. This viscous OCA has a great potential in the
study of different turbid tissues using other optical imaging
modalities, such as confocal or multiphoton microscopy and
fluorescence imaging.
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