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-infrared fluorescent probe for
nitroreductase activity enables 3D imaging of
hypoxic cells within intact tumor spheroids†

Janeala J. Morsby, a Zhumin Zhang, a Alice Burchett, b Meenal Datta *b

and Bradley D. Smith *a

Fluorescent molecular probes that report nitroreductase activity have promise as imaging tools to elucidate

the biology of hypoxic cells and report the past hypoxic history of biomedical tissue. This study describes the

synthesis and validation of a “first-in-class” ratiometric, hydrophilic near-infrared fluorescent molecular

probe for imaging hypoxia-induced nitroreductase activity in 2D cell culture monolayers and 3D

multicellular tumor spheroids. The probe's molecular structure is charge-balanced and the change in

ratiometric signal is based on Förster Resonance Energy Transfer (FRET) from a deep-red, pentamethine

cyanine donor dye (Cy5, emits ∼660 nm) to a linked near-infrared, heptamethine cyanine acceptor dye

(Cy7, emits ∼780 nm). Enzymatic reduction of a 4-nitrobenzyl group on the Cy7 component induces

a large increase in Cy7/Cy5 fluorescence ratio. The deep penetration of near-infrared light enables 3D

optical sectioning of intact tumor spheroids, and visualization of individual hypoxic cells (i.e., cells with

raised Cy7/Cy5 ratio) as a new way to study tumor spheroids. Beyond preclinical imaging, the near-

infrared fluorescent molecular probe has high potential for ratiometric imaging of hypoxic tissue in living

subjects.
Introduction

Hypoxia is a hallmark of solid tumors and known to alter tumor
physiology and impact clinical treatment.1–3 For several
decades, researchers have actively pursued preclinical and
clinical imaging methods to quantify the extent and distribu-
tion of tumor hypoxia. In addition and in contrast to direct (i.e.,
invasive) measurements of tissue oxygen levels, indirect
methods have been developed to detect specic biomarkers that
are overexpressed in hypoxic tissues.3,4 Many of these
biomarkers are long-lived and thus they are a persistent record
of a cell's past history under hypoxic conditions. Overexpressed
enzymes are especially attractive as biomarkers because they
can chemically “turn over” multiple copies of a suitably
designed molecular substrate (i.e., bioresponsive molecular
probe) and produce an amplied imaging signal.5,6 In recent
years, a large amount of research on hypoxia imaging has
focused on bioresponsive uorescent molecular probes that
University of Notre Dame, 251 Nieuwland

E-mail: smith.115@nd.edu

ngineering, University of Notre Dame, 145

ing, Notre Dame, IN, 46556, USA. E-mail:

SI) available: Synthesis and compound
, imaging and immunohistochemistry
ck images of tumor spheroid sections.
8f

the Royal Society of Chemistry
report nitroreductase (NTR) activity.7–9 There are two related
goals for this ongoing work; one is to develop new research tools
to study the biology of hypoxic cells,1,2 and a more applied goal
is to develop hypoxia imaging methods for clinical
translation.10,11

The iterative process for developing high performance,
uorescent molecular probes for imaging NTR activity must
ultimately produce chemical structures that simultaneously
possess a favorable combination of reactivity, photophysical,
and pharmaceutical properties. This current study describes
a novel uorescent NTR-responsive probe molecule with two
highly desired features, (a) long-wavelength near-infrared
absorption/emission wavelengths that can penetrate relatively
deeply through opaque samples with reduced scattering of the
light, and (b) capacity to produce a ratiometric response that
enables self-calibrated measurements with a reduced number
of experimental artifacts. The research literature contains many
examples of NTR-responsive uorescent probes with one of
these two performance features, but there are very few examples
that possess both attributes.12–19 Here we describe a molecular
design that is based on Förster Resonance Energy Transfer
(FRET) from a deep-red, pentamethine cyanine Cy5 donor dye
(emits ∼660 nm) to a linked near-infrared, heptamethine
cyanine Cy7 acceptor dye (emits ∼780 nm). There are surpris-
ingly few reports of activatable uorescent molecular probes
that are based on a Cy5–Cy7 FRET pair,6,20 and in all these cases,
a change in ratiometric imaging signal is produced when
Chem. Sci., 2024, 15, 3633–3639 | 3633
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a linker is cleaved and the Cy5 donor separates from the Cy7
acceptor.21–24 To the best of our knowledge, there is no reported
example of an NTR-responsive uorescent molecule that is
based on a Cy5–Cy7 FRET pair.25 Conceptually, the closest
example is a nanoparticle design by Feng and coworkers who
encapsulated two separate uorophores within a self-assembly
of hyaluronic acid.26 One of the encapsulated uorophores
was a near-infrared Cy7 dye that was “turned on” by NTR activity
and the other encapsulated uorophore was a non-responsive
deep-red Cy5.26 A comparison of the uorescent responses in
normoxic and hypoxic cells revealed a ∼30% increase in the
Cy7/Cy5 ratio.

Although the synthetic simplicity of nanoparticle self-
assembly is appealing, we reasoned that quantitative micro-
scopic studies of cell hypoxia and eventual clinical utilization
would likely be more feasible if the ratiometric near-infrared
NTR-responsive probe was a discrete, structurally dened
molecule. Therefore, we designed the molecule in Scheme 1
that we call Ratiometric Nitroreductase Probe (RNP). The
molecule is composed of a Cy5 donor component linked to
a Cy7 acceptor component. A unique structural feature of the
Cy7 component is the 4-nitrobenzyl ester group at the 40-posi-
tion on the heptamethine chain. We have previously reported
that NTR-catalyzed reduction of the nitro group triggers
a spontaneous bond cleavage process that converts the 40-ester
group into a 40-carboxyl group and induces a moderate blue
shi in the Cy7 absorption maxima along with a very large
increase in the Cy7 uorescence quantum yield.27,28 With this
knowledge in mind, we hypothesized that NTR-catalyzed
conversion of RNP to RNPon would induce a large change in
the ratio of Cy7/Cy5 emission peaks (ratiometric response). A
second structural attribute is the wide distribution of alter-
nating charge across the structures of RNP and RNPon which
Scheme 1 Representation of FRET from the Cy5 component (colored
green) within RNP and RNPon to the Cy7 component (colored red).
NTR catalyzed reduction of the nitro group triggers a bond cleavage
process that converts the 40-ester group within RNP into the 40-
carboxyl group within RNPon which increases Cy7 emission, and the
Cy7/Cy5 fluorescence ratio.

3634 | Chem. Sci., 2024, 15, 3633–3639
enhances water solubility and minimizes probe self-association
or association with off-target hydrophobic biological structures,
such as membranes, which can alter the FRET response and
produce signal artifacts. In addition, the alternating charge
across RNPon makes it very unlikely for the probe to diffuse out
of a target hypoxic cell and produce “blurred” images. Here, we
report the synthesis and validation of RNP performance as
a “rst-in-class” ratiometric, hydrophilic, near-infrared uo-
rescent, molecular probe for imaging cell hypoxia in 2D cell
culture monolayers and 3D multicellular spheroids.

Results and discussion

The synthetic methods and compound characterization are
provided in the ESI,† along with calculated molecular models of
RNP and RNPon in low energy conformations (Fig. S1†).
Absorption spectra in DMSO and water (Fig. S2 and S3†) indi-
cate good solubility with no intra or intermolecular association
of the chromophores. The uorescence spectra in Fig. S4†
demonstrate that RNP and RNPon both exhibit energy transfer
from the respective Cy5 donor to the Cy7 acceptor, but the Cy7
component in RNPon is more emissive due to its 40-carboxyl
group. Preliminary test experiments used commercial supplies
of pure nitroreductase (NTR) enzyme from Escherichia coli. LC-
MS experiments proved that a solution of RNP in NADH-
supplemented buffer was converted by the NTR enzyme to
RNPon (Fig. S5†). Moreover, conversion of RNP to RNPon
produced the expected diagnostic changes in absorption and
emission spectra (Fig. 1).‡ RNP binding by bovine serum
albumin (BSA) was determined to be quite weak (Fig. S6a†) and
not strong enough to inhibit NTR-mediated conversion of RNP
to RNPon (Fig. S6b†). In addition, a uorescence spectrum of
RNP in 100% human serum showed no measurable conversion
to RNPon (Fig. S6c†) aer a one-hour incubation at 37 °C. Pho-
tostability was also observed to be satisfactory as summarized in
ESI Section 7.1.† Together, these results support the feasibility
of RNP as an NTR-responsive probe for eventual use in living
humans or patient-derived samples.

There are two ways to generate a ratiometric signal for NTR
conversion of RNP to RNPon. Technically, the simplest proce-
dure is method (a) which excites the probe's Cy5 component (ex:
620 nm) and measures emission intensity at the Cy5 and Cy7
wavelengths. Alternatively, method (b) is a two-step sequence
that selectively excites (ex: 620 nm) and detects the Cy5 emis-
sion and then selectively excites (ex: 720 nm) and detects the
Cy7 emission. The uorescence spectra in Fig. 1b were acquired
using method (a) and they show that NTR induced an 8-fold
increase in Cy7 emission intensity with virtually no change in
the Cy5 intensity. The spectra in Fig. 1c are part of the set
acquired by method (b) and they show that direct excitation of
the Cy7 component at 720 nm produced a 40-fold increase in
Cy7 emission intensity, which translated to a larger NTR-
induced change in the Cy7/Cy5 ratio. While the two-step ratio-
metric method (b) requires more instrument time to execute, it
produces a larger change in ratiometric signal because direct
excitation of the Cy7 component is more intense compared to
Cy7 excitation by FRET from the Cy5 donor (the indirect Cy7
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Absorption spectra, (b) fluorescence spectra, ex: 620 nm, (c)
fluorescence spectra, ex: 720 nm. In each panel, the two spectra
correspond to a sample of RNP (5 mM) before and one hour after
addition of NADH (500 mM) and NTR (10 mg mL−1) in 1X PBS buffer pH
7.4, slit width = 5 nm at 37 °C.
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excitation process in method (a)). Thus, method (b) was
employed in the following uorescence imaging experiments.

The suitability of RNP for near-infrared ratiometric uores-
cence imaging of NTR enzyme activity was rst conrmed by
experiments that imaged a multiwell plate using a commercial
in vivo imaging station (IVIS) that was equipped with Cy5 and
Cy7 imaging channels. Separate wells containing different
concentrations of RNP (0–10 mM) were simultaneously incu-
bated for 30 minutes with a range of NTR concentrations (0–10
mg mL−1), then the multiwell plate was imaged. The images in
Fig. 2a and b are false-colored pixel intensity maps of the plate
acquired with Cy5 or Cy7 uorescence settings, respectively,
and in Fig. 2c is an image of Cy7/Cy5 ratios. Inspection of the
images clearly shows that the Cy5 uorescence intensity
increases with RNP concentration, and that it is insensitive to
NTR concentration. In contrast, the Cy7 uorescence intensity
(and thus the Cy7/Cy5 ratio) increases with NTR concentration,
as reected by the representative plot in Fig. 2d, which shows
a near-linear correlation of Cy7/Cy5 ratio with NTR concentra-
tion. Selectivity studies were performed to conrm that the
uorescence response of RNP is insensitive to common bio-
logical analytes or other enzymes. The images in Fig. 2e and
© 2024 The Author(s). Published by the Royal Society of Chemistry
corresponding bar graph in Fig. 2f show that only NTR induced
a large change in ratiometric imaging signal. It is worth noting
that the ester bond within RNP is not cleaved by porcine liver
esterase, which is consistent with the observed stability of RNP
in human serum (Fig. S6c†). Combined, the data in Fig. 2
conrms the capacity of RNP to quantify NTR levels by near-
infrared ratiometric imaging using an IVIS.

Standard MTT assays assessed the effect of RNP on the
metabolic activity of A549 (Lung carcinoma), MDA-MB-231
(Breast cancer), HT-29 (Colorectal Adenocarcinoma) and
CHOK1 (Chinese Hamster Ovary) cells as an indicator of cell
viability and probe cytotoxicity. The cancer cell lines have been
employed by others for hypoxia imaging based on nitro-
reductase activity and thus they were useful as benchmarks for
comparison.27,29–31 In addition, they represent aggressive and
difficult to treat cancers, and thus have signicant translational
relevance. With the three cancer cell-lines there was no change
in metabolic activity when the cells were incubated with RNP at
all concentrations tested (up to 30 mM) for 24 hours. There was
a moderate decrease in metabolic activity of CHOK1 cells when
the concentration of RNP was above 10 mM (Fig. S10†), but
overall, the low or negligible cell toxicity of RNP supports its
suitability for bioimaging. The capacity of RNP to report
increased NTR activity in hypoxic A549 lung cancer cells was
demonstrated by conducting uorescence microscopy studies
of two-dimensional cell culture monolayers that were grown
under hypoxic (1% oxygen atmosphere) or normoxic (20%
oxygen atmosphere) conditions for 24 hours. In each case, the
cells were incubated with 10 mM of RNP for 1 hour, then xed
with paraformaldehyde and incubated with Hoechst nuclear
stain. Subsequent microscopic multicolor imaging revealed the
same Cy5 uorescence intensity in the hypoxic or normoxic cells
but higher Cy7 uorescence in the hypoxic cells (Fig. 3a). A pixel
intensity map of the ratiometric (Cy7/Cy5) signal indicated
conversion of RNP to RNPon and quantication of this data
showed that the mean ratiometric (Cy7/Cy5) signal was about
two times more intense in the hypoxic cultures than the nor-
moxic cultures (Fig. 3b). This is three times larger than the
change in Cy7/Cy5 ratio observed by Feng and coworkers using
their uorophore nanoassembly system.26 Additional evidence
that the increase in Cy7/Cy5 signal was due to NTR activity was
gained by showing that the Cy7/Cy5 ratio decreased signi-
cantly when the hypoxic cells were pre-treated with the NTR
inhibitor dicoumarol (Fig. S11†). Not all the enzymes that
promote NTR activity in mammalian cells are known, but there
is strong evidence implicating CYP450 enzymes.32

Three-dimensional (3D) multicellular tumor spheroids
mimic many of the organizational aspects of clinical solid
tumors and they have strong attributes as informative preclin-
ical models for cancer drug screening or studies of tumor cell
adaptation and therapy resistance.33 In principle, the effective
use of 3D tumor spheroids should reduce the number of
animals required for preclinical studies while increasing the
success rates of clinical trials. However, 3D tumor spheroids
have several technical drawbacks that currently limit utility and
broad impact, including: (a) batch-to-batch variation in 3D
spheroid structure and intercellular packing which leads to
Chem. Sci., 2024, 15, 3633–3639 | 3635
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Fig. 2 (a and b) Pixel intensity maps of a multiwell plate containing increasing concentrations of RNP (left to right) and NTR (top to bottom) in 1X
PBS buffer and NADH (500 mM) at pH 7.4 and room temperature. After a 30 minutes incubation, the images were acquired using an IVIS with Cy5
(ex: 605± 20 nm, em: 670± 20 nm) or Cy7 (ex: 745± 20 nm, em: 850± 20 nm) channels. (c) Images of Cy5/Cy7 ratio for themulti-well plate. (d)
Plot of Cy7/Cy5 ratio for the wells that contained 5 mM of RNP and different NTR concentrations. (e) Pixel intensity maps of separate Eppendorf
tubes containing RNP (5 mM) in 1X PBS buffer pH 7.4, with the following additives, (1) no additive, (2) 500 mMNADH, (3) 1 mMNaCl, (4) Tryptophan
(Trp), (5) Vitamin C (VC), (6) Tyrosine (Tyr), (7) Serine (Ser), (8) Cysteine (Cys), (9) Glucose, (10) 50 mgmL−1 porcine liver esterase, (11) 500 mMNADH
+ 10 mg mL−1 NTR. Images acquired after 1 hour incubation at 37 °C. (f) Bar graph of Cy7/Cy5 ratio for the Eppendorf tube images in panel (e).
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uncertainties regarding mechanical and physiochemical
parameters such as nutrient and waste concentration gradients,
and (b) spatiotemporal variation in the metabolic state of the
cells within a multicellular spheroid assembly.34 Convenient
and reliable uorescence imaging methods are needed to
accurately characterize each spheroid within a collection and
Fig. 3 (a) Representative multicolor fluorescent micrographs of A549 cel
hours and then incubated with 10 mM of RNP for 1 hour, emission filter c
length scale= 20 mm; ratiometric (Cy7/Cy5) image. (b) Quantification of a
condition). (c) Comparison of MPI ratio (Cy7/Cy5) for multiple micrograph
***p # 0.001.

3636 | Chem. Sci., 2024, 15, 3633–3639
the individual cells within a single spheroid.35,36 One of the
central metabolic features of a 3D tumor spheroid is cell
hypoxia which is known to vary with experimental parameters
such as cancer cell types and metabolic requirements, inter-
cellular packing, spheroid age and size, and cell spatial location
within the spheroid.37,38 Unlike 2D cell culture monolayers, 3D
ls grown under normoxic (20%O2) or hypoxic (1% O2) conditions for 24
hannels: DAPI (435–485 nm), Cy5 (663–737 nm), Cy7 (780–900 nm),
verageMean Pixel Intensity (MPI) for multiplemicrographs (N= 18 each
s of normoxic or hypoxic cells (N = 18 for each condition). **p# 0.01,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tumor spheroids exhibit the same gradients, heterogeneity, and
oscillations in O2 levels as solid tumors. Current tumor
spheroid imaging methods using relatively lipophilic molecular
probes with “turn on” uorescence are susceptible to imaging
artifacts caused by various factors including rapid probe uptake
by the peripheral cells, continued diffusion of the product dye
between cells within the spheroid, and spheroid-promoted
scattering, and attenuation of the visible microscopy light
intensity.37–40 In this regard, RNP is especially well-suited as
a molecular probe for uorescence imaging of 3D tumor
spheroids due to the low propensity of RNP/RNPon to transfer
between cells, the near-infrared absorption/emission wave-
lengths which reduces background autouorescence and scat-
tering of the microscopy light, and the ratiometric uorescence
response that is insensitive to changes in probe concentration.

To test the spheroid imaging performance of RNP, we
cultured U87 and HT-29 cells as relatively small 3D spheroids
(diameter range 400–450 mm) for 48 hours at 37 °C using the
hanging drop incubation method.41§ The spheroids were
subsequently incubated under normoxic (20% O2) or hypoxic
(1% O2) conditions for another 24 hours before being treated
with 20 mM RNP for 1 hour. The representative images of HT-29
spheroids (Fig. 4a) and associated quantitative analysis
(Fig. S12†) indicate relatively rapid distribution of the hydro-
philic molecular probe throughout the tumor spheroid.{
Moreover, the distribution of hypoxic cells (i.e., cells with high
Cy7/Cy5 ratio) was roughly even and apparently random with no
evidence of a hypoxic core as sometimes observed in large,
closely packed, or older tumor spheroids.37,38,42,43 Optical
Fig. 4 (a) Representative images of 3D tumor spheroids composed of H
then maintained under normoxic or hypoxic (1% O2) condition for 24 h
inhibition studies were performed by treating the hypoxic HT-29 spheroi
The spheroids were fixed in 4% paraformaldehyde and imaged with the e
scale 270 mm. (b) Quantification for Cy7/Cy5 fluorescence ratio for N
spheroids for hypoxia + DC condition. (c) Quantification of the hypoxia b
1a (HIF-1a) in HT-29 or U87 spheroids (N = 6 or 7 images of sectioned
osections by immunohistochemical staining. (d) Representative images
tochemical staining of the nucleus (blue) and proliferation biomarker Ki6
0.05, **p # 0.01.

© 2024 The Author(s). Published by the Royal Society of Chemistry
sectioning of the intact spheroids was achieved by employing
structured illumination uorescence microscopy,44 and the 3D
distribution of hypoxic cells throughout the spheroids was
visualized as Z-stacks of Cy7-channel images representing
central sections of the spheroids (100 mm thick). Movies of the
Z-stacks (see ESI† for movie les and Fig. S14† for montage of
images) conrm complete penetration of near-infrared light
through the spheroid and reveal the spatial locations of the
hypoxic cells. The average ratiometric signal (Cy7/Cy5 ratio) for
each spheroid was higher under hypoxic conditions compared
to normoxic conditions (Fig. 4b) but the increase in Cy7/Cy5
ratio was less than the change observed with 2D cell culture
(Fig. 3c). Supporting evidence that the Cy7/Cy5 ratio was
reporting NTR activity was gained by observing a lower Cy7/Cy5
ratio in hypoxic HT-29 spheroids that had been pre-treated with
the NTR inhibitor dicoumarol before addition of the RNP
(Fig. 4a and b). Repeated uorescence imaging studies using
U87 spheroids, which were more densely packed at the same
three-day post-seeding timepoint, observed weaker probe uo-
rescence due to reduced RNP uptake into the cells aer the 1
hour incubation; nonetheless, the ratiometric imaging indi-
cated the same trend of hypoxia-induced increase in NTR
activity (Fig. S13†). This result highlights an inherent attraction
of this ratiometric imaging method to measure statistically
meaningful changes in the NTR activity within different tumor
spheroids that contain unequal probe concentrations.

The presence of hypoxic cells in the tumor spheroids was
conrmed by spheroid cryosectioning and immunohistochem-
ical detection of the hypoxia biomarkers Carbonic Anhydrase IX
T-29 cells grown under normoxic (20% O2) condition for 48 hours and
ours (day 3) before being treated with RNP (20 mM) for 1 hour. NTR
ds with 200 mM dicoumarol (DC) for 1 hour before the addition of RNP.
mission filter channels, Cy5 (663–737 nm), Cy7 (780–900 nm), length
= 12 HT-29 spheroids for each hypoxia or hypoxia condition, N = 5
iomarkers Carbonic Anhydrase IX (CA-IX) and Hypoxia Inducible Factor
spheroids per cell-line per condition) visualized in thin spheroid cry-
of thin sectioned HT-29 and U87 tumor spheroids with immunohis-
7 (brown) showing no necrotic core. n.s. (not significant) p > 0.05, *p#

Chem. Sci., 2024, 15, 3633–3639 | 3637
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(CA-IX) and HIF-1a in the thin slices (6 mm) (Fig. 4c, S15 and
S16†).45 Moreover, there were more hypoxic cells within the
spheroids that were maintained under hypoxic conditions (1%
O2) for the last 24 hours (day 3), and immunohistochemical
staining of the proliferation biomarker Ki67 conrmed that the
spheroids, aer three-days post-seeding, had not developed
a quiescent or necrotic core (Fig. 4d and S17†). A goal of future
research is to use this new imaging method to delineate the
different spheroid structural factors for their capacity to trigger
formation of a hypoxic core.
Conclusions

The inability to image the individual cells within a multicellular
tumor spheroid using visible light microscopy requires
researchers to conduct time and resource intensive procedures
like thin sectioning or optical clearing.46 Non-invasive near-
infrared uorescence imaging (optical sectioning) of intact
spheroids with cellular or subcellular resolution has the
potential to transform the way that tumor spheroids are
studied.47 The results reported here demonstrate that RNP
possesses all the performance attributes to be an effective
ratiometric near-infrared uorescent probe for 3D visualization
of individual hypoxic cells within intact multicellular tumor
spheroids. Moreover, there is high potential for further
employment of RNP as a near-infrared uorescent probe for
ratiometric imaging of hypoxic tissue in living subjects.
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