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A B S T R A C T

Fluorescence-based in vivo imaging is one of the most important tools for monitoring of biological processes in
cells and tissues of live animal models. Fluorescence imaging agents have also been used to monitor the mi-
crocirculation. Tracking microcirculation of the blood is vital to gain further insight into various vascular dis-
ease-related anomalies within the human body. As monitoring of vascular circulation is performed with vi-
sualization of both immune cells and pathogens, which are mainly labelled with red and green, the favorable
color option for blood vessels could be blue. However, currently available blueish color-labeled agents for
vascular monitoring is generally confronted with quick bleaching, because of its short excitation and emission
wavelengths. Hereby, what we propose in this report is a newly generated bright blue fluorescent dextran,
named HCD-70K that monitors the blood vessels using blue and inter-compatible typical fluorescent materials.
DBCO-functionalized dextran-70K was fabricated with hydroxy-coumarin dye via metal-free bioorthogonal click
chemistry, and generated HCD-70K, which can flow within the blood vessel and decipher the whole structure of
the blood vessel successfully. The synthesis, spectroscopic analysis, and quantum chemical calculations were
conducted. Using two-photon microscopy, efficient deep in vivo blood vessel imaging of a mouse model revealed
exceptional bio-imaging capabilities of the HCD-70K and consequently it provided a promising opportunity for
efficient vascular visualization in various research areas.

1. Introduction

Tracking microcirculation of the blood is crucial for understanding
various vascular disease-related phenomena in the body. Many cardi-
ovascular, pulmonary vascular and renal diseases are manifested by
immune reactions due to abnormal blood flow [1–4]. To highlight the
intact blood stream in the blood vessel, many imaging techniques and
agents have been reported in the field of magnetic resonance imaging
(MRI) [5], computed tomography (CT) [6], positron emission tomo-
graphy (PET) [7], photoacoustic imaging (PAI) [8], and two-photon
microscopy (TPM) in vivo imaging [9].

The most widely used in vivo imaging in basic research is TPM, due
to its excellent performances within the animal model such as the high
resolution 3-D imaging, fast-response, deep tissue imaging, less photo-

damage and photo-bleaching, as well as being highly adaptable to
biological species [10–14]. In previous studies, a formulation, such as
organic fluorophore (i.e. FITC, TRITC, cyanine, Texas red) conjugated
bio-applicable polymer (i.e. dextran) [15] and fluorophore-protein ag-
glomerate (i.e. Evans blue with albumin) [9,16–20] were used to vi-
sualize the blood flow (Fig. S1 in Supplementary Information; SI). In
addition, antibody with affinity to typical endothelial marker CD31
(PECAM-1) or lectin wheat germ agglutinin (WGA) with selective affi-
nity to N-acetyl-D-glucosamine and sialic acid were used to visualize the
blood vessel [21–23]. However, in order to stain the whole blood
vessel, large amounts of antibody needs to be injected intravenously to
circulate throughout the body. Moreover, the lectin binds not only to
the wall of blood vessels but also to other cells. Another limitation for
these fluorescent materials is that the commercially available
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fluorescent blood vessel imaging agents mainly have green- or red-
emitting properties, which are commonly used for the staining of im-
mune cells from GFP-expressing neutrophil or macrophage bearing
mice or red-fluorescent protein expressing cancer cells through genetic
modification (Fig. 1a). Therefore, these overlapping fluorescence
emissions reduce the opportunity to label the blood vessel with these
green- or red-fluorescent reagents. This is because the cells circulating
in the blood vessels already have one of these fluorescent tags. Due to
this reason, it is on high demand to develop blue-emitting, two-photon
absorbing, deep and stable in vivo imaging, under physiological con-
ditions, and blood vessel selective imaging agents.

In this study, we report a newly designed bright blue fluorescent
dextran formulation in order to overcome the issues described above in
detail. Dextran-70K (M.W = 70 kDa) is similar to bovine serum al-
bumin (BSA) in its molecular weight and can be used in various re-
search fields because it can be carried through the blood stream for a
long time without escaping from the vessels [16–18]. The blue fluor-
escence is derived from the hydroxy-coumarin moiety that conjugated
to the dextran backbone (Fig. 1b). The prepared formulation, named
HCD-70K, shows an absorption and fluorescence emission throughout
the blue wavelength range (λabs.max = 404 nm, λemi.max = 464 nm).
With this noble coumarin conjugated dextran, we have proved that it
was less cytotoxic and did not interfere with other green- or red-emit-
ting fluorophores, and had stable fluorescence intensity when injected
into the blood vessel. Using two-photon in vivo microscopy, we were
able to successfully see the correlation between the blood flow and the
surrounding cells. Accordingly, we were able to detect the cell-to-cell
interactions more efficiently following the initial immune response.

2. Experimental section

2.1. Materials and instrumentations

The chemical reagents were purchased from Sigma Aldrich (US),

TCI (Japan), Alfa Aesar (US), Acros Organics (US), Nanocs (US), and
Carbosynth (UK). Commercially available reagents and anhydrous sol-
vents were used without further purification. Chemical reactions and
purification were performed in an open-air environment at room tem-
perature (25 °C). DBCO-Functionalized Dextran (M.W = 70 kDa) was
purchased from Nanocs (Product No. DX70-DB-1, US). 3-Azido-7-hy-
droxycoumarin was purchased from Carbosynth (Product No. FA31762,
UK). Alexa FluorTM 350-WGA (known as Alexa 350 WGA, N-acetyl-D-
glucosamine and sialic acid staining reagent) was purchased from
Invitrogen (Product No. 1870355B, US). Phycoerythrin (PE)-anti mouse
Ly6G Ab (granulocyte marker staining reagent, Biolegend, Product No.
B235377, US) was used for staining neutrophils in vivo. CellMaskTM red
(plasma membrane staining reagent, Invitrogen, Product No. H32712,
US) were used for the cellular imaging experiment with HCD-70K. The
pH range was between 4 and 9, including biological pH (7.4) for the pH
screening. The pH buffers were purchased from Daejung chem (Rep. of
Korea). Human serum (from human male AB plasma, US origin) were
purchased from Sigma-Aldrich (Product No. H4522, US).

2.2. Synthesis

Synthesis of HCD-70K. HCD-70K was prepared by metal-free
bioorthogonal click-chemistry. DBCO-functionalized dextran (70 kDa)
(2.5 mg) and 3-azido-7-hydroxycoumarin (AHC, 40 μg, 0.196 μM) were
added in 200 μL methanol at room temperature (25 °C), and vortexed at
37 °C for 72 h. The hydroxy-coumarin-dextran (70 kDa, HCD-70K) was
then washed 3 times using a centrifuge (15,000 rpm, 3 min) (Centrifuge
5418, Eppendorf, Germany) from methanol to remove un-reacted re-
agent. The centrifuge e-tube (1.5 mL) was purchased from Axygen
(Product No. MCT-150-C, US).

2.3. Characterization of HCD-70K

HCD-70K was characterized by using dynamic light scattering (DLS)

Fig. 1. (a) Schematic illustration for fluorescence imaging of neutrophil, microglia, tumor cell, and blood vessel. (b) Structure and synthetic method for blue-emitting
dextran (M.W = 70 kDa, HCD-70K). The key features are summarized.
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analysis, proton nuclear magnetic resonance (1H NMR), and fluor-
ophotometer. Hydrodynamic sizes were measured with a size/zeta-
potential analyzer (Malvern Instruments Ltd., Worcestershire, UK). 1H
NMR spectra were measured with a Bruker AVANCE III 400 MHz (US).
In the NMR spectra, the chemical shifts (δ) are reported in ppm, mul-
tiplicities are indicated by s (singlet), d (doublet), t (triplet), dd (double
of doublets), and m (multiplet). NMR spectra are referenced to residual
dimethyl sulfoxide (DMSO, 2.50 ppm) and H2O (3.33 ppm).

2.4. Spectroscopic methods

UV–vis absorption spectra were obtained using spectro-photometer
(Agilent Technologies Cary 8454, US). Fluorescence spectra were re-
corded on a spectro-fluorophotometer (SHIMADZU CORP. RF-6000,
Japan) with a 1 cm standard quartz cell (internal volume of 1 mL,
Hellma Analytics, Germany). All absorption and fluorescence emission
spectra were recorded at room temperature (25 °C). Photo-stability of
HCD-70K was analyzed under constant UV light (365 nm, 3 W, Model
RM104, Rayman, Rep. of Korea) in deionized water (DI H2O) for 60 min
at 25 °C. The wavelength spectra were measured by excitation at the
maximum absorption wavelength. The time-resolved fluorescence
(TRF) signal of the sample solution was measured following 375 nm
excitation using a time-correlated single photon counting (TCSPC)
method (PicoQuant, Germany). The instrumental response function
(IRF) of our TCSPC setup was about 0.1 ns.

2.5. Quantum chemical calculation

All calculations were carried out using the density functional theory
(DFT) and time-dependent DFT (TD-DFT) methods at the APFD level
with the 6–31 + G(d,p) basis, as implemented in the Gaussian16
package. We calculated the optimized structures, electronic energy le-
vels, frontier orbitals (HOMO and LUMO), electronic absorption spectra
of triazole-hydroxy-coumarin (protonated, THC) and triazole-hydroxy-
coumarin anion (deprotonated, THCA). The vibration frequencies of
molecules were calculated to check that the optimized structures do not
have any imaginary frequencies. The molecular structures of electronic
excited THC and THCA were optimized by the TD-DFT method, and the
corresponding electronic emission spectra were calculated. For solva-
tion, we used the integral equation formalism polarizable continuum
(IEF-PCM) model.

2.6. Cell study

HeLa cell line (immortalized human cervical cancer) was obtained
from the Korean Cell Line Bank. Cells were cultured in Dulbecco’s
modified Eagle’s media (Hyclone, US) supplemented with 10% fetal
bovine serum (Hyclone) and 1% penicillin–streptomycin (Gibco).
Cultures were incubated at 37 °C in humidified air containing 5% CO2.
For the cell viability assay, approximately 1 × 105 cells were seeded on
a 96-well clear bottom plate (SPL Life Science, Rep. of Korea) and in-
cubated for 24 h. After incubation, the cells were treated with HCD-70K
(0.5–2.5 mg/mL, 0.5 mg/mL interval) for 24 h. The cell viability was
then analyzed by using Vybrant® MTT Cell Proliferation Assay Kit
(Thermo Fisher, Product No. V13154, US) as per manufacturer’s in-
structions. The absorption level was analyzed at 550 nm by the mi-
croplate reader (Multiskan™ FC Microplate Photometer, Thermo
Scientific, US). The culture medium was used as a control system. For
the confocal laser scanning microscope (CLSM) cellular imaging, ap-
proximately 2 × 105 cells were seeded on 35-mm glass bottom confocal
dishes (SPL Life Science, Rep. of Korea) and incubated for 24 h. At 80%
confluency, the cell was treated with HCD-70K (2.5 mg/mL) for 1 h and
6 h respectively, at 37 °C in 5% CO2. Fluorescence images were visua-
lized by a CLSM (Leica microscope TCS SP5, Germany). Excitation and
emission channel; blue (369 nm, 431–490 nm band filter), green
(392 nm, 503–562 nm band filter), and red (488 nm, 580–650 nm band

filter). CellMaskTM red (0.1 μg/mL) was used for the cellular imaging
experiment with HCD-70K. The ZEN software has been used for the
CLSM imaging process (Carl Zeiss, Germany).

2.7. Animal study with TPM in vivo imaging

C57BL/6 mice (2-month old) were purchased from the Orient Bio
(Rep. of Korea). LysM-eGFP mice were used to observe neutrophils and
some monocytes in various organs [24]. CX3CR1-GFP mice were used to
visualize microglia in the brain [25]. All procedures were conducted in
accordance with the guidelines of the Institutional Animal Care and Use
Committee (IACUC) of Yonsei University College of Medicine, Rep. of
Korea. To clearly visualize and compare the blood vessels injected with
HCD-70K, cremaster muscle, calvarial bone marrow, cranial window
(brain), and dorsal skin chamber window surgery were performed. Each
surgical step for different organs was described in the previous studies
and some modifications were made to optimize for two-photon in vivo
imaging [26–29]. All operations were conducted after anesthesia with a
dose of zoletil 50 mg/kg (Virbac, France) and rompun 30 mg/kg (Bayer,
Germany). Each mouse was kept at 37 °C using a heating plate. Males
were used in all imaging of these studies. Prior to imaging, all surgically
treated mice were fully anesthetized with the anesthetic conditions
used in the surgery described above. The mice were placed in the
imaging chamber equipped with a heating plate. HCD-70K (2.5 mg/
mL) 25 mg/kg dosage was retro-orbitally injected into the mice just
before imaging. For blood vessel glycocalyx staining, mice were retro-
orbitally injected with pre-warmed (37 °C) Alexa Fluor 350-WGA
(100 μg per mouse). In order to stain intravascular neutrophils of
CX3CR1-GFP mice, PE-Anti mouse Ly6G Ab (2 μg) was mixed with
HCD-70K and then injected in the same manner as described above.
Simultaneous multicolor in vivo imaging was obtained by laser scanning
microscopy (LSM) 7 MP (Carl Zeiss, Germany). Emission filter in-
formation; DAPI/SHG, 420–480 nm; GFP/Alexa488, 500–550 nm; and
RFP/Alexa 555, 575–610 nm.

Prior to conducting the imaging, Zen 2010 (Black edition, Carl Zeiss,
Germany) was used for setting the laser with optimal power and the
wavelength was tuned between 780 nm and 840 nm depending on its
purpose. With W Plan-Apochromat 20×/1.0 water immersion lens, 3D
images (512 × 512 pixels) were taken at a depth of 40–50 μm with
1 μm slice and for a total of 30 min to 1 h at 60 sec intervals. Two-
photon in vivo imaging data was acquired and analyzed by velocity
version 6.3.1 (PerkinElmer, US). The fluorescence intensities of the
blood vessels were used as mean values of the region of interest (ROI).
The arbitrary unit (a.u) was defined as the fold value divided by the
intensity when the HCD-70K was not injected. Intensity of the HCD-
70K at each point was measured by capturing five or more random
spots in the blood vessel. All statistical processing was performed with
Graphpad prism v7.0 (Graphpad software, US). Results of the analyzed
imaging data were presented as standard error of mean (SEM). Two-
tailed student’s t-test was used for comparison between the two groups,
and Mann-Whitney U test was used when the normal distribution curve
was not followed. Statistical significance was defined as p value <
0.05.

2.8. Blood vessel leakage analysis

To quantify the amount of blood leaking from the blood vessel,
phosphate-buffered saline (PBS, 200 μL per mice) and HCD-70K
(2.5 mg/mL) with a dose of 25 mg/kg was retro-orbitally injected into
the mice under anesthesia. After 30 min, approximately 1 cm of sub-
cutaneous abdomen was cut and 1 mL of PBS was injected into ab-
dominal cavity. When the PBS was well disbursed, the fluid in the ab-
dominal cavity was extracted with a needleless syringe and put into a
tube. In order to measure the absorption and fluorescence intensity, the
centrifuge was then operated at 1500 rpm for 3 min to allow the
floating cells to settle and to transfer the supernatant.
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3. Result and discussion

3.1. Material Design, Synthesis, and characterization

We have designed a new dextran formulation, named HCD-70K,
that has dextran backbone (M.W = 70 kDa) conjugated with a compact
and bright blue-emitting dye; 7-hydroxycoumarin(Fig. 1b). The com-
bination of these components makes it possible to visualize the blood
vessels with these features: (i) bright blue-fluorescence (λex/
λem = 410/464 nm), (ii) selective staining of blood vessel without
leakage, (iii) two-photon excitable for TPM imaging, (iv) deep in vivo
imaging with 3D image construction, and (v) high biocompatibility.

HCD-70K was prepared by the metal-free bioorthogonal chemistry
between dibenzocyclooctyne (DBCO) and 3-azido-7-hydroxycoumarin
dye (AHC, Fig. 1b, Fig. S2 in SI) [30–32]. The DBCO moiety allows
molecules containing azido groups (–N3) to be conjugated in the phy-
siological temperature and pH ranges through generating triazole ring.
Generally, the DBCO moiety gave poor reactivity to amines or hydro-
xyls, which are naturally present in many biomolecules, so the non-
reacted DBCO residues did not have any issues in bio-applications.

The synthesized HCD-70K was firstly characterized by dynamic
light scattering (DLS) analysis (Fig. 2a), in order to check the size
changes after the conjugation reaction. The average size of HCD-70K
was 3.49 nm, with no significant size changes in comparison to DBCO-
functionalized dextran-70K (3.81 nm). In the 1H NMR analysis, the
aromatic protons of DBCO moiety in dextran were monitored at
7.330 ppm, and the peaks became doublet (7.338, 7.325 ppm) after the
AHC conjugation. This was most likely due to the AHC conjugation and
electron-density changes of DBCO (Fig. S3 in SI). In addition, the CH2

proton in DBCO moiety at 5.295 ppm became negligible after AHC
conjugation, probably due to the conformational change of DBCO. The
other major peaks at 1–5 ppm was assigned as protons in the dextran
moiety (–CH-, –CH2). We tried to observe the AHC conjugation to DBCO
by mass spectrometry, but the data was inconsistent. So, we verified its
conjugation via spectroscopic analysis (see next chapter).

3.2. Spectroscopic study

The absorption and fluorescence spectra of HCD-70K were studied
in DI H2O, and its properties were compared to AHC (Fig. 2b, Fig. 2c).
Generally, azido-coumarin derivatives are non-fluorescent, because the
lone pair of electrons from the azido moiety quenches the fluorescence
of coumarin via photo-induced electron transfer (PET) process [33,34].
The fluorescence of coumarin was activated when the triazole ring
formed via azido-alkyne or azido-DBCO coupling, so we could monitor
the bright blue fluorescence from deprotonated HCD-70K, with a peak
height of 464 nm (Fig. 2c). We observed within the UV–visible spectra,
two major peaks at 348 nm and 400 nm were observed for HCD-70K,
which correlated with the protonated coumarin and deprotonated
coumarin form, respectively (Fig. 2b). In contrast, AHC exists in a
protonated form peaked at 342 nm dominantly. DBCO-functionalized
dextran-70K itself showed no fluorescence in the given condition (Fig.
S4).

We then demonstrated the chemical stability of HCD-70K in human
serum and the photophysical stability under UV laser (365 nm) irra-
diation. Significant fluorescence intensity changes of HCD-70K in
human serum were not observed after 60 min incubation at 37 °C (Fig.
S5). This is one of the most important advantages for the blood vessel
imaging (Fig. 2d). Surprisingly, HCD-70K maintained their fluores-
cence intensity (> 70%) under strong UV light irradiation (365 nm
laser, 3 W at the focal point) in DI H2O, for up to 60 min incubation
(Fig. 2e). In the screening of HCD-70K with biologically abundant
metal ions (Ca2+, Mg2+, Na+, K+, Zn+, Fe3+) and amino acid, only the
iron ion showed substantial fluorescence quenching of HCD-70K,
probably due to the heavy metal effect (Fig. S6 in SI) [35]. The fluor-
escence intensity of HCD-70K was high in the physiological pH ranges
(pH 7, 7.4) and basic pHs (pH 9, 11) due to the deprotonation of
coumarin moiety; enhanced electron-donating ability (Fig. 2f, Fig. S7 in
SI). As expected, the acidic pHs (pH 4, 6) gives a low fluorescence in-
tensity of HCD-70K because coumarin exists in a protonated form.

For further investigation, time-resolved fluorescence experiments
with HCD-70K were carried out. Our TRF experimental results indicate

Fig. 2. (a) Mean hydrodynamic diameter (intensity distribution) of DBCO-functionalized dextran (black) and HCD-70K (red), measured by dynamic light scattering
(DLS). (b, c) UV–vis absorption and fluorescence spectra of AHC (10 μM) and HCD-70K (1 mg/mL) in deionized water (DI H2O) at 25 °C. The inset photo is the
fluorescence of AHC and HCD-70K in DI H2O under 365 nm irradiation. (d–f) Fluorescence spectra of HCD-70K (250 μg/mL) in (d) human serum at 37 °C for
0–60 min, (e) DI H2O under the continues 365 nm laser exposure (3 W) for 0–60 min, and (f) various pHs (pH 4, 6, 7, 7.4, 9, 10). The fluorescence spectra were
measured at the wavelength of maximum absorbance.
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that HCD-70K undergoes excited-state proton transfer (ESPT) [36] (Fig.
S8 in SI). HCD-70K in DI H2O was excited by a 375 nm pulse and its
TRF signals were measured as a function of the emission wavelength.
The measured TRF signal was analysed by the global standard method
to extract the rate constants in the ESPT reaction. The fluorescence
lifetimes of HCD-70K and its deprotonated form were found to be
τ = 0.32 ns and τ = 1.9 ns, respectively, and the ESPT time constant
was 0.18 ns. As shown in Fig. S8, the fluorescence of HCD-70K from the
protonated form was negligibly weak but a strong blue fluorescence
results from the deprotonated form of HCD-70K.

3.3. Quantum chemical calculation

To understand the optical properties of HCD-70K, we used triazole
hydroxy-coumarin (THC) as a model compound (Fig. 3). THC is readily
modelled as a fluorophore of HCD-70K, and it is deprotonated to

produce triazole-hydroxy-coumarin anion (THCA). The optimized
structures, electronic energies, and HOMO and LUMO orbitals of THC
and THCA in water were calculated by using the DFT method. Elec-
tronic absorption and emission spectra were calculated by using the TD-
DFT method. First, the HOMO and LUMO orbitals indicate that the
intramolecular charged transfer (ICT) character is insignificant when
THC and THCA are electronically excited. Therefore, their optical
properties are not substantially dependent on the solvent polarity.
Second, the calculated absorption spectra of THC and THCA matched
well with the UV–visible absorption spectra of HCD-70K and its de-
protonated form presented in Fig. 2b. This result indicates that the
absorption and fluorescence spectra should be red-shifted when HCD-
70K is deprotonated. Finally, the calculated emission spectrum of
THCA is in good agreement with the fluorescence spectrum of depro-
tonated HCD-70K, while the calculated emission spectrum of THC is
not observed experimentally. Most importantly the DFT calculation

Fig. 3. Results of DFT calculations with APFD/6–31 + G(d,p). (a) Optimized molecular structures of model compound of HCD-70K; triazole-hydroxy-coumarin
(THC, protonated) and triazole-hydroxy-coumarin anion (THCA, deprotonated). (b) The HOMO and LUMO orbitals and energies of THC and THCA. (c, d) Calculated
electronic absorption and emission spectra of THC and THCA.

Fig. 4. CLSM images of HeLa cells co-incubated with HCD-70K (2.5 μg/mL) and cell membrane imaging agent (Cell-Mask Red, 0.1 μg/mL) for 1–6 h at 37 °C.
Excitation wavelength and emission channel; blue (353 nm, 400–550 nm), red (558 nm, 560–700 nm).
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confirms that deprotonated HCD-70K is responsible for the blue
fluorescence.

3.4. Cell permeability study

We evaluated the cell permeability of HCD-70K by fluorescence
imaging with a confocal laser scanning microscopy (CLSM), because it
has a close relation with blood vessel leakage. To clearly observe the
cell morphology and track the blue fluorescence signal of HCD-70K,
HeLa cell (immortalized human cervical cancer) was co-incubated with
HCD-70K and a commercial dye, Cell-Mask Red that selectively stains
the cell membrane red. As shown in Fig. 4, there was no signal in the
blue channel, while bright fluorescence was monitored in the red
channel, even under a longer incubation time (1–6 h). This result de-
picts the poor cell permeability of HCD-70K, and is considered as an
advantage for blood vessel imaging; less leakage of HCD-70K through
endothelial cells uptake. A low level of cell cytotoxicity (> 80% via-
bility, 0.5–2.5 mg/mL concentration of HCD-70K, HeLa cell line) was
measured by MTT assay, which was probably due to the low cell

permeability of HCD-70K (Fig. S9 in SI).

3.5. TPM imaging of blood vessel

We investigated how HCD-70K is visible and stable during TPM in
vivo imaging. Following intravenous injection using the appropriate
volumes of HCD-70K in a mouse weight dependent manner, TPM in
vivo imaging was performed in the cremaster muscle, in order to in-
vestigate the visibility of HCD-70K. HCD-70K was more efficiently
visible in comparison to Alexa Fluor 350-conjugated wheat germ ag-
glutinin (Alexa 350 WGA), a lectin that binds to N-acetyl-D-glucosamine
and sialic acid [37]. Alexa 350 WGA was mostly bound to the vessel
wall, whereas HCD-70K flowed throughout the blood stream, rendering
the whole structure of the blood vessel easily visible (Fig. 5a–c).
However, both Alexa Fluor 350 and coumarin dyes were excited at
short wavelengths and could be overlapped with auto fluorescence of
the surrounding tissues, as seen by second harmonic generation (SHG)
[38]; regarding this issue, we found that the visibility of the dyes were
least hindered by SHG at 780 nm (Fig. 5a, b, Fig. S10).

Fig. 5. (a) TPM in vivo blood vessel images of two-month old male C57BL/6 mice (2-month-old) were performed after retro-orbital injection of PBS (control, 200 μL/
mice), HCD-70K (2.5 mg/mL with dose of 25 mg/kg) and Alexa 350 WGA (100 μg/mice), respectively. After 30 min circulation of the injected labeling reagents as
described above, the images were recorded at 780 nm two-photon excitation (approximately 50 mW laser at focal plane) with emission channel as described above.
The snapshot images obtained from the TPM images show the imaging depth was approximately 50 μm from the surface. (b) Two-photon wavelength-dependent
blood vessel imaging with HCD-70K. Except the two-photon excitation wavelength, the other experiment condition was the same as panel (a). (c) 3D-constructed
images of ROI-1 and ROI-2 in panel (a). (d) Fluorescence intensity plot along with the ROIs in the panel (a) with different two-photon excitation wavelengths. (e)
Fluorescence intensity plots along with the depth at ROIs in the panel (a).
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To quantify the distributive properties of HCD-70K, a region of
interest (ROI, white-dotted square) was selected and fluorescence in-
tensities were measured at various wavelengths. In the case of HCD-
70K, fluorescence was well distributed throughout the span of the ROI
for every two-photon emission wavelength tested. However, when the
blood vessel was stained with Alexa 350 WGA, only the vasculature
glycocalyx was properly stained. Furthermore, we observed that the
fluorescence of the central portion was relatively weak (Fig. 5d). This
phenomenon makes sense, due to the fluorescent of Alexa 350 WGA
that can only be visualized from the luminal surface of the blood vessel.
Because the deep portion of the blood vessel is not easily penetrated by
the laser, we also observed changes in the fluorescence intensities as
imaging progressed from deep to surface. As the fluorescence intensities
of both HCD-70K and Alexa 350 WGA got higher towards the surface,
the increase in intensity of HCD-70K was significantly larger than Alexa
350 WGA, demonstrating that HCD-70K is highly advantageous in
terms of visibility and efficiency (Fig. 5e).

In order to test the stability and effectiveness of the detection of
HCD-70K, in the presence of other fluorescent cell populations in var-
ious organs, we observed fluorescence in the dorsal dermis and cre-
master muscle at 800 nm as well as in the calvarial bone marrow at
780 nm. Despite the aforementioned advantages of using HCD-70K at
780 nm, we selected 800 nm for the first two locations, in order to
minimize photo-toxicity to other fluorescent cells as much as possible
(Fig. 6a). Imaging of the calvarial bone marrow was carried out at
780 nm, since SHG of bone structures obstructed the blood vessel visi-
bility at 800 nm or higher wavelengths. Imaging results yielded con-
sistent fluorescence intensities in all three locations for longer than
50 min, confirming the stability of HCD-70K in vivo (Fig. 6b). Also,
HCD-70K was distinctively visible, even alongside other cell popula-
tions.

In summary of our results, we concluded that HCD-70K was highly
fluorescent and photo-stable as observed in various in vivo mouse
imaging models. HCD-70K may serve as an efficient tool to detect
fluorescence in the blood vessel and could be particularly utilized in
multi-color TPM imaging. Consequently, we could capture CX3CR1-

Fig. 6. (a) TPM in vivo imaging of blood vessels of two-month old LsyM-GFP mice was performed in calvarial bone marrow, dorsal dermis, and cremaster muscle, for
30 min after retro-orbital injection of HCD-70K (2.5 mg/mL with dose of 25 mg/kg). TPM Imaging was performed at 780 nm two-photon excitation (approximately
50 mW laser power at focal plane) with emission channels (as mentioned above). Imaging depth was approximately 40–50 μm for each site, from the surface,
respectively. Neutrophil was tagged in green (GFP) and it was imaged at 800 nm, while in the case of calvarial bone marrow imaging, it was taken at 780 nm of TP
excitation to avoid bone auto fluorescence. (b) Fluorescence intensity was plotted at each ROI’s in the panel (a) for 50 min.

Fig. 7. TPM in vivo multi-color imaging of blood vessel, microglias, and neu-
trophils in brain of two-month old CX3Cr1-GFP mice after retro-orbital injection
of HCD-70K (2.5 mg/mL with dose of 25 mg/kg). The images of all channels
were recorded simultaneously at 800 nm (50 mW laser power at focal plane)
with emission channel (as presented above). Imaging depth was approximately
50 μm from the surface. Microglia was tagged in green (GFP) and neutrophils
was stained in red (PE-Ly6G Ab), respectively.
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GFP+ microglia [39], Ly6G+ neutrophils [40] and HCD-70K simulta-
neously in brain imaging at 800 nm emission wavelength (Fig. 7, Fig.
S11, Supplementary Movie S1). We confirmed that HCD-70K dis-
tinctively visualized the blood vessel from cell-to-cell interactions in the
blood vessel or extra vascular tissue (Fig. 7).

3.6. Blood vessel leakage test

Stable detection of HCD-70K fluorescence in vivo was confirmed via
in vivo TPM microscopy; however, to test whether HCD-70K actually
remained within the blood vessels, we extracted peritoneal fluid from
the peritoneal cavity and measured absorption and fluorescence spectra
to detect any potential leakage (Fig. 8a). The supernatant of peritoneal
fluid, not including cells, were obtained from mice injected with PBS
and those injected with HCD-70K. For comparison, the absorption and
fluorescence spectra were measured in both supernatants, along with
non-injected HCD-70K. As a result, both showed no significant ab-
sorption and fluorescence signals (Fig. 8b, Fig. 8c) and since non-in-
jected HCD-70K had shown absorption and fluorescence as it is, the
lack of such indications in peritoneal fluid after HCD-70K injection, we
confirmed that there was no leakage of HCD-70K in the blood vessel.
Based on these results, we concluded that HCD-70K can be utilized as a
stable blood flow labelling tool in the blood vessel without significant
risk of leakage, according to the TPM data.

4. Conclusion

In this study, we have developed a bright blue fluorescent dextran,
HCD-70K, for the tracing of blood vessels with high visibility in two-
photon in vivo imaging. This blue fluorescent dextran is advantageous
for stable vascular visualization especially in combinatorial imaging
with red- and green-labeled immune cells and pathogens for two-
photon in vivo imaging. For the first time, DBCO-functionalized dextran-
70K was fabricated with hydroxy-coumarin dye via metal-free bioor-
thogonal click chemistry, which generated HCD-70K. This formulation
then circulated through the blood vessel and successfully deciphered
the entire structure of the blood vessel. We verified a high stability of
HCD-70K in human serum and under laser irradiation. The cell uptake

assay and blood vessel leakage test proved that HCD-70K can only be
applied within the blood vessels. The multi-color two-photon in vivo
imaging ability, with both green-emitting microglia and red-emitting
neutrophil presents various research possibilities in the area of vascular
diseases.
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