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Fluorescence imaging multiplicity of biological systems is an area of
intense focus, currently limited to fluorescence channels in the visible
and first near-infrared (NIR-I; ∼700–900 nm) spectral regions. The
development of conjugatable fluorophores with longer wavelength
emission is highly desired to afford more targeting channels, reduce
background autofluorescence, and achieve deeper tissue imaging
depths. We have developed NIR-II (1,000–1,700 nm) molecular imag-
ing agents with a bright NIR-II fluorophore through high-efficiency
click chemistry to specific molecular antibodies. Relying on buoyant
density differences during density gradient ultracentrifugation sep-
arations, highly pure NIR-II fluorophore-antibody conjugates emit-
ting ∼1,100 nm were obtained for use as molecular-specific NIR-II
probes. This facilitated 3D staining of ∼170-μm histological brain
tissues sections on a home-built confocal microscope, demonstrating
multicolor molecular imaging across both the NIR-I and NIR-II win-
dows (800–1,700 nm).

NIR-II molecular imaging | bioconjugate | clickable dye | density gradient
ultracentrifugation separation | NIR-II multicolor molecular imaging

For decades, fluorescence-based optical imaging in the visible and
near-infrared (NIR) spectra up to ∼900 nm has provided a

critical tool for researchers and clinicians to molecularly probe wide-
ranging biological processes and disease markers in vitro when ex-
amining tissues and cells (1, 2). The study of biological systems often
requires the simultaneous observation of several proteins/organs in
live cells/body. Although multicolor fluorescence imaging has been
achieved using organic dyes or quantum dots in the visible to NIR-I
range (400–900 nm) (3, 4), imaging multiplicity is limited by the
number of fluorescent channels with nonoverlapping emission (5).
Over the past several years, efforts to extend the spectral range of
fluorophores into the second NIR optical window (NIR-II; 1,000–
1,700 nm) have yielded improved photon penetration depth,
minimized scattering, and reduced background autofluorescence
compared with the visible or NIR-I (∼750–900 nm) imaging win-
dow (6–13). The wide fluorescent window from visible to NIR-II (400–
1,700 nm) could greatly increase imaging multiplicity and enhance the
capabilities of molecular imaging based on fluorescence techniques.
To date, most NIR-II fluorescence imaging has focused on in vivo

visualization of vascular diseases, brain hemodynamics in response
to trauma, and tumor detection (14). In vitro molecular imaging of
cells and tissues in 2D or 3D space (15–17) could strongly benefit
from the broader spectral imaging window extending into NIR-II,
adding more colors and increased multiplexing capability, accom-
panied by the advantages of increased penetration depth and re-
duced tissue endogenous autofluorescence levels afforded by
molecular NIR-II probes (12, 18, 19). The increased photon
penetration depth allows for visualization of deeper physiological
structures, opening the possibility of layer-by-layer fluorescence
imaging for 3D molecular imaging using simple one-photon

techniques (9, 20, 21). Furthermore, the low NIR-II tissue auto-
fluorescence that eventually could reach near-zero levels in the
NIR-IIb (1,500–1,700 nm) window could facilitate a marked in-
crease in fluorescent probe signal-to-background ratios and imaging
specificity for fluorescent probes (22–24).
Thus far, there is a dearth of fluorophores for use in NIR-II

relative to the numerous counterparts in the visible and NIR-I
region. Existing NIR-II fluorescent agents include various molec-
ular dyes and inorganic semiconducting nanomaterials used mostly
as nontargeted fluorophores, with few developed molecular-specific
probes emitting >1,000 nm (11, 25). For NIR-II microscopic im-
aging techniques and the NIR-II field in general to benefit from
long-wavelength fluorescent imaging, the development of highly
selective NIR-II molecular imaging agents is paramount (26–28).
Although some bioconjugation protocols for covalently modifying
NIR-II nanomaterials with proteins and antibodies exist (29), the
development of high-efficiency conjugation routes for NIR-II flu-
orophores remains highly desirable. Moreover, existing NIR-II
agent/protein conjugates suffer from a difficulty in separating
conjugates from both unconjugated proteins and free NIR-II flu-
orophores (29), The unbound antibodies result in poor molecular
sensitivity/specificity, whereas unbound NIR-II fluorophores cause
high nonspecific background staining.

Significance

Fluorescence-based optical imaging is an important tool allowing
researchers and clinicians to molecularly probe wide-ranging bi-
ological structures and processes. To break through the traditional
molecular imaging window spanning from the visible to the near-
infrared (NIR)-I (400–900 nm) region for imaging multiplicity, newly
designed and ultrapurified fluorescent probe-antibody conjugates
with fluorescence emissions in the NIR-II region (1,000–1,700 nm)
have been developed. These NIR-II probes can reduce background
autofluorescence for deep-tissue molecular imaging in a 3D imag-
ingmode. These probes open upmore and deeper nonoverlapping
molecular imaging channels for complex biological systems.
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We have developed a clickable organic fluorophore and a car-
bon nanotube fluorescent agent conjugated to molecularly specific
proteins or antibodies. The fluorophore and fluorescent agent were
purified effectively through density gradient ultracentrifugation
(DGU) separations (30), and subjected to multicolor molecular
imaging in the 800- to 1,700-nm NIR region of brain tissues using a
home-built confocal microscope. We demonstrated the first mul-
ticolor biological imaging in the extended 800- to 1,700-nm NIR
window in 2D as well as in 3D in a layer-by-layer manner through
biological tissues.

Results and Discussion
A Clickable Fluorophore (IR-FGP) with High Quantum Yield in the NIR-
II Window. We synthesized the NIR-II fluorophore IR-FGP with
bright emission centered at ∼1,050 nm in aqueous solution by
systematically tuning a donor–acceptor–donor dye architecture.
Benzo[1,2-c:4,5-c′]bis([1,2,5] thiadiazole) (BBTD) served as the
acceptor unit, with tert(ethylene glycol) (TEG)-substituted thio-
phene as the bridging donor unit (Fig. 1A and SI Appendix, Fig. S1).
The TEG substitution on thiophene close to BBTD is vital, because
it can distort the conjugated backbone and increase the dihedral
angle between BBTD and TEG-thiophene compared with triphe-
nylamine (31), 3,4-ethylenedioxythiophene (32), and thiophene
(33) donors, affording reduced molecular interactions/aggregation
for brighter emission. (SI Appendix, Fig. S2 presents theoretical
modeling results.) Meanwhile, the flexible and hydrophilic TEG

chain can improve the solubility of the molecular dye compared
with the 3,4-ethylenedioxy thiophene donor developed previously
(32). Furthermore, dialkyl chain-substituted fluorene units were
used as the shielding units, because the stretched dialkyl chains out
of the conjugated backbone plane could efficiently prevent parallel
intermolecular interactions. The termini of the alkyl chains were
modified with azide groups. Two of the termini were functionalized
with polyethylene glycol (PEG) chains to enable good aqueous
solubility and biocompatibility, and two azide groups were left for
further bioconjugation through click chemistry. Synthesis and
characterization procedures are detailed in SI Appendix, Materials
and Methods, Scheme S1, and Fig. S1.
The UV-Vis-NIR absorption spectrum of IR-FGP in water

exhibited an absorption peak at 745 nm, whereas the fluorescence
emission spectrum showed an emission peak centered at 1,050 nm
with a signal in the range of 900–1,400 nm under 808-nm laser
excitation (Fig. 1B). The quantum yield (QY) of IR-FGP in
aqueous solution was 1.9%, the highest among organic NIR-II dyes
in aqueous solution reported thus far [808-nm excitation with
HiPCO single-walled carbon nanotubes (SWCNTs) as the refer-
ence fluorophore; SI Appendix, Fig. S3A] (31). The enhanced QY
of IR-FGP in water resulted from the aforementioned molecular
engineering of the TEG-substituted thiophene donor and fluorene
shielding groups in the dye structure. It should be pointed out that a
NIR-II molecular fluorophore with thiophene and fluorene as the
donor was reported previously, and it exhibited high fluorescence

Fig. 1. Clickable dye (IR-FGP) with high QY in the NIR-II window used for specific bioconjugation. (A) Chemical structure of IR-FGP with donor–acceptor–donor
architecture containing two PEG chains and two azide groups for biocompatibility and bioconjugation. (B) Absorption and photoluminescence (PL) emission (808-nm
excitation) spectra of IR-FGP. (C) Scheme of the conjugation route between IR-FGP and proteins by click chemistry. The protein was connected with the DBCO-NHS
linker, and then the DBCO-modified protein was reacted with IR-FGP. (D) PL image of post-DGU tubes of free IR-FGP, SA@IR-FGP, and Erb@IR-FGP. The sucrose
gradient ranged from 1.06 to 1.23 g/cm3 (15–50 wt%). SI Appendix, Fig. S4 shows a complete density profile along the centrifuge tubes. Images were obtained on a
home-built NIR-II set-up with 808 nm excitation (with 850- and 1,000-nm short-pass filters) and 900- and 1,100-nm long-pass emission filters.
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QY in toluene (34); however, its analog with ionic groups showed
little fluorescence in aqueous solution (QY <0.1%) (33). The
molecular fluorophore IR-FTP with TEG-thiophene substituted by
thiophene also exhibited a fluorescence QY of only 0.020%,
highlighting the novelty of the TEG-thiophene bridge in IR-FGP
(SI Appendix, Fig. S3C).

High-Performance Conjugate of IR-FGP Achieved Through Click Chemistry
and DGU Purification. Click chemistry using the azide groups on IR-
FGP allowed facile bioconjugation to a variety of proteins and an-
tibodies such as streptavidin (SA), Erbitux, an anti-epidermal growth
factor receptor (EGFR) antibody, and anti-mouse IgG antibodies.
The amino groups on proteins were first connected with dibenzo-
cyclooctyne (DBCO)-PEG4-NHS ester to introduce alkyne groups
(35). The DBCO-modified protein was then subsequently reacted
with the azide-modified IR-FGP to form dye-protein conjugates
(Fig. 1C; complete bioconjugation details are provided in SI Ap-
pendix, Materials and Methods). The remarkably high efficiency of

DBCO click chemistry resulted in nearly complete dye labeling of
the protein. Any excess of free dye molecules was removed by an
efficient isopycnic DGU separation using the discrepancy in buoyant
density between labeled proteins (monomer, dimer, and trimer:
1.11–1.17 g/cm3) and the free dye (1.06–1.09 g/cm3). Once a linear
density gradient was established (SI Appendix,Materials and Methods
and Fig. S4), ultracentrifugation caused species to migrate to a
position within the gradient where their buoyant density matched
that of the surrounding gradient. Fig. 1D shows the post-DGU
centrifuge tubes of free IR-FGP, SA@IR-FGP, and Erb@IR-FGP
conjugates with a free dye band near the top of the centrifuge tube
and a labeled protein region near the bottom; SI Appendix, Fig. S4D
and E provides additional details. Interestingly, the Erbitux existing
in a monomer, a dimer, a trimer, and a multimer (known to exist in
Erbitux) (36) before conjugation were clearly separated in the
density gradient, indicating that these separations rival centrifuge
filter and dialysis techniques with a known capacity for resolving
each species (36). The density gradient separations proved scalable

Fig. 2. The microarray assay screening method developed to test the conjugates. (A) Assay analysis of DGU fraction of SA@IR-FGP. BSA-biotin was printed on the
plasmonic fluorescence-enhancing gold slide, after which the pre/post-DGU conjugates were incubated on the slide. Finally, the slide was scanned by a 10×
magnification NIR-II setup with 808-nm excitation and a 1,100-nm long-pass emission filter. (B) Cross-sectional intensity profile of the spot signal. (C and D) Assay
analysis of the DGU fractions of Erb@IR-FGP. SCC and U87 cell lysates were printed on plasmonic fluorescence-enhancing gold slides for testing the conjugate
Erb@IR-FGP. The slide was finally scanned with a 10× magnification NIR-II setup with 808-nm excitation and a 1,100-nm long-pass emission filter. Note that the
gold slide has a certain autofluorescence under the testing condition. (E) Targeted cell staining by Erb@IR-FGP (SCC and U87 cell lines as positive and negative
controls) scanned by a home-built microscope with 785-nm excitation and a 1,050-nm long-pass emission filter. (F) PL intensity statistic of SCC and U87 cells.
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D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
1,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617990114/-/DCSupplemental/pnas.1617990114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617990114/-/DCSupplemental/pnas.1617990114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617990114/-/DCSupplemental/pnas.1617990114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617990114/-/DCSupplemental/pnas.1617990114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617990114/-/DCSupplemental/pnas.1617990114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617990114/-/DCSupplemental/pnas.1617990114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617990114/-/DCSupplemental/pnas.1617990114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1617990114


www.manaraa.com

for manufacturing large batches of IR-FGP imaging agents when
using production-level rotors with a 50-mL centrifuge tube loading
capacity (SI Appendix, Materials and Methods and Fig. S4 F–I).

AMicroarray Assay Screening Method Developed to Test the Conjugates.
The assay screening method to test the activity of the bioconjugate
was developed using printed spots of either BSA-biotin or lysed
cells pertaining EGFR biomarkers on a plasmonic fluorescence-
enhancing gold slide (SI Appendix, Fig. S5A) (37, 38). Incubation of
IR-FGP@protein conjugates followed by washing revealed spots
with bright fluorescence emission, demonstrating the molecular

selectivity of the NIR-II molecular probes through the selective
binding between SA and biotin, or between Erbitux and EGFR
(Fig. 2 A and C) (37–39). A fluorescence intensity cross-sectional
line profile of the spots for both assays clearly showed a marked
increase in the signal-to-background ratio (SBR) after DGU puri-
fication (Fig. 2B). The Erb@IR-FGP conjugate demonstrated an
increased microarray assay-positive/negative (P/N) ratio (EGFR+

and EGFR-) of 1.1 (pre-DGU) to 5.3 after a DGU separation (Fig.
2D). The enhanced SBR or P/N ratio is due to the removal of free
IR-FGP, which could cause nonspecific binding on the slide. Mo-
lecular imaging of cells labeled with the Erb@IR-FGP conjugate

Fig. 3. Multicolor 2D/3D staining in NIR-I and NIR-II windows (800–1,700 nm). (A) PL emission spectra of Deep Red, IR-FGP, and IIb SWCNT including the long-pass/short-
pass filter ranges used for three-color imaging. (Although there is slight emission overlay between IR-FGP and SWCNT, the lower QY of SWCNT did not affect the IR-FGP
channel.) (B) Scheme of molecular imaging with three color channels. (C–F) 2D multicolor labeling of brain tissue imaged with a home-built confocal system. (C) Deep
Red with NIR-I emission for staining the nucleus (658-nm excitation with 850-nm long-pass and 900-nm short-pass emission filters. Note that the 850-nm long-pass filter
can be replaced with an 800-nm filter in the present confocal setup to get similar results with higher signal intensities. Images were plotted by ImageJ, increasing the
z-scale to eliminate autofluorescence and NSB background signal. SI Appendix, Fig. S8E provides raw data without low z-scale changes. (D) Mouse anti-neuron and anti-
mouse IgG@IR-FGP with NIR-IIa emission for staining the neuron (785-nm excitation with 1,050-nm long-pass and 1,300-nm short-pass emission filters). Clear visuali-
zation of neuron nucleus with light staining of cell cytoplasm is evident. (E) Anti-CD31 and SA@SWCNTwith NIR-IIb emission for staining vessels (785-nm excitation with
1,500-nm long-pass emission filter). (F) Three-color overlapping image of nucleus, neurons, and vessels. (G) Magnified multicolor brain tissue staining with higher
resolution. (H–J) Confocal scanning from cross-sections of brain tissue. Scanning depths: Deep Red (H), 120 μm; IR-FGP (I), 170 μm; SWCNT (J), 150 μm. For cross-sectional
scanning, the achievable imaging depth was defined as the depth beyond which themeasured S/B ratio fell below 2.5. (K) Three-color 3D rendering of nucleus, neuron,
and vessel channels obtained with NIR-I/II confocal microscopy. A homebuilt stage scanning confocal setup was used to obtain confocal images. The 100× objective
(Olympus, oil immersion, NA 0.8) focuses the excitation laser to a tiny spot with a few μm diameter onto the sample, and the fluorescence goes through 800-nm long-
pass dichoric and emission filters to a photomultiplier tube (PMT) detector. A 150-μm pinhole is used to reject out-of-focus signals. For the Deep Red channel, a 658-nm
laser was used for excitation, and the signal was detectedwith a PMT detector (Hamamatsu H7422-50). For the IR-FGP and SWCNT channels, a 785-nm laser was used for
excitation, and the signal was detected with an NIR PMT detector (Hamamatsu H12397-75). The scanning rate was 2.5 ms/pixel.
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demonstrated excellent selectivity, with strong fluorescence past
1,100 nm observed from EGFR+ SCC cells and nearly zero fluo-
rescence observed from EGFR- U87MG cells (Fig. 2 E and F). The
anti-mouse IgG@IR-FGP was also obtained through a similar
conjugation route with high purity for molecular imaging of tissues
(SI Appendix, Fig. S5B).

Development of Molecular Imaging Conjugate in the NIR-IIb Region
by SWCNTs. We also developed an NIR-IIb >1,500-nm–emitting
molecular imaging agent based on laser-vaporization SWCNTs
enriched in fluorescent, semiconducting SWCNTs. The nanotubes
were first coated with amine-terminated polymers (22, 40, 41) and
then conjugated to SA before purification via DGU (SI Appendix,
Figs. S6 and S7). The brightest SA@SWCNT fractions were iso-
lated through a DGU exploiting differences in the sedimentation
coefficient of SA-labeled SWCNTs vs. free SWCNTs. After col-
lection, fractions were combined with biotinylated antibodies for
molecular imaging of specific targets in cells and tissues in the
>1,500-nm wavelength range under 808-nm excitation, which
afforded a remarkably large Stoke shift.

Multicolor 2D/3D Staining in the NIR-I/II Window (800–1,700 nm).With
the newly developed dual NIR-II imaging probes (Erb@IR-FGP
emission peak ∼1,050 nm and SWCNT-SA emission at 1,500–
1,700 nm) and a commercially available Deep Red NIR-I stain
specific to the cell nucleus (emission ∼600–900 nm), fluorescence
staining of mouse brain tissue sections enabled multicolor imaging in
the NIR-I/II window (range, 800–1,700 nm) (Fig. 3A). An immu-
nohistochemistry molecular staining was performed by incubating
tissue sections with a biotinylated anti-CD31 antibody and a mouse
anti-neuron primary antibody in 10% (vol/vol) goat serum (for
blocking nonspecific interactions). Following the application of pri-
mary antibodies, a mixture of molecular probes consisting of
SA@SWCNT, anti-mouse IgG@IR-FGP, and the Deep Red nuclear
stain simultaneously labeled brain blood vessels (SWCNTs, assigned
to a false-color red channel), neurons (IR-FGP; green channel), and
nuclei (commercial NIR-I stain; blue channel) (Fig. 3B) (14, 42, 43).
Fig. 3 C–F shows the 2D three-color [850–900 nm labels for cell nu-
clei, 1,050–1,300 nm for neurons (44), and 1,500–1,700 nm for blood
vessels] images of each molecular feature in addition to the multicolor
overlay. Fig. 3G provides a higher-magnification image, and SI Ap-
pendix, Fig. S8 presents more images. Three-color imaging of an SCC
tumor was also performed using the NIR-I nuclear stain, Erb@IR-
FGP (cell membrane EGFR), and anti-mouse CD31-biotin/
SA@SWCNT (vessel) (SI Appendix, Fig. S9A). The present tech-
nique can be readily expanded to any other targets of interest by
applying the specific antibody or protein conjugation.
Whereas imaging multiple features demonstrated the selectivity

of each molecular probe, we used different NIR-II fluorophores to
probe identical physiological structures and examine the SBR as a
function of NIR-II imaging wavelength. Applying a mixture of
SA@IR-FGP and SA@SWCNT for vessel staining using bio-
tinylated anti-CD31 as the primary antibody, we found that the blood
vessel SBR demonstrated a marked increase of 11.3 in NIR-IIb
(1,500–1,700 nm) with SWCNTs, compared with a SBR of 5.6 with
the shorter emission wavelength IR-FGP probe (1,100–1,300 nm),
owing to the ultra-low background autofluorescence afforded by
808-nm excitation with >1,500-nm emission SWCNTNIR-IIb probes
(SI Appendix, Fig. S9B).
Finally, we exploited the NIR-II probes for 3D layer-by-layer

molecular imaging of tissues using a home-built one-photon confocal

imaging system, achieving 3D tomographic imaging with sufficient
penetration depths and reducing background autofluorescence lev-
els. A cross-sectional z-scan investigation of the staining depth of the
various probes revealed maximum depths of 120 μm with the NIR-I
nuclear stain, 170 μm with the IR-FGP anti-mouse probe, and
150 μm with the SA@SWCNT probe (Fig. 3 H–J). Fig. 3K and SI
Appendix, Fig. S10 present the 3D overlay and individual images of
the three-color channels. Although the imaging depth increased
marginally in the NIR-II nuclear stain compared with the shorter-
wavelength NIR-I nuclear stain, many factors other than the imaging
wavelength contribute to the maximum attainable staining depth.
These factors include the limited probe diffusion depths of small-
molecule vs. nanomaterial-labeled proteins into tissues, receptor-
ligand binding strength, variable fluorophore QYs [>10% for Deep
Red (45, 46), 1.9% for IR-FGP, and 0.01–0.05% for SWCNTs (22)],
as well as NIR-II detector and integrated optical path conditions of
the home-built confocal setup (47). Therefore, to achieve deeper
scanning depths with high spatial resolution for one-photon–based
systems, NIR-II conjugates with higher QYs, improved staining
conditions allowing deeper probe diffusion into fixed tissues, as well
as optimized NIR-II confocal setups are needed.

Conclusion
We have described the functional design of a clickable NIR-II
small-molecule dye capable of high-efficiency conjugation through
copper-free click chemistry. Growing interest in NIR-II imaging
mandates the production of high-quality molecular probes, yet
most NIR-II fluorophore conjugates do not allow purification
through standard techniques. Density gradient separation is prov-
ing to be a versatile method capable of resolving both IR-FGP and
laser-vaporization SWCNT conjugates. Not just one small
molecule and one nanomaterial fluorophore were labeled with
a variety of proteins, the developed separation methods should
allow purification of a multitude of fluorophores from each
material class. Multicolor imaging is extended to 1,700 nm,
beyond the typical range of 400–900 nm. This opens a whole
new range of imaging wavelengths and provides many more
targeting channels for the optical imaging field. The develop-
ment of a panel of NIR-II molecular probes will allow the
fluorescence imaging community to truly benefit from the im-
proved optical imaging metrics garnered by long-wavelength
NIR-II imaging. In the NIR-II window, the enhanced imaging
depth allows 3D molecular imaging using a simple one-photon
technique. To further multiplex fluorophores in the NIR-II
range, purified conjugates with higher QYs, narrow emission
wavelengths, and large Stokes shifts are highly desired.

Materials and Methods
The materials and methods used in this study are described in detail in SI Ap-
pendix, Materials and Methods. Information includes descriptions of IR-FGP
design and synthesis, bioconjugation and purification, cell and tissue staining,
assay testing, and NIR-II confocol setup.
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