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Accurate structural and functional imaging is vital for the diagnosis and prognosis of urinary system dis-
eases. Fluorescence bioimaging in the second near-infrared spectral region (NIR-II, 1000-1700 nm) has
shown advantages of higher spatial resolution, deeper penetration, and finer signal-to-background ratio
(SBR) compared to the conventional fluorescence imaging methods but limited to its clinical inapplicability.
Herein, we first report in vivo NIR-II fluorescence imaging of the urinary system enabled by a clinically
approved and renal excretable dye methylene blue (MB), which cannot only achieve clear invasive/
non-invasive urography but also noninvasively detect renal function efficiently. These results
demonstrate that MB assisted NIR-II fluorescence imaging holds a great promise for structural and
functional imaging of the urinary system both clinically and preclinically.
© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diagnosis and prognosis of urinary system diseases were based
on imaging tests such as excretory urography, urination cystogra-
phy (UCG), and urological computerized tomography. However,
those methods have disadvantages such as ray exposure, contrast
allergy, and poor effectiveness [1-5]. Besides, the need for sensi-
tive, real-time, and safe imaging methods increased along with
the number of minimally-invasive procedures being performed.

Noninvasive analysis of renal function is also essential for
accessing urinary system diseases, especially unilateral kidney dis-
eases [6]. As the accurate evaluation of renal function demands
real-time imaging of kidneys at high contrast and high temporal
resolution, currently single-photon emission computed tomogra-
phy (SPECT), magnetic resonance imaging (MRI), and positron
emission tomography (PET) are the major tools for both clinical
diagnosis and preclinical renal function studies [7-9]. Likewise,
these methods suffered from high cost, limited access, and poten-
tial radiation exposure risk. Therefore, safe, low-cost, and sensitive
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renal functional imaging techniques are extremely desired for
clinical and preclinical kidney functional assessment.
Near-infrared (NIR) fluorescence imaging, a promising biomedi-
cal imaging method, has shown superior properties in clinical
translation owing to its high sensitivity, high temporal resolution,
and fast feedback, but is restricted to limited penetration depth
[10-13]. As imaging modality improved rapidly, the second NIR
spectral region (NIR-II, 1000-1700 nm) window fluorescence
bioimaging was verified to exhibit better spatial resolution, higher
signal-to-background ratio (SBR), and deeper penetration depth
compared to the conventional first NIR spectral region (NIR-I,
700-900 nm) window in more and more studies [14-18]. To date,
several kinds of NIR-II fluorescence probes, including quantum
dots (QDs) [17,19,20], carbon nanotubes [21-23], aggregation-
induced emission (AIE) dots [24-27], and rare-earth nanoparticles
[28-30], have been employed for outstanding NIR-II fluorescence
whole-body and microscopic imaging. However, most of them con-
fronted the same challenge in the process of clinical translation for
their uncertain pharmacokinetic/toxicokinetic and drug metabo-
lism [4,31,32]. Therefore, there is an urgent demand for NIR dyes
which balances the advantages of NIR-Il imaging and clinical appli-
cability. So far, it was only a clinically approved NIR dye indocya-
nine green (ICG) that has shown potential in clinical NIR-II
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fluorescence imaging based on its NIR-II emission tail [15,16,33]
but limited to be applied in the imaging of the hepatobiliary sys-
tem and lymphatic system.

Methylene blue (MB), a renal excretable NIR-I dye approved by
the US Food and Drug Administration (FDA), has been extensively
adopted for NIR-I fluorescence imaging-guided surgeries such as
the identification of ureter, localization of insulinoma and normal
pancreas, and intraoperative detection of breast cancer [34-37].
Intriguingly, the excellent molar extinction coefficient (71200
L-mol~l.cm™! at peak absorbance (665 nm)) and relatively high
quantum yield (QY, 3.8%) [34] made MB a candidate for clinical
NIR-II fluorescence imaging. Unfortunately, to the best of our
knowledge, the application of MB in NIR-II fluorescence bioimag-
ing has not been reported yet.

Herein, we successfully detected the NIR-II emission tail of MB
and compared tissue penetrating capability in the NIR-I window
and NIR-II window by imaging capillary tubes filled with MB aque-
ous solution submerged in Intralipid® 1% solution in vitro. Subse-
quently, in vivo comparison of UCG and excretory urography in
the NIR-I and NIR-II windows were performed in the mouse mod-
els. Moreover, MB with a bright NIR-II emission tail also made non-
invasive evaluation of renal function in the mouse model feasible.
Our study aims to evaluate the validity and feasibility of applying
MB to the structural and functional NIR-II bioimaging in the uri-
nary system and provide a brand new potential translation of
NIR-II imaging into clinical and preclinical applications.

2. Material and methods
2.1. Materials

Clinical grade MB was purchased from Jumpcan Pharmaceutical
Factory (China). Phosphate buffer saline (PBS) was obtained from
Sinopharm Chemical Reagent Co., Ltd. (China). Intralipid® 20%
was purchased from Baxter Healthcare Corporation (USA). Deion-
ized (DI) water with a resistivity of 18.2 MQ-cm~! was used in
all experiments.

2.2. Absorption and fluorescence emission characterization

Measurement of absorption spectra of MB in aqueous solution
was obtained from 550 to 900 nm using a Shimadzu UV-2550
ultraviolet-visible-NIR scanning spectrophotometer (Shimadzu,
Japan). The fluorescence emission spectra of MB dilutions in water
and urine in the NIR-II window were measured by a laboratory-
built system based on a PG2000 spectrometer (Ideaoptics Instru-
ments, China) and a 2000C spectrometer (Everuping Optics Corpo-
ration, China).

2.3. Quantum yield measurement

The QY of MB aqueous solution was measured using an NIR-II
dye IR-26 in dichlorethane (DCE) as a reference (QY ~ 0.5%) [38].
A series of DCE solutions of IR-26 and MB aqueous solution with
different optical density (OD) values were measured under
623 nm excitation, and NIR-II fluorescence intensities were inte-
grated beyond 1000 nm. Two slopes of the straight lines describing
the dependence of integrated NIR-II fluorescence intensity upon
OD (one from the reference of IR-26 in DCE and the other from
the MB aqueous solution) were obtained. The QY of the sample
(Q2) was calculated by the equation as follows:

Q =Q
Fslopel Tl%

where Q; is the QY of IR-26 in DCE (0.5%), Fsjope1 is the slope value
for IR-26 in DCE, Fgjopez is the slope value for MB aqueous solution,

2
F slope2 &
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n, is the refractive index of DCE, and n, is the refractive index of
water.

2.4. The photostability assay

The photostability assay of MB aqueous solution (0.005 mg-mL™!)
was conducted under continuous illumination from 623 nm light-
emitting diode (LED) with a power density of 80 mW-cm 2 for
60 min. The average fluorescence intensity was calculated from the
region of the cuvette.

2.5. Intralipid® phantom imaging

In vitro testing in an Intralipid® phantom was performed as
described previously. Intralipid® 1% solution was prepared by
diluting Intralipid® 20% into DI water. A capillary glass tube (inner
diameter = 0.3 mm) filled with MB solution (0.005 mg-mL™!) was
immersed in the prepared Intralipid® 1% solution, the depth of
which ranged from 1 to 6 mm below the top surface. NIR-I and
NIR-II imaging at different depths were performed (excitation
wavelength: 623 nm; power density: 30 mW-cm2; exposure time:
10 ms for NIR-I window versus 50 ms for NIR-II window).

2.6. Animal experiments

The present study was approved by the Animal Research Ethics
Committee of Zhejiang University (IACUC: ZJU20160141) and all
the animal experiments in this work were conducted strictly in
compliance with the requirements and guidelines of the Institu-
tional Ethical Committee of Animal Experimentation of Zhejiang
University. Institute of Cancer Research (ICR) mice (6-8 weeks
old, female) and BLAB/c Nude mice (6-8 weeks old, female) were
provided from the Shanghai SLAC Laboratory Animal Corporation
(China) and kept in the Laboratory Animal Center of Zhejiang
University (China). The animal housing area was maintained at
24 °C with a 12 h light/dark cycle, with free water and food avail-
able. Before each operation and imaging experiment, mice were
anesthetized via intraperitoneal injection of 2% pentobarbital
(40-50 mg-kg~! bodyweight) and kept in maintaining anesthesia.
Mice were intravenously injected with MB aqueous solution
(0.01 mg-g~' bodyweight, intravenously) before excretory urogra-
phy and were administrated irrigation of bladder using MB aque-
ous solution (0.005 mg-mL~', 100 uL) before UCG.

2.7. NIR-I fluorescence imaging

Images in the NIR-I window were captured using GA1280 cam-
era (1280 x 1024 pixels; Tekwin System, China) equipped with a
prime lens (focal length 50 mm, antireflection coating at 800-
2000 nm; Edmund Optics, USA), which was fitted with an
800 nm long-pass filter and a 900 nm short-pass filter to extract
NIR-I fluorescence signal. A 623 nm LED was used to provide uni-
form illumination on the field of interest (Fig. S1(a) in Appendix A).

2.8. NIR-II fluorescence imaging

A two-dimensional (2D) electronic-cooling indium gallium
arsenide (InGaAs) camera (640 x 512 pixels; Tekwin System)
equipped with a prime lens (focal length 50 mm, antireflection
coating at 800-2000 nm, Edmund Optics), cooled to —40 °C was
used to acquire images in the NIR-II window (Fig. S1(b) in Appen-
dix A). A 623 nm LED (SOLIS-623C; Thorlabs, USA) was used to pro-
vide uniform illumination on the imaging field. The facular power
density was measured before each imaging experiment. During
imaging, an 800 nm short-pass filter was used to filter 623 nm
excitation. A 1000 nm long-pass filter (Thorlabs) was placed in
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front of the camera lens restricting wavelength below as well as
allowing wavelength above 1000 nm to pass through the camera
lens.

2.9. In vivo kidney and bladder structural imaging

MB assisted UCG was conducted after the irrigation of the blad-
der using 200 pL MB aqueous solution (0.005 mg-mL~') and MB
assisted excretory urography was conducted after intravenously
injection of MB (0.01 mg-g~! bodyweight) in living mice. The sig-
nals of kidneys (dorsal side) and bladders (ventral side) were
acquired in both the NIR-I and NIR-II windows (623 nm LED, 80
mW-cm~2).

2.10. In vivo ureter imaging

Mice were fixed on a platform in the supine position. Laparo-
tomy was performed and the ureters were fully exposed. MB
(0.01 mg-g~! bodyweight) was intravenously injected into each
mouse, and then a piece of abdominal tissue was placed on the
ureter. NIR-I and NIR-II imaging were further performed to visual-
ize the ureter through the covered tissue. For the acute ureter liga-
tion model, the right ureter was ligated by surgical sutures.
Likewise, MB at a concentration of 1 mg-mL™! was intravenously
injected through the tail vein instantly after ligation, and the facu-
lar power density was adjusted to 30 mW-cm 2. The mice were
observed using an NIR-I or NIR-II camera to localize the ureter
and detect the ligation point covered by an abdominal tissue.

2.11. In vivo renal functional imaging

The unilateral ureteral obstruction (UUO) model was estab-
lished to investigate the renal perfusion by using MB assisted
NIR-II fluorescence imaging. Briefly, the UUO model was first
established by complete ligation of the left ureter of the mouse
while the right ureter was kept intact, and unilateral hydronephro-
sis and renal perfusion disorder gradually progressed over time.
For the sham-operated group, the ureters were not ligated. Subse-
quently, NIR-II fluorescence imaging was conducted in the UUO-3d
group (UUO for 3 days), the UUO-6d group (UUO for 6 days), and
the sham-operated group after MB intravenously injection
(0.01 mg-g~! bodyweight). The profile for the signals in kidneys
at different time points was recorded as a function of imaging time.
On the other hand, the unilateral renal failure (URF) models were
established to assess the renal filtration ability of MB assisted
NIR-II fluorescence imaging. Briefly, the right kidneys (RKs) were
excised both in the URF model and the sham-operated group,
and the left kidneys (LKs) were injured by an electric coagulation
knife to varying degrees in the URF model group but remained
intact in the sham-operated group. NIR-II fluorescence imaging
was conducted as mentioned above.

2.12. Serum creatinine and blood urea nitrogen assay

Blood was collected from the angular vein of the mice. The col-
lected blood samples were centrifuged for 15 min at 4500 r-min~'.
Serum creatinine (Cre) and blood urea nitrogen (BUN) were deter-
mined using commercial kits according to the manufacturer’s
protocols.

2.13. Histopathologic study

The kidney tissues of the UUO groups and the sham-operated
group were dissected and fixed with 4% paraformaldehyde, dehy-
drated in an ethanol solution, embedded in paraffin and cut into
sections with a thickness of 15 pm for hematoxylin and eosin
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(H&E) staining. The sections were washed with xylene and ethanol,
and then immersed in hematoxylin working solution for 4 min and
eosin working solution for 2 min, followed by washing with dis-
tilled water. The stained sections were examined using a micro-
scope (Primovert; Zeiss, Germany).

2.14. Data analysis

Quantitative analysis of each fluorescent image was performed
based on the measurement of mean signal intensity in the manu-
ally selected regions of interest, using Image] software (Version
1.6.0; National Institutes of Health, USA). Graphs were generated
using OriginPro software (Version 9.0; OriginLab Company, USA).
The data are presented as mean + standard deviation (SD). Statisti-
cal analysis was performed using Student’s t-test. * denotes a sta-
tistical significance (*p < 0.05, **p < 0.01, and ***p < 0.001) between
the experiment data of the two groups.

3. Results and discussion
3.1. MB optical characterization

MB, a small molecule NIR-I dye (the chemical structure was
shown in Fig. 1(a)), had an absorbance peak at ~665 nm. The emis-
sion spectrum of MB aqueous solution was recorded on a silicon (Si)
and an InGaAs detector-based spectrometer, indicating that its fluo-
rescence emission extended into NIR-II window (Figs. 1(b) and (c)).
Beyond a wavelength of 1000 nm, the QY of MB in water was calcu-
lated as 0.2% (Fig. S2 in Appendix A), which is based on the NIR-II flu-
orescence QY (~0.5%) of IR-26 in DCE as the reference. Importantly,
MB showed higher NIR-II fluorescence intensity under 623 nm LED
excitation (0.1 mg-mL~!, 30 mW-cm™2) than another reported
renal-clearable NIR-II dye (CH-1055-PEG [39]) under 793 nm laser
excitation (0.1 mg-mL~!, 30 mW-cm™2), as illustrated in Fig. S3 in
Appendix A. Besides, MB in water also showed negligible fluores-
cence decay under continuous 623 nm LED irradiation (80
mW-cm~2) for 60 min, exhibiting an excellent photostability
(Fig. S4 in Appendix A). To compare the fluorescence penetrating
ability of MB in the NIR-I and NIR-II windows, a tissue phantom
study using Intralipid® mimicking the optical characteristics of bio-
logical tissues was performed. The fluorescence signals decreased
both in NIR-I and NIR-II window with increasing thickness of Intra-
lipid® 1% solution. The NIR-I fluorescence signal of MB was close to
the background noise at a 3 mm thickness of Intralipid® 1% solution
while the NIR-II fluorescence signal for MB was still visible even at a
thickness of 5 mm. Full-width-half-maximum (FWHM) analysis
depicting the feature width of NIR-I and NIR-II capillary images at
varying depths in Intralipid® phantom assay was also plotted
(Fig. 1(d)): The fluorescence FWHM measurement of the capillary
tube without Intralipid® 1% solution were (386.5 + 5.4) and (389.4

+ 1.7) um in the NIR-I and NIR-II window, respectively. Whereas
the FWHM was (3294.9 + 453.2) and (1243.1 + 14.4) pm in the
NIR-I and NIR-II windows, respectively, when the depth increased
to 6 mm (Fig. 1(e)). Besides, the SBRs for MB in NIR-II window were
1.7-,4.3-,2.7-,2.1-,and 1.8-fold higher than those for MB in the NIR-
Iwindow at a Intralipid® 1% solution thickness of 1, 2, 3,4, and 5 mm,
respectively (Fig. 1(f)). These results indicated that the fluorescence
of MB in the NIR-Il window had deeper tissue penetration and higher
sensitivity than those in the NIR-I window on account of the reduced
light scattering in the NIR-II window.

3.2. MB assisted UCG in the NIR-I and NIR-II windows

Vesicoureteral reflux (VUR) is a common disease in children’s
urology. Due to the reflux of urine from the bladder to the ureter
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Fig. 1. Characterization of MB. (a) Chemical structure of MB. (b) Normalized absorption and emission spectra of MB in water. (c¢) Normalized fluorescence emission profile of
MB between 1000 and 1200 nm wavelength region. (d) NIR-I and NIR-II fluorescence images of glass capillary filled with MB (0.005 mg-mL~") at depths of 0, 1, 2, 3, 4, 5, and

6 mm in Intralipid® 1% solution (excitation wavelength: 623 nm; power density: 30 mW-.cm~2;

~2; exposure time: 10 ms for NIR-I window versus 50 ms for NIR-II window).

(e) FWHM and (f) SBR were calculated for capillary glass tubes filled with MB solution. Data are the mean * SD, n = 3 independent measurements.

and renal pelvis during urination, it can progress to repeated uri-
nary tract infections, which eventually leads to scarring, atrophy,
and renal function of the kidneys [40]. UCG is the gold standard
for the diagnosis of VUR. As VUR is an intermittent disease, it often
requires multiple reflux assessment tests. However, currently
available UCG techniques are all exposed to radiation, which
results in the invisible increases in the carcinogenic risk for
patients, especially for children [41]. Therefore, we tried to use
MB assisted fluorescence imaging technology to achieve the UCG.
We initially investigated the stability of MB in urine, and the fluo-
rescence of MB exhibited minimal changes when diluted with
mouse urine compared to MB aqueous solution at the same con-
centration (Figs. 2(a) and (b)). Subsequently, we conducted MB
assisted UCG in the NIR-I and NIR-II windows after irrigation of
the bladder with MB aqueous solution. Although MB has stronger
fluorescence signal in the NIR-I window than that in the NIR-II
window under the same imaging conditions, the SBR in the NIR-I
window (1.23) was significantly lower than in the NIR-II window
(2.26), which was consistent with the results of previous in vitro
experiments, and MB assisted UCG in the NIR-II window can
clearly and accurately reflected the size and boundary of the blad-
der (Figs. 2(c) and (d)).

According to the above results, we suggested that MB assisted
fluorescence imaging was a promising technique for clinical UCG.
Moreover, MB assisted UCG in the NIR-II window has more
imaging advantages, compared to that conducted in the NIR-I
window.

3.3. Excretion and in vivo stability of MB

Before the MB assisted excretory urography and functional
imaging experiments, we first investigated its excretion. As is
shown in Fig. S5 in Appendix A, NIR-II fluorescence signals mainly
located in the bladder and the gallbladder of mice intravenously

152

injected with MB aqueous solutions (30 min postinjection), which
demonstrated that MB could be excreted by kidney and liver as
reported in previous studies [42,43]. Subsequently, the whole-
body NIR-II fluorescence imaging (dorsal and ventral side) was
conducted at different post-treatment time points after intra-
venous injection of MB (Figs. 3(a) and (b)). The signals in the kid-
neys reached the peak at 3 min post-injection of MB and then
decreased with time while fluorescence signals in the bladder
increased with time (Fig. 3(c)). Taken together, MB showed a
potential for real-time NIR-II fluorescence visualization of the uri-
nary system including structural and functional imaging.

3.4. Excretory urography in vivo using MB in the NIR-I and NIR-II
window

The NIR-II emission and renal excretability enable MB a
straightforward application to NIR-II fluorescence excretory urog-
raphy. We first conducted non-invasive excretory kidney imaging
using NIR-I and NIR-II imaging systems in the same mouse model.
It was obvious that imaging using NIR-II detection had advantages
over conventional NIR-I detection, with imaging in the NIR-II
window achieving higher-contrast macroscopic imaging of the kid-
ney in mice through intact skin compared with that in the NIR-I
window (Figs. 4(a)-(c)).

Ureter injury is a rare but serious complication of urinary
surgery; however, the diagnosis of such injury is often delayed
[44-46]. Thus, early identification of ureteral is essential to avoid
morbidity and preserve renal function. MB was reported to be suc-
cessfully utilized in the intraoperative ureter visualization in the
NIR-I window [35,37]. We, therefore, detected the feasibility of
NIR-II fluorescence imaging application in the ureter identification
compared with the NIR-I window. Invasive NIR-I and NIR-II fluo-
rescence imaging were applied to the real-time identification of
ureter covered by a mouse abdominal tissue (thickness:
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Fig. 3. Renal clearance and in vivo stability studies of MB. (a) Schematic illustration of the renal excretion of MB through the urinary system. (b) Representative NIR-II
fluorescence images at t = 1, 3, 15, 30 min after injection of MB in mice. The red circles indicate the kidneys and bladder on the dorsal and ventral sides, respectively. NIR-II
fluorescence images were acquired beyond 1000 nm upon excitation of 623 nm, LED power of ~80 mW.cm2. (c) NIR-II time-fluorescence intensity curves (TFICs) of the

kidney and bladder after MB injection. Data are the mean # SD, n = 3 independent measurements.

153



D. Xue, D. Wu, Z. Lu et al.

Min Max  Min

Max

Engineering 22 (2023) 149-158

NIR-|
260

240}

220}

200 SBR=1.07

Distance (mm)

(b)

Distance (mm)

(©

Il ~80 m Y %
3 5 Lo
S LTt
S P
- [ / .
2 260 )
zZ . . e, £ ..
FWHM=1.34 mm i FWHM_=4.48 mm
. SBR=1.15 500 . SER=1.08
0 2 4 0 2 4
Distance (mm) Distance (mm)
(d)
- \Y, :
= £\ ,580 VI J’,'\.
860[ [\ = /X
z £~ 570 R
E 250 / @ / LY
= Q ‘/ \w ve’e fi
z Sq0t . Lo |geop L
T .« FWHM=1.15 mm 7 FWHM=1.13 mm-.-" |
30f .~ SBR=1.94 50 SBR=1.57
0 2 4 6 0 2 4 6
( )Distance (mm) Distance (mm)
e
NIR-II
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intravenously). (b, c) SBR analyses in (b) NIR-I and (c¢) NIR-II window, respectively. (d, e) Representative images of ureter covered by mouse abdominal tissue after intravenous
injection of MB in (d) NIR-I and (e) NIR-Il window, FWHM and SBR of the ureter imaging in NIR-I and NIR-II window were calculated based on a two-term Gaussian fit to the
intensity profiles. (f, g) Ureter imaging in the UUO model in (f) NIR-I window and (g) NIR-II window, yellow circle indicates the position of the obstruction point.

~1.5 mm) in the region of interest. Though the ureter could be
visualized in the NIR-I window, the SBRs were rather low (Fig.
4(d)). When switching to the NIR-II window with a 1000 nm
long-pass filter, the background noise significantly reduced and
spatial resolution improved (Fig. 4(e)). Whereafter, acute ureter
obstruction was established on a mouse model to identify ureter
lesion under NIR-I and NIR-II detectors. As shown in Figs. 4(f)
and (g), the ligation point of the ureter was identified with good
contrast in the NIR-II window while the specific ligation point
could be hardly recognized under the NIR-I detection after upreg-
ulating the penetrating depth. These results indicated that MB
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assisted NIR-II fluorescence imaging was a superior choice in
image-guided surgery concerning ureter identification compared
to the conventional NIR-I fluorescence imaging, especially for the
patient whose ureter was covered by some tissues. As full clinical
implementation of MB has been partially limited when the ureter
was covered by adhesion tissue, the higher contrast of MB assisted
NIR-II fluorescence imaging over NIR-I imaging could benefit these
applications. Importantly, the implementation of this contrast
improvement would be straightforward, requiring only a switch
from cameras with NIR-I sensitivity to those with NIR-II sensitivity
while maintaining the familiar surgical setup and MB use.
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3.5. In vivo MB assisted NIR-II fluorescence imaging of renal function (Fig. 5(a)) by complete ligation of the left ureter of the mouse while
the right ureter was kept intact (Fig. 5(b)). As a result, unilateral

Renal functional test or imaging usually reflects two aspects, hydronephrosis and renal perfusion disorder gradually progressed
those are, renal perfusion and renal filtration function. As the renal over time. For the sham-operated group, the ureters were not
clearance is the main extracted way of MB and its fluorescence signal ligated. Subsequently, NIR-II fluorescence imaging was conducted
changes in kidneys could be detected non-invasively in the NIR-II in the UUO-3d group, the UUO-6d group, and the sham-operated
window, MB seemed a good candidate for real-time imaging of renal group, and the profile for the signals in kidneys at different time

function. Hence, the UUO model was first established for 3 and 6 d points was recorded (Fig. 5(¢)). With MB as the NIR-II contrast agent,

0d 3d 6d
& ® ® =
MB injection
g !
Sham R
% 30 min  NIR-Il imaging
MB injection
uuo-3d ——mm .
. 30 min  NIR-Il imaging
MB injection
Uuo-6d :
E | 30 min  NIR-Il imaging
(a)

Post-injection time (min)
5 10 15 30

1
: " u u ll Il h
®
<
n
Ligation
- : u B E! [!
]
)
5
Bladder 3
Urethra g ”
UUO model 5 sk
(b) (c)
3 400 3400 — 3400
~ bl Peak value — = Peak value —RK
& 300 L x Peak value AR €300 ~UUO-3d LK| @309 =~ JUO-6d LK
c -+ NL c c
E 2 2
i 200 5200 5200 .
> Peak time > > Peak time
8] L 2
1 1 1 = c
S 0 10 20 30 407 O ' ' ' g 0 : : '
S 3 7 10 20 30 407 10 20 30 40
Time (min) Time (min) Time (min)
(d) (e) (f)
10
’\-500 NS _ * =
;;400 NS ﬂ;** ok ;i 8+ * %
0300 | 4B 6 NS
. = S
2200 + k! o
3 3 B et T
100 } | f ool
0 1 1 1 1 1 1 0 1 1 1 1 1 1
L &P &P & & &P &S
& oy O\f‘" %‘(\r&‘\ o\)l" O\}{"
°Y N ¥

Fig. 5. Real-time detection of kidney blood perfusion via NIR-II fluorescence imaging of MB in living mice. (a) Schematic illustration of mice of the sham-operated group and
UUO group, and NIR-II fluorescence imaging at different post-operation time points. (b) Schematic illustration of UUO model establishment by complete ligation of the left
ureter while the right ureter was kept intact. (c) Representative whole-body (dorsal side) noninvasive fluorescence images of mice after intravenous injection of MB solution
(0.01 mg-g~! bodyweight, intravenously) at different post-injection time points (wavelength: 623 nm; power density: 80 mW-cm~2; exposure time: 60 ms). (d-f) TFICs of
kidneys in (d) the sham-operated group, (e) the UUO-3d group, and (f) the UUO-6d group. (g, h) Statistical analysis of the two parameters extracted from the kidney TFICs of
UUO mice and the sham-operated group. The parameters include the (g) peak value and (h) the peak time. Data are the mean * SD. n = 3 independent measurements.
*p < 0.05, **p < 0.01, ***p < 0.001. (i) Kidney pathologic analysis of the sham-operated group, UUO-3d group, and UUO-6d group (H&E stain, scale bar = 100 pm). NS: not
significance.
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we easily differentiated the UUO kidneys from the normal kidneys
by noninvasive NIR-II imaging and analysis of the time-
fluorescence intensity curves (TFICs) of the kidneys. As shown in
Figs. 5(d) and (f), the signal changes of the LK and RK showed no sig-
nificant differences in the sham-operated group (Fig. 5(d)) while the
obstructed LKs showed dramatically decreased signal peak value
compared to the normal RKs in the UUO groups (Fig. 5(g)). Corre-
spondingly, the peak time of the obstructed LK TFIC was delayed
in the UUO groups compared to the normal RK in UUO groups and
the kidneys in the sham-operated group (Fig. 5(h)). Moreover, the
obstructed LK signals in the UUO-6d group showed a prolonged peak
time compared to those in the UUO-3d group, which was consistent
with the pathological analysis of kidney tissues (Fig. 5(i)): The renal
tubules exhibited mild to moderate atrophy and dilatation in kid-
neys of the UUO-3d group which suggested mild renal perfusion dis-
order, whereas, renal tubular damage and cortical atrophy were
much more pronounced in kidneys of the UUO-6d group. These data
indicated that MB assisted NIR-II fluorescence imaging of renal func-

Engineering 22 (2023) 149-158

tion could not only differentiate between normal kidneys and kid-
neys with perfusion disorder but also reflected the severe stage of
the perfusion disorder.

Renal filtration function is also indispensable for the renal func-
tion analysis, and BUN and Cre are frequently used to evaluate the
renal filtration function, but they both are not good indicators of a
single kidney because of the presence of a well-functioning con-
tralateral kidney. Given this compensatory mechanism, the solitary
kidney models were established by right nephrectomy, which was
used to investigate the feasibility of MB assisted NIR-II real-time
imaging in the assessment of renal filtration function. Further, the
LKs were treated with varying degrees of electric coagulation injury
in the URF group but were kept intact in the sham-operated group
(Fig. 6(a)). Similarly, MB assisted NIR-II real-time imaging was car-
ried out after MB intravenously injection with TFICs utilized to ana-
lyze the renal filtration function (defined as the clearance
percentage at 30 min = peak value intensity at 30 min/peak
value x 100%) (Figs. 6(b) and (c)). As is shown in Fig. 6(d), MB
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Fig. 6. Real-time detection of renal filtration function via NIR-II fluorescence imaging of MB in living mice. (a) Schematic illustration of URF model establishment; red areas
indicate lesion sites by electrical coagulation. (b) Representative NIR-II fluorescence images of the control group and URF group after intravenous injection of MB (0.01 mg-g !

bodyweight, intravenously) at different post-injection time points (excitation wavelength: 623 nm; power density: 80 mW-cm

2; exposure time: 60 ms). (c) TFICs of kidneys

in the control group and URF group. (d) Statistical analysis of the clearance percentage at 30 min extracted from the kidney TFICs of the control group and the URF group,
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p < 0.001. (e) In vitro detection of renal function with other assays (Cre and BUN) in the control group and the URF group, ***p < 0.001.
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clearance percentage at 30 min was reduced significantly in the URF
group compared to the sham-operated group. To compare the renal
function detection ability of MB with the clinical methods, Cre and
BUN in the blood of living mice were measured using the commer-
cial assays in the two groups. Statistically significant increases both
in Cre and BUN were observed in the URF group. These data were
consistent with the above imaging results, suggesting that MB is fea-
sible for noninvasively detecting renal filtration function by NIR-II
fluorescence imaging.

Although several NIR-II dyes such as CH-1055-PEG, CDIR2, rare-
earth nanoparticles, and gold nanoparticles were reported to show
potential in the NIR-II imaging of renal function [39,47-51], con-
siderable work is required to use them in in vivo application
because of uncertain toxicity and pharmacokinetics. Moreover,
the power densities of the excitation laser were fairly high in
real-time imaging even for animal models (300 mW-cm ™2 for both
CDIR2 and CH-1055-PEG) [39,50]. Nevertheless, MB could achieve
clear real-time imaging at a relatively low power density of
623 nm LED excitation (80 mW-cm~2). As the absorbance of MB
at 665 nm was 1.85-fold higher than that at 623 nm, clear MB
real-time imaging may be achieved at an even lower power density
at 665 nm excitation.

4. Conclusions

In summary, we detected the NIR-II emission of MB and inves-
tigated its application in NIR-II fluorescence invasive/noninvasive
urography and noninvasive NIR-II imaging of renal function in
mouse models for the first time. MB showed higher SBR and better
spatial resolution in the NIR-II window than in the NIR-I window,
which suggested a more appropriate detection window when
using MB fluorescence imaging clinically: Switching the traditional
silicon-based detection cameras to emerging InGaAs cameras could
potentially improve the fluorescence imaging technique both pre-
operatively and intraoperatively. As MB is excreted mainly through
the kidney, the renal function analysis of MB assisted NIR-II
fluorescence imaging is consistent with the pathology result and
clinical diagnostic parameters including Cre and BUN. Thus, MB
assisted NIR-II fluorescence imaging not only holds great promise
for invasive and noninvasive structural imaging of the urinary sys-
tem clinically but also permits investigation of renal function
preclinically.
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