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ABSTRACT: This work presents a polyene bridging
strategy on Rhodamine-type dye analogues (Rh824,
Rh926, and Rh1029) for tuning absorption and emission
wavelengths from the first near-infrared window (NIR-I;
750—900 nm) to the unprecedented second near-infrared
window (NIR-II; 1000—1700 nm). Phosphatidylcholine
(PC) enclosures of the dyes improve water solubility and
triple the fluorescent quantum yields. The representative
NIR-II fluorophore Rh1029-PC presents significantly
higher spatial resolution, compared to NIR-I fluorophore
Rh824-PC, when performing in vivo vascular imaging. We
construct a mouse vascular hemorrhage model and apply
Rh1029-PC as the angiography agent in NIR-II window for
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the first time. The images show superior clarity of the hemorrhage positions in the NIR-II window, suggesting the
successful application of the hybrid Rhodamine-derived dye in NIR-II fluorescent bioimaging.

in clinics has several unique advantages, including fast

temporal resolution for real-time imaging, multichannel
1,2

F luorescent imaging as one of the bioimaging modalities

capability, and low cost.”” Over decades of research,
noninvasive fluorescent imaging technology has evolved to
be a powerful tool for studying physmloglcal functions, and
providing guidance for precise surgery.” However, most of the
fluorescent imaging studies in the literature focused on
emission wavelengths from visible to near infrared range up
to 900 nm (NIR-I). In this wavelength window, the imaging
quality commonly suffered from shallow penetration depth
(typically <3 mm) and low spatial resolution (typically 1—2
mm) due to strong tissue absorption, scattering, and
autofluorescence.”® To overcome these drawbacks, a growing
number of studies have been focusing on fluorescent materials
that emit at even longer wavelengths, that is, the second near-
infrared (NIR-II) window from 1000 nm to 1700 nm.**~’
Despite stronger absorption from water, excitation and
emission of longer wavelengths cause both lower light
scattering and autofluorescence intensities. Probing fluores-
cence signals in the NIR-II window provides potentially better
spatial resolution than in the NIR-I (750—900 nm) window."’

In search of suitable fluorescent materials, quite a few NIR-II
fluorophores were developed, including PbS or Ag,S quantum
dots,"’ single-walled carbon nanotubes,'*"® and nanoparticles
containing luminescence down-converting rare-earth elements
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as a whole."*™"” Many of these nanoparticle-type fluorescent
materials indeed show superior imaging quality but still need
to solve issues such as high toxicity and slow excretion for
practical use.” Small organic molecules, on the other hand,
have fewer of these types of concerns. Indocyanine Green
(ICG) and Methylene Blue (MB), for instance, are two
clinically safe fluorescent agents but are primarily used for
imaging in the NIR-I window.'®™*° Therefore, the pursuit of
highly fluorescent small organic fluorophores in the NIR-II
window recently triggered great interest from researchers in
the fluorescent imaging field. Donor—acceptor—donor (D-A-
D) structures and extended 7-conjugates are two general
design principles to approach the goal.”' For instance, Dai’s
group first demonstrated CH1055, which is a D-A-D molecule
for targeted tumor imaging in the NIR-II window.””** They
achieved an in vivo imaging depth of ~4 mm with superior
spatial resolution and especially fast renal clearance. Zhang’s
group further improved spatial imaging resolution with an
excitation wavelength in the NIR-II region by using a 1064-
nm-laser excitable cyanine-type dye® or a flavylium heterocycle
variant for multiplexed biosensing.**
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Rhodamine is a class of robust small organic fluorophores
widely used in photochemistry studies such as dye laser
medium or fluorescent labeling.”> They have high quantum
yields of emission and can sustain high power of laser
irradiation. However, most Rhodamine dyes emit photons in
the visible region upon excitation with small Stokes shifts.
Much effort now has been devoted to hybrid Rhodamine
variants, including metalloid xanthene rhodamines, pyronin
rhodamines, hybrid cyanine-rhodamines, etc. for further
bathochromic shift of fluorescent emission.”*™>° Nevertheless,
NIR-II-emitting hybrid Rhodamine fluorophores are still rare.
In this article, inspired by the notion of hybrid Rhodamine
construction, we present a general approach of introducing a
polyene bridge between the Rhodamine-type fluorophore and
benz[c,d]indolium moiety for bathochromic shift toward
further NIR windows (Scheme 1). The bridge consists of

Scheme 1. Molecular Structures of Hybrid Rhodamine-
benz[c,d]indolium Analogues with Variable Lengths of the
Polyene Bridges
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one to three repeating units of the vinylene group. Each
vinylene extension is expected to red-shift the absorption
spectrum by ~100 nm.”” We are able to tune the fluorophore
in a systematic manner from NIR-I to NIR-II within the same
molecular moiety. The tradeoff between the fluorescent
quantum yield loss and the resolution gain from this
conjugation bridge approach is closely examined in both of
the NIR windows for mouse vascular imaging. In addition, we
apply the hybrid Rhodamine series in a vascular hemorrhage
model and elegantly demonstrate the advantage of decreased
background scattering for sharp clarity in the NIR-II imaging
window.

The synthetic routes to the polyene-bridged hybrid
Rhodamine-benz[c,d]indolium analogues, Rh824, Rh926, and
Rh1029 were presented in the Supporting Information (Figure
S1).*® Briefly, benz[c,d]indolium iodide (compound I) reacted
with N,N’-diphenylformamide to form compound II and
sequentially conjugated with compound III through con-
densation in acidic anhydride. The final product NIR-I dye
Rh824 gave an overall yield of ~50%. The yield was ~41% for
Rh926, based on similar synthetic procedures. However, the
aforementioned synthetic sequence for Rh1029 only gave an
overall yield of <10%. Diene-bridged cyanine-benz[c,d]-
indolium dye was the major byproduct. We took a different
approach for the synthesis of Rh1029. Prior to the introduction
of I, we conducted condensation reaction between the anilines
and ITIL In this way, the yield was improved to 30% for
Rh1029.*
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Figure 1 shows Vis-NIR absorption and fluorescent spectra
of Rh824, Rh926, and Rh1029 in dichloromethane. The three
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Figure 1. (A) Photophysical properties of Rh824, Rh926, and
Rh1029 in dichloromethane. (B) Normalized Vis-NIR absorption
and fluorescence spectra of Rh824 (exc. 808 nm), Rh926 (exc. 915
nm), and Rh1029 (exc. 980 nm) in dichloromethane.

fluorophores displayed absorption maxima at 824, 926, and
1029 nm with emissions peaked at 872, 975, and 1093 nm,
respectively. The absorption maxima were ~100 nm apart,
which was in accordance with the increment of each vinylene
bridge unit.’’ The existence of shoulder absorptions was
possibly due to noncovalent dimerization of hybrid Rhod-
amine-based dyes.”> Each fluorescent spectrum roughly
mirrored the absorption and had a peak Stokes shift of
~50—60 nm. The polyene bridges successfully moved
emissions of the hybrid Rhodamine-benz[c,d]indolium ana-
logues into biological transparent regions where Rh824 fell
into the NIR-I window while Rh926 and Rh1029 appeared in
the NIR-II region. We used commercially available IR1061
(®g, = 0.53%) as the fluorescent actinometer””**** to obtain
the relative quantum yields for these three dyes. The calculated
quantum yields for Rh824, Rh926, and Rh1029 were 1.30%,
0.76%, and 0.33%, respectively. The increased flexibility and
cis—trans isomerism caused a reduction in quantum yield (®)
as the conjugated 7-system was extended.” Detailed measure-
ments and calculations are shown in Figure S2 in the
Supporting Information.

The hybrid Rhodamine-benz[c,d]indolium analogues were
hydrophobic in nature. We chose amphiphilic phosphatidyl-
choline (PC)™ to solubilize the lipophilic molecules in water.
Dyes would embed themselves into the multilayer phospho-
lipids with the acidic tail anchored into assemblies of
phospholipid acyl chains through hydrophobic—hydrophobic
interaction.”” The quantum yields of PC-enclosed dyes
(Rh824-PC, Rh926-PC, and Rh1029-PC) were optimized by
varying the synthesis temperature, dye:PC ratio, and reaction
time. The optimal recipe contained a Rh1029:PC molar ratio
of ~1:5 (see Figure S3 in the Supporting Information). The
quantum yields for Rh824-PC, Rh926-PC, and Rh1029-PC,
based on this recipe, were 2.72%, 1.95%, and 1.27%,
respectively (see Figure 2B, as well as Figure S4 in the
Supporting Information), which tripled that of dyes dissolved
in dichloromethane.*® This increase in quantum yield could be
due to space separation of fluorophores by hydrophobic alkyl
chains of PC with literature precedence, but it is difficult to
reach this conclusion definitively, based on the ground state
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Figure 2. (A) Ilustration of the enclosure of hybrid Rhodamine-
benz[c,d]indolium analogues by phosphatidylcholine. (B) Photo-
physical properties of Rh824-PC, Rh926-PC, and Rh1029-PC in
water. (C) Hydrodynamic size distribution of Rh1029-PC by
dynamic light scattering. (D) Absorption and fluorescence spectra
of Rh824 (10 pmol/L), Rh926-PC (20 pmol/L), and Rh1029-PC
(35 pmol/L) in water. (E) SEM image of Rh1029-PC.

electronic absorption, and this is subject to future inves-
tigations. The sizes of Rh1029-PC were ~100 nm, on average,
as determined by dynamic light scattering (DLS) (Figure 2C).
We also tried other strategies, including PEGylation,
embedding in silica or polystyrene (PS) matrix, or enclosure
of bovine serum albumin (BSA) to solubilize the dyes in
aqueous solutions. Nevertheless, PC was found to be the most
efficient in improving the overall fluorescent quantum yields.

We further tested the photostability of the self-assembled
nanovesicles by continuous laser illumination. The fluorescent
emission of Rh1029-PC at 1100 nm and Rh824-PC at 880 nm
remained unchanged after 1 h of illumination, suggesting
excellent photostability. In stark contrast, FDA-approved ICG
and ICG-PC suffered from a significant decrease of
fluorescence measured at 835 nm in water (see Figure S§ in
the Supporting Information). We selected Rh824-PC and
Rh1029-PC in the following in vivo bioimaging and compared
the imaging quality in the two NIR windows.

Prior to vascular bioimaging, we evaluated toxicity of
Rh1029-PC based on cellular viability analysis in vitro. The
cellular viability based on Hela cells was >86% for the 24-h
group and >79% for the 48-h group (Figure S6 in the
Supporting Information), which demonstrated low cytotoxicity
of Rh1029-PC. In vivo vascular imaging was performed with
nude mice intravenously injected with 1.0 mM of Rh824-PC or
Rh1029-PC solution. The mice were then killed after S min
and subjected to fluorescent signal collection on the NIR-I or
NIR-II bioimaging apparatus. We sieved the optimal imaging
region for vessel images of hindlimbs at a power density of 10
mW cm ™% The NIR-II imaging apparatus was equipped with
different longpass filters (1100, 1200, and 1300 nm long-
passes) to collect different fluorescent wavelength regions. As
shown in Figures 3A and 3C, the low signal-to-noise ratio of
the capillary region in the NIR-I window using Rh824-PC
frustrated accurate determination of the vascular width. In
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stark contrast, vascular images in the NIR-II window using
Rh1029-PC were much sharper, thanks to much lower
autofluorescent background noise. The Gaussian fit was
conducted based on the luminescent intensity along the line
drawn in the images." The vascular width is 0.35 mm by using
the full width at half maximum (FWHM) measure of a
Gaussian peak fit (4,,> 1100 nm) in the femoral vascular
region (Figure 3D1). The widths for the femoral vessel in the
other two emission collection windows were calculated to be
0.31 mm (A, > 1200 nm), and 0.27 mm (A, > 1300 nm),
respectively. We peeled off the skin of the nude mouse and
measured the accurate width of the femoral vessel at the same
position (Figure S7 in the Supporting Information). The
vascular width was 0.30 mm, which was in accordance to the
width obtained by data fitting in Figure 3D2. Therefore, the
optimal imaging channel of 4.,> 1200 nm region was selected
as the best channel for in vivo bioimaging in this case. It
maintained low autofluorescence and subtle image details at
the same time. The resolution in this region was calculated to
be 0.131 mm (see Figure S8 in the Supporting Information).
Comparatively, the image in the A.,> 1100 nm region
presented higher background interference and the image in the
Aem= 1300 nm region missed part of capillaries, which were
both inferior.

We calculated the vascular width (see Figures 3G and 3H)
based on the calibration curve along the red dashed lines
shown in Figures 3E and 3F. High autofluorescence in the
NIR-I region caused difficulty in distinguishing the vascular
signal curve, which inhibited imaging of subtle structures of
vessels on the abdomen. In contrast, high-resolution imaging of
vessels was achieved by Rh1029-PC, including parallel femoral
artery and capillaries (Figure 3F). The vascular nest spread
over the abdomen was distinguishable even near the liver
region (see Figures 3F and 3H). Herein, Rh1029-PC exhibited
images that are more precise with higher resolution and signal-
to-noise value (SNR), compared to Rh824-PC in this case.

Vascular hemorrhage is a complication for multiple diseases,
such as aneurysmal subarachnoid hemorrhage (aSAH),*® skin
necrosis,”” and injuries caused by surgery and impact. As a
result, clear and sharp images of vascular hemorrhage would
help clinicians more accurately identify aSAH patients at risk
and provide treatment more effectively.”® With the superior
spatial resolution of Rh1029-PC as a NIR-II fluorescent
contrast agent, as demonstrated in the in vivo vascular imaging,
we further applied this material in a mouse vascular
hemorrhage model. We intravenously injected 300 uL
Rh1029-PC (1 mM) at first. The left hindlimb of the nude
mouse then was tied up for 10 min to cause a vascular
hemorrhage. The right hindlimb remained untreated to
provide a baseline of normal blood flow for comparison (see
Figure 4A). Finally, the rope was released and both hindlimbs
were imaged over a 1200 nm wavelength window shown side
by side.

As shown in Figure 4B, to the naked eye, there was no
macroscopic difference between the left and right hindlimbs.
We highlighted the hemorrhage region using a green square
and marked the fluorescent intensity as Iiemorrhager 1he
corresponding hemorrhage-free region was highlighted by a
blue square, and the fluorescent intensity in this region was
marked as Igemorhage-Freer 1he Tatio value (R) reflecting the
degree of hemorrhage accumulation was enclosed by a square
with yellow dotted lines and calculated in Bruker molecular
imaging software based on the formula below:
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Figure 3. Images of hindlimbs of nude mice intravenously injected with (A) Rh824-PC (1 mmol/L) under excitation of 808 nm laser (10
mW cm™2) and (B) Rh1029-PC (1 mmol/L) (equipped with (B1) 1100 nm, (B2) 1200 nm, (B3) 1300 nm longpass filters, under excitation
of a 980 nm laser (10 mW cm™2) with the exposure time of 500 ms). (C) Corresponding fluorescent intensity along the red dashed line
drawn in panel (A) and measured vascular width (blue line) to a Gaussian fit. (D1—D3) Corresponding fluorescent intensities along the red
dashed lines in panels (B1—B3) and measured vascular widths (blue lines) to Gaussian fits. Images of abdomen of mice intravenously
injected with (E) Rh824-PC (1 mmol/L) and (F) Rh1029-PC (1 mmol/L). (G, H) Corresponding fluorescent intensities along the red
dashed lines of panels (E) and (F). The signal-to-noise ratios (SNR) values are the ratios of peak fluorescent intensity over average

fluorescent noise intensity.

IHemorrhage - IHemorrhage—Free

R =
(1)

IHemorrhage

An R value approaching unity would mean clear hemorrhage
while a value of R = 0 would indicate normal blood flow or
hemorrhage-free tissues. We captured images of the left and
right hindlimb at different delay times (0, 15, and 40 min). An
image of the bound hindlimb is shown in Figure 4CI.
Obviously, a huge portion of the hemorrhage formed in the left
hindlimb. Some of the Rh1029-PC remained in femoral vessels
and depicted the vascular shape, while most of it accumulated
in the hemorrhage region and gave significant NIR-II
fluorescent signals. The ratio (depicted in the inset of Figure
4C1) was generally ~0.67—0.74. After removing the rope, the
residual material Rh1029-PC in femoral vessels was back to
vascular circulation. Since Rh1029-PC would accumulate in
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the liver upon blood circulation, the brightness of the vascular
image for left hindlimb after removing the rope for 15 min
(Figures 4C2 and 4D2) was diminished, compared to that in
Figures 4C1 and 4D1. The ratio reflecting hemorrhage signal
intensity spanned ~0.69—0.82, which was possibly due to the
increased accumulation of Rh1029-PC in the hemorrhage
region through blood circulation. After 40 min, there was
almost no signal remaining in the femoral vessels (see Figures
4C3 and 4D3). However, the ratio range increased even more
and was ~0.75—0.85. That being said, even after the material
in the vessels was cleared up, Rh1029-PC still remained and
helped to pinpoint the hemorrhage region due to blood
leakage in the vicinity and ultraslow blood flow in that part.*’
Note that regions where R was below zero might indicate a
decreased blood volume caused by vascular clogs in
hemorrhage areas.
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Figure 4. (A) Illustration of procedures for vascular hemorrhage imaging experiments by Rh1029-PC and Rh824-PC, and (B) bright-field
image of the nude mouse with rope to cause hemorrhage on the left hindlimb. The vascular hemorrhage region was bordered by the green
square, the no-hemorrhage region was bordered by the blue square, and ratio value based on eq 1 is bordered by the yellow dotted square.
(C) Images of left hindlimb and (D) right hindlimb from the nude mouse injected with Rh1029-PC: (C1—C3) after removing the rope that
caused vascular hemorrhage from 0 to 40 min and (D1—D3) without treatment from 0 to 40 min. (E) Images of left hindlimb and (F) right
hindlimb from the nude mouse injected with Rh824-PC: (E1—E3) after removing the rope that caused vascular hemorrhage from 0 to 44
min and (F1-F3) without treatment from 0 to 44 min. Insets in panels (C1—C3) show ratio values (R) that are based on the fluorescent
intensity of Rh1029-PC at different times (0, 15, and 40 min). Insets in panels (E1)—(E3) show ratio values based on fluorescent intensity of
Rh824-PC at different times (0, 11, and 44 min). The excitation source for Rh824-PC was an 808-nm laser equipped with an 880 + 12 nm
bandpass filter and that, for Rh1029-PC, was 980 nm laser with a 1200 nm longpass filter. Exposure time for both was 500 ms.

NIR-I fluorophore Rh824-PC was also applied to vascular
hemorrhage angiography, as a comparison to the NIR-II
fluorophore with similar experimental conditions. However,
the images were very blurry, probably because of strong
background scattering, so much that vascular hemorrhage
could hardly be identified. We highlighted the hitching region
in the left hindlimb and symmetrical region in the right
hindlimb and calculated the ratio in the same way. As shown in
the inset in Figure 4El, the calculated R-value was ~0.11—
0.24, which failed to diagnose the hemorrhage. After the rope
was removed, images of the left and right hindlimbs were
captured after 11 and 44 min, respectively. The value of R
increased to 0.17—0.22 after 11 min, and 0.19—0.24 after 44
min (see Figures 4E2 and 4E3). Although Rh824-PC was
expected to behave the same as Rh1029-PC, with regard to
accumulating in the hemorrhage region, the low resolution in
the NIR-I region caused difficulty in distinguishing the
hemorrhage region both qualitatively and quantitatively.

In conclusion, we developed hybrid Rhodamine-benz[c,d]-
indolium analogues (Rh824, Rh926, and Rh1029) with
absorption peaks ranging from 824 nm to 1029 nm and
emission peaks ranging from 872 nm to 1093 nm. The
significant bathochromic shifts are attributed to the polyene
bridges linking Rhodamine-type fluorophore and benz[c,d]-
indolium. This molecular design can potentially expand the
category of NIR fluorophores by modularly substituting the 7-
structure or the bridge for desired absorption or emission
wavelengths. We demonstrated that phosphatidylcholine was a
good vehicle for loading water-insoluble dyes such as Rh1029
and improved the fluorescent quantum vyield. With good
photostability and large Stokes shift, Rh1029-PC exhibited
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superior imaging quality in the NIR-II biological window. In
vivo vascular imaging that revealed a comparison between
Rh824-PC and Rh1029-PC showed advantages in imaging
quality, in terms of high resolution and low background in NIR
II. As an example of practical application, we constructed the
vascular hemorrhage model and successfully pinpointed the
area of hemorrhage using Rh1029-PC with preliminary
imaging processing techniques. We believe that the molecular
design approach that we developed for tuning wavelength of
hybrid Rhodamine-based dyes would greatly expand new
classes of NIR-II fluorophores. Our general fluorophore design
strategy has opened an opportunity for well-studied versatile
hybrid Rhodamine dyes to serve as robust fluorescent imaging
agent in high-resolution in vivo bioimaging in the NIR-II
window.
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