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Abstract

Greatly reduced scattering in the second near-infrared (NIR-II) region (1000—1700 nm) opens up
many new exciting avenues of bioimaging research, yet NIR-II fluorescence imaging is mostly
implemented by using nontargeted fluorophores or wide-field imaging setups, limiting the signal-
to-background ratio and imaging penetration depth due to poor specific binding and out-of-focus
signals. A newly developed high-performance NIR-II bioconjugate enables targeted imaging of a
specific organ in the living body with high quality. Combined with a home-built NIR-II confocal
set-up, the enhanced imaging technique allows 900 um-deep 3D organ imaging without tissue
clearing techniques. Bioconjugation of two hormones to nonoverlapping NIR-II fluorophores
facilitates two-color imaging of different receptors, demonstrating unprecedented multicolor live
molecular imaging across the NIR-II window. This deep tissue imaging of specific receptors in
live animals allows development of noninvasive molecular imaging of multifarious models of
normal and neoplastic organs in vivo, beyond the traditional visible to NIR-I range. The developed
NIR-II fluorescence microscopy will become a powerful imaging technique for deep tissue
imaging without any physical sectioning or clearing treatment of the tissue.
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NIR-II biomedical fluorescence imaging in the 1000-1700 nm “second near-infrared (NIR-
IT) window” allows researchers and clinicians to peer deeper into the body with a higher
degree of clarity compared to previous one-photofluorescence imaging modalities, owing to
both reduced photon scattering and tissue autofluorescence when imaging at progressively
longer wave-lengths. Recent advances in in vivo fluorescence imaging of biological systems
in the NIR-II window reached deeper into tissues, improved spatial resolution and facilitated
a number of preclinical imaging studies.!!=21 Thus far most works on NIR-II fluorescence
imaging relied on wide-field imaging to capture 2D projected! %111 epifluorescence
photographs without 3D volumetric information.'2-14] The foreground fluorescence signal
out of focus in an epifluorescence scheme superimposes onto the in-focus signal of interest,
usually blurs the image and limits the penetration depth of the imaging.

To circumvent the problem of strong tissue scattering of light, physical sectioning! ! and
optical clearing techniques!!®-17] have been used to treat large volumes of tissues to avoid
scattering and absorption of fluorescence photons. Although one can achieve 3D
reconstruction of millimeter-thick samples based on fluorescence imaging with these
treatments,!16] these techniques are limited to ex vivo tissue samples and not applicable to
live animals.

Currently, NIR-II fluorescent agents include a number of molecular dyes and inorganic
nanomaterials.[!8-20] For NIR-II molecular imaging at deep tissues with long-wavelength
fluorescence, the development of highly specific NIR-II molecular imaging probes is
needed. It is well known that diverse peptide hormones act on their specific plasma
membrane receptors in target cells to regulate unique physiological functions,[2!-22] and it
could be promising to conjugate NIR-II fluorophores to specific hormones for molecular
imaging. In this work, luteinizing hormone (LH) was adopted as a model case to target
mouse ovaries and achieve efficient targeted imaging of live animals with a high penetration
depth. LH belongs to the cystine-knot glycoprotein hormone family!23] that also includes
follicle stimulating hormone (FSH), thyroid stimulating hormone (TSH), and human
chorionic gonadotropin (hCG). Bioconjugation between different hormones/antibodies and
fluorophores with nonoverlapping emission could allow multicolor molecular imaging of
different hormone receptors in the NIR-II region, which could be an important advance in
the field of NIR-II molecular imaging.

We used a new NIR-II fluorophore infrared fluorene 3,4-ethyl-enedioxythiophene
polyethylene-glycol carboxyl (IR-FEPC) (nine times brighter than CH1055PEG)H9]
conjugated to hCG for specific imaging of LH receptors in three stages of ovary (immature
untreated, equine chorionic gonadotropin (eCG)-treated, and eCG/hCG-treated ovary). This
new bioconjugate together with NIR-II one-photon confocal technique facilitated 3D
imaging of formalin fixed ovaries without tissue clearing techniques with a *900 pm
imaging depth. In addition, we imaged LH receptors expressed in the uterus following
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gonadotropin treatment. 3D confocal microscopy during three different ovarian stages
distinguished theca, granulosa, and luteal cell enriched sub-regions. By using different
bioconjugates with distinct emission spectra in the NIR-II sub-windows (a NIR-Ila
fluorophore with 1100—1300 nm emission and a NIR-IIb fluorophore with over 1500 nm
emission), we performed simultaneous imaging of receptors for two ligands (LH/hCG and
FSH) that are important for gonadal development as a demonstration of multicolor
molecular imaging in the NIR-II window.

Recombinant hCG was covalently conjugated to a newly developed bright IR-FEPC
fluorophore (Figure 1a)[20-24] (see the Supporting Information for more conjugation detail).
The UV-vis—NIR absorption spectrum of the IR-FEPC aqueous solution exhibited an
absorption peak ~782 nm, whereas the fluorescence emission spectrum showed a main
emission peak at 1,053 nm and displayed a large Stokes shift of 400 nm (Figure 1b).[25:26]
Quantum yield (QY) of IR-FEPC in the aqueous solution was 0.26-2.6% considering
discrepancies in the reported QY of the IR26 reference fluorophore (see Table SI of the
Supporting Information for more details),/?”] among the highest of water-soluble NIR-II
dyes with carboxyl functional groups.l1%28] After optimizing the conjugation reaction with
different ratios of hCG and fluorophore in several reaction buffers, we performed
polyacrylamide gel electrophoresis to confirm the high purity of hCG@IR-FEPC conjugates
(Figure S1, Supporting Information).

We initially sought to track the performance of the administrated bioconjugate at the cellular
level. We obtained ovarian lysates from immature mice containing mainly theca cells (TC),
punctured large preovulatory follicles of immature mice pretreated with equine chorionic
gonadotropin (eCG) containing mature granulosa cells (GC), as well as lysates from
immature mice pretreated with eCG followed by hCG for 3 d for the enrichment of luteal
cells (LC).[2%] Lysates of these cells and the LH receptor-deficient U87 glioblastoma cells
were printed on plasmonic, NIR fluorescence-enhancing gold (pGOLD) slidel3% to form the
reverse phase microarrays before incubation with hCG@IR-FEPC. The assay results showed
that TC, mature GC and LC had positive signals derived from the hCG binding receptors
(Figure 1c). We also evaluated the binding affinity by using this assay method. A Scatchard
plot was obtained by testing the fluorescence intensity of mature GC lysate with graded
concentrations of hCG@IR-FEPC, giving a Ky value ~43 x 10~ M (Figure 1d). Using this
cell line (Figure 1e), we confirmed that fluorescent IR-FEPC labeling of hCG did not
interfere with the hormone’s binding specificity.

To obtain high-resolution NIR-II imaging, we developed a home-built NIR-II confocal
microscope (Figure 2a).131:32 In brief, a collimated NIR 785 nm laser excitation beam was
allowed to pass the excitation filter and the back aperture of the objective lens before it
reached a sharp focus at a certain focal plane inside the volume of a sample (two pairs of
lenses were used for expanding beam size). Fluorescence emission from the mice/tissue
passed back through the same objective in the opposite direction. A short-pass dichroic filter
was placed behind the objective to reject the excitation beam.[33] The path of the
fluorescence (pink beam in Figure 2a) was then focused onto the pinhole by a tube lens, with
the sample focal plane and the pinhole plane at a pair of conjugate planes. Fluorescence was
allowed to pass through an emission filter and focused onto a NIR photomultiplier diode
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(PMT, sensitive to photons up to 1700 nm) by a camera lens. Like a regular confocal
microscope, there were three conjugate planes including the front focal plane of the
objective, the pinhole plane and the plane of the active area of the PMT. Out-of-focus signal
from the sample was rejected by the pinhole and thus could not to form an image on the
photodetector. The specialty of our confocal system was the use of a NIR excitation laser,
the IR compatible optical components including the objective and the NIR PMT.

We next performed imaging of LH receptors in ovarian follicles and the corpora lutea of
adult female mice in vivo based on hCG@IR-FEPC (Figure 2b,c). Upon tail-vein
administration of hCG@IR-FEPC into adult female mice, we observed initial accumulation
of nonspecific signals in the kidney and liver. Signals appeared in the ovary and reached the
highest levels at 1-2 h (Video S1, Supporting Information; Figure 2d). The observed signals
of both the ovary and uterus encouraged us to investigate the gonadal development (Figure
2e, see the next section). To address whether free IR-FEPC could be independently absorbed
by ovary, we performed a control experiment with the injection of a similar dose of
nonconjugated IR-FEPC. No ovary signal was found in the NIR-II imaging of the mouse
body, suggesting specificity of ovarian targeting of hCG@IR-FEPC (Figure S2, Supporting
Information). With the bright IR-FEPC, we were able to use a one-photon confocal
microscope to obtain the 3D structure of the ovary after formalin fixation in a layer-by-layer
fashion. We detected bright signals in theca (white arrows) and granulosa cells (black
arrows) inside individual follicles together with the corpora lutea (blue arrows) (Figure 2f,g;
Video S2, Supporting Information). The 3D confocal NIR-II imaging depth for fixed ovaries
was hundreds of micrometers (Figure 2h).

Next, we performed 3D imaging of LH receptors in ovarian follicles at three different stages
of ovary development. In immature female mice at age of 23 d, administrations of hCG@IR-
FEPC led to clear signals in the immature untreated, eCG-treated, and eCG/hCG-treated
ovaries, respectively (Figure S3, Supporting Information). We named the three stages of the
ovary as immature untreated ovary (1), eCG-treated ovary (2), and eCG/hCG-treated ovary
(3). Previous studies demonstrated that FSH treatment increased the LH receptors in mature
granulosa cells of preovulatory follicles.[**! Some immature mice were pretreated with eCG
before the injection of hCG@IR-FEPC to develop the eCG-treated ovary. As shown in
Figure S4b (Supporting Information), strong NIR-II signals were found in the eCG-treated
ovary. We then induced the formation of corpora lutea by injecting an ovulatory dose of hCG
into eCG-primed immature mice. Three days after hCG treatment, the animals were injected
with a conjugated fluorophore. As shown in Figure S4c (Supporting Information), strong
signals were found in the eCG/hCG-treated ovary with the predominant binding of
hCG@IR-FEPC to the corpora lutea. For all experiments, the injection of free IR-FEPC led
to negligible signals in the ovary (Figure S5, Supporting Information), again confirming
binding of hCG@IR-FEPC to specific target cells. Because eCG treatment increases follicle
sizes to the large preovulatory follicles, imaging signal of the eCG-treated ovary is higher
than the immature untreated one (Figure 3a). Compared with 2D whole body imaging
(Figure 3b), confocal analyses clearly indicated strong signals in the theca layer surrounding
the follicles, the mature granulosa of preovulatory follicles, and the luteal cell of the corpus
luteum (Figure S6, Supporting Information; Figure 3c,d).
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Confocal analyses also indicated that three stages of ovary with a 900 pm depth imaging
could be achieved at micrometers resolution (Videos S3—S5, Supporting Information, with
the 18 um “Z” interval between each layers). For all three ovarian stages, theca layers
appeared to surround the follicles. For immature untreated ovary, the secondary follicles had
negligible LH receptors on immature GC compared to the eCG treated ovary. For eCG-
treated ovary, there were theca cells in the secondary follicles plus mature granulosa cells in
preovulatory follicles showing strong LH receptor signals. For the eCG/hCG-treated ovary,
there was a newly formed corpus luteum with existing follicles (secondary and preovulatory
ones), and the major signals were found in the corpora lutea and follicles (see Videos S6-S8
of the Supporting Information for 3D reconstructed images).

We then aimed to uncover the hCG-receptor evolution in the uterus at different stages of
ovary development. After injecting hCG@IR-FEPC to immature female mice pretreated
with eCG for 48 h, we found strong NIR-II signals in the uterus (Figure 3a; Figure S4b,
Supporting Information). Confocal imaging of NIR-II signals further demonstrated higher
NIR-II signals in the myometrium and lower signals in the endometrium (Figure S7,
Supporting Information). In contrast, NIR-II signals were not found in the uterus of
immature mice pretreated with eCG (48 h) followed by hCG (72 h) (Figure S4c, Supporting
Information), which indicated that LH receptors were present in the uterus of the
proliferative but not the secretory phase.

In an attempt to achieve multicolor NIR-II imaging with deep tissue penetration and high
resolution, two-color simultaneous imaging of ovarian LH/hCG and FSH receptors was
performed using the home-built confocal set-up. FSH and hCG are two gonadotropins that
act simultaneously to affect ovarian follicle maturation.[2] Benefitting from the
bioconjugation of hCG and FSH to different fluorophores with nonoverlapping emission
spectra in the NIR-II window, we were able to do simultaneous imaging of the receptors for
both ligands, useful to probing gonadal development. Figure 4a shows the
photoluminescence spectra of the two designed conjugates, hCG@IR-FEPC and FSH@Ilead
sulfide (PbS) nanocrystal, with the fluorophores possessing nonoverlap emission at the NIR-
ITa and -IIb regions, respectively. In vitro binding specificity showed that the hCG probe can
bind to TC and GC lysates, whereas the FSH probe can only bind to GC lysates (Figure 4b).
Cell imaging also showed successful conjugation between PbS nanocrystals and FSH
(Figure 4c). From the in vivo two-color imaging of adult female mice after administration of
two conjugates, the ovary could be seen in both hCG@IR-FEPC and FSH@PbS channels,
which indicated successful binding of two separate receptors (Video S9 and Figure S8,
Supporting Information; Figure 4d,e).

Imaging using 1100 nm long pass maximized detecting total fluorescence signals of IR-
FEPC. We obtained much clearer imaging by changing 1100 nm long pass filter to 1200 nm
long pass (Figure S8a, Supporting Information), showing more detailed structures than with
the 1100 nm channel owing to further reduced photon scattering. From ex vivo two-color
imaging of ovary (removal from mice) with both TC and mature GC, simultaneous imaging
of receptors for both ligands (hCG and FSH) was achieved (Figure 4f; Figure S9, Supporting
Information). hCG@IR-FEPC labeled both the TC and GC layers, whereas the FSH@PbS
only stained the GC layer (a comparison experiment by FSH@IR-FEPC and FSH@PbS was
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additionally performed and the images were listed in Figure S10 of the Supporting
Information). In addition to the magnified whole body imaging of FSH@PbS stained ovary
(Figure 4g), 2D and 3D confocal imaging of the FSH@PbS stained ovary showed detailed
follicle and vessel structures with #1125 um depth and micrometers resolution (Figure 4h—j;
Figure S11, Supporting Information). Note that most organic based NIR-II fluorophores
including the recent D-A-D dyes suffer from low quantum yields due to nonradiative
electron/hole recombination in low energy-gap molecules. As a result, we have not yet
succeeded in synthesizing an efficient NIR-IIb (over 1500 nm emission) organic fluorophore
to replace PbS quantum dots. This will require future efforts in this field.

Epifluorescence imaging in the NIR-II window is limited to 3D structural features projected
onto a 2D plane. In contrast, confocal imaging collects signals from a small probe volume at
the focus while rejecting out-of-focus signals and allows 3D imaging in a layer-by-layer
fashion by scanning the laser focal point in the x—y—z directions.[3437] A requirement for
confocal molecular imaging is highly biospecific binding of fluoro-phores.!38—#2] Targeted
molecular imaging in NIR-II allows for better sensitivity and specificity with little
nonspecific background staining.[41-43:44]

3D fluorescence imaging of biological samples has relied on mechanical sectioning, optical
sectioning and optical clearing treatments to achieve sufficient imaging penetration depth
with high spatial resolution.[!3-43] Although 3D ovary imaging was achieved by CLARITY
clearing techniques, it takes a long time to complete immunological histological chemistry
(IHC) because it requires long steps in a hydrogel.l1046] The present in vivo molecular
imaging in the mouse body is a time-saving way for imaging intact tissues, and the 3D
imaging of the ovary can be obtained without any pre-/postclearing or IHC step. In addition,
we also anticipate that two-photon imaging, photoacoustic imaging, and afterglow imaging
in NIR-II window could further improve the penetration depth, signal to background ratio,
and contrast resolution of noninvasive optical imaging techniques.[47-50]

Our findings showing high levels of hCG @IR-FEPC binding to the eCG-primed uterus are
consistent with the role of LH/hCG in regulating uterine functions and provides future in
vivo monitoring of uterine LH receptors under different physiological states.[>!! The present
imaging approach also allows imaging of the LH receptor in normal Leydig cells (Figure
S12, Supporting Information) and could facilitate the monitoring of disease progression of
Leydig cell tumors. Based on the present strategy, conjugation of the NIR-II fluorophore to
the paralogous TSH could allow imaging of specific target cells expressing TSH receptors
(thyroid nodules) (see preliminary data in Figure S13 of the Supporting Information).
Further refinement of the present NIR-II fluorophore conjugation approach could pave the
way to the live imaging of receptors for diverse peptide and protein hormones in their target
tissues.[72-53]

In conclusion, 3D NIR-II molecular imaging was achieved in a model of mouse ovaries with
great penetration depth and micrometers spatial resolution through both high-performance
hCG@IR-FEPC conjugate and a home-built NIR-II confocal set-up. With the help of high-
resolution confocal microscopy, three different ovary development stages with theca,
granulose, and luteal enriched cells were distinguished. We envisage that NIR-II
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fluorescence microscopy will become a powerful imaging technique for deep tissue
molecular imaging, providing a new solution for visualizing tissue structures and
simultaneously allowing molecular phenotyping in a large tissue volume. Our studies also
open up more and deeper nonoverlapping molecular imaging channels for complex
biological systems beyond the traditional visible NIR-I range, which could increase imaging
multiplicity and capability of molecular imaging based on fluorescence techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Conjugation of hCG to the IR-FEPC fluorophore: binding of the conjugates to LH receptors

in vitro. a) Chemical structure of IR-FEPC with a donor—acceptor—donor architecture
pertaining PEG chain and carboxyl groups for biocompatibility and bioconjugation,
respectively. b) Absorption and emission spectra of IR-FEPC. c) Binding of hCG@IR-FEPC
to the ovarian lysate but not human glioblastoma U87MG cells. The insert values are
positive/negative ratios. d) Scatchard plot of hCG @IR-FEPC binding to ovarian cell lysates;
it should be noted that the obtained Ky value is higher than the actual one due the detection
limit of the method. ) The mature GC incubated with 500 x 10~ M hCG@IR-FEPC for 4 h
displayed bright NIR-II signals compared with negligible signals from the U87-MG
glioblastoma cells. The imaging was obtained by an 808 nm laser and 1100 nm long-pass
filter and the background scale of U87 image was lowered to visualize the cells clearly.
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Figure2.
NIR-II confocal set-up and NIR-II imaging of ovarian follicles using hCG@IR-FEPC in

adult female mice. a) A simplified optical diagram of the stage-scanning NIR-II
fluorescence confocal microscopy. b,c) hCG@IR-FEPC was injected into the tail vein of an
adult female mouse before NIR-II imaging at 10 and 150 min post-injection (P.I.) time
points. Side view images are shown to focus on one ovary and two ovaries can be observed
by dorsal view images. d) Cross-section profile (drawn dashed lines in b—c) shows signal-to-
normal tissue ratio (SNR) of ovary as 2.6 and 2.7 respectively. e) Ex vivo imaging of the
ovary and uterus by NIR-II (upper) and daylight (nether). f,g) Confocal image of the partial
ovary shows bright signals in theca (white arrows) and granulosa cells (black arrows) inside
individual follicles together with corpora lutea (blue arrows). h) Layer-by-layer confocal
scanning of the partial ovary. For confocal imaging the samples were mounted on coverglass
and immersed in glycerol. The scanned depth was corrected considering the refractive index
difference of air and ovary samples.
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NIR-IT imaging of the theca layer in ovarian follicles, mature granulosa cells of preovulatory

follicles and corpora lutea using hCG@IR-FEPC. We named the three stages of the ovary as
immature untreated ovary (1), eCG-treated ovary (2), and eCG/hCG-treated ovary (3). a) A
2.5x magnification whole body imaging of the three ovaries after removal from the body

with the uterus and imaging signal of the immature untreated ovary is less than the eCG-
treated and eCG/hCG-treated ovary. Note the NIR-II signals in the uterus of eCG-pretreated
but not in untreated and eCG/hCG-treated animals. b) The 15x magnification whole body

imaging of the separate ovary after removal from the body with lower resolution compared
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with confocal imaging. ¢,d) 2D and 3D confocal imaging of the ovary after removal from the
body showed strong signals in the theca layer of the follicles, mature granulosa cells of the
follicles of eCG pretreated mice, and corpora lutea of the eCG/hCG pretreated mice.
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Figure 4.
NIR-II two-color simultaneous imaging of ovarian LH/hCC and FSH receptors. a)

Photoluminescence spectra of hCG@IR-FEPC and FSH@PbS. b) Analysis of cell lysate
binding using conjugates. TC, GC, and U87 cell lysates were printed on plasmonic
fluorescence-enhancing pGOLD slides to test binding specificity of the conjugates. The slide
was scanned by a 10x magnification NIR-II set-up with 808 nm excitation and 1100 nm
long-pass (LP) plus 1300 nm short pass (SP) emission filter for IR-FEPC channel and 1500
nm LP filter for PbS channel. c) Positive (mature GC) and negative (U87) cell imaging of
FSH@PbS. d,e) In vivo two-color imaging of the adult female ovary at 10 and 150 min post
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injection time points. The 1100 nm long pass was chosen to maximize signal intensity and
we could still obtain clearer imaging by changing 1100 long pass filter to the 1200 one
(Figure S8a, Supporting Information): Figure S8a of the Supporting Information used 1200
nm long pass channel and showed enhanced detailed structures compared with the 1100 nm
channel. f) Ex vivo two-color imaging of the adult female ovary. hCG@IR-FEPC labeled
both the TC layer and GC layer, whereas the FSH@PDbS only stained the GC layer. g) The
2.5% and 15x magnification whole body imaging of the FSH@PbS-stained ovary. h,i) 2D
confocal imaging of the FSH@PbS-stained ovary after removal from the body; it showed
strong signals in all follicles with mature granulosa cells. The magnified figures showed
clear signals in follicles and vessels. j) 3D reconstruction confocal imaging of the FSH@PbS
stained ovary with 1150 um depth.
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