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Abstract

Hypoxia (pO, < ~1.5%) is an important characteristic of tumor microenvironments that directly
correlates with resistance against first-line therapies and tumor proliferation/infiltration. The
ability to accurately identify hypoxic tumor cells/tissue could afford tailored therapeutic regimens
for personalized treatment, development of more-effective therapies, and discerning the
mechanisms underlying disease progression. Fluorogenic constructs identifying aforesaid cells/
tissue operate by targeting the bioreductive activity of primarily nitroreductases (NTRs), but
collectively present photophysical and/or physicochemical shortcomings that could limit
effectiveness. To overcome these limitations, we present the rational design, development, and
evaluation of the first activatable ultracompact xanthene core-based molecular probe (NO,-Rosol)
for selectively imaging NTR activity that affords an “OFF-ON” near-infrared (NIR) fluorescence
response (> 700 nm) alongside a remarkable Stokes shift (> 150 nm) via NTR activity-facilitated
modulation to its energetics whose resultant interplay discontinues an intramolecular d-PET
fluorescence-quenching mechanism transpiring between directly-linked electronically-uncoupled
Tt-systems comprising its components. DFT calculations guided selection of a suitable fluorogenic
scaffold and nitroaromatic moiety candidate that when adjoined could (i) afford such
photophysical response upon bioreduction by upregulated NTR activity in hypoxic tumor cells/
tissue and (ii) employ a retention mechanism strategy that capitalizes on an inherent physical
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property of the NIR fluorogenic scaffold for achieving signal amplification. NO,-Rosol
demonstrated 705 nm NIR fluorescence emission and 157 nm Stokes shift, selectivity for NTR
over relevant bioanalytes, and a 28-/12-fold fluorescence enhancement in solution and between
cells cultured under different oxic conditions, respectively. In establishing feasibility for NO,-
Rosol to provide favorable contrast levels in solutiol vitro, we anticipate NO»-Rosol doing so in
preclinical studies.
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1. Introduction

Hypoxia in tumor tissue (i.e., pO, < ~1.5%) results in such tissue presenting more
aggressive and invasive phenotypes compared to well-oxygenated tumor tissue.! Tumor
hypoxia is associated with reduced apoptosis, increased resistance to chemotherapy, greater
metastatic potential, genomic instability, and upregulation of several stem cell genes.?
Fluorogenic constructs that can allow for accurately identifying hypoxic tumor cells/tissue
could (i) enhance current standard of care via affording the tailoring of therapeutic regimens
for personalized treatment, (ii) advance the development of more-effective therapeutic
agents for treating said diseased tissue, and (iii) aid basic science research efforts that strive
to understand the mechanisms by which tumors spread and evade therapies.

The traditional technique (“gold standard”) employed for assessing the oxygenation level(s)
in tumor tissue entails the use of an oxygen microelectrode that allows for /n vivo
measurement of dissolved oxygen.3 In doing so, this technique requires that the
microelectrode penetrate into the tumor tissue which is considered jpso facto as an invasive
technique. For noninvasively assessing the level of hypoxia in tumor tissue, non-gpticaland
optical imaging techniques can be utilized for such purpose.*~’ Non-ogptical imaging
techniques such as magnetic resonance imaging (e.g., BOLD-MRI) and positron emission
tomography (PET) are the mainstays of current standard of care for identifying hypoxic
tumor tissue, but suffer the drawback of misreporting on the actual oxygenation levels in
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tumor tissue by relaying information on the 6/ood oxygenation level within its vasculature
and employing radiolabeled molecular imaging agents (e.g., 18F-FDG, 18F-MISO, 64Cu-
ATSM, and etc.) that afford notably poor contrast levels (i.e., tumor-to-background ratios) in
conjunction with potentially significant exposure to radiation, respectively.8-10 Optical
imaging techniques, namely fluorescence imaging, offer a compelling approach for
assessing low-oxygen levels within tumor tissue due to their ability to afford high sensitivity,
high spatiotemporal resolution, simple implementation, multiplexing capabilities, and real-
time imaging as well as avoiding the drawback(s) of the aforesaid non-optical imaging
techniques.1!

The literature is replete with examples of constructs that have been designed for the
fluorescence imaging of hypoxia in cells/tissue, which primarily include (i) nanoprobes, 2
(ii) cationic conjugated polymers,13 (iii) small-molecule probes utilizing multi-photon
excitation,2* and (iv) the small-molecule probes that employ sing/e-photon excitation,15-18
The vast majority of constructs developed for the purpose of imaging hypoxic tumor tissue
rely on, in part, an internal charge transfer (ICT), Forster resonance energy transfer (FRET),
or an acceptor-/donor-excited photoinduced electron transfer (a-/d-PeT) mechanism to afford
their incorporated fluorogenic scaffold an OFF-ON fluorescence response via bioreductive
activation primarily by either azoreductase, DT-diaphorase, or other nitroreductase (NTRS),
wherein which specific said enzyme that is targeted is contingent upon which particular
class of functionalized moiety is incorporated into the construct as such to serve as the
recognition element for the enzyme.

The preponderance of fluorogenic constructs that utilize an ICT mechanism to operate for
the aforesaid purpose typically involve a recognition element towards an aforesaid enzyme
that also functions as a self-immolative linker to implement an enzymatic-triggered uncaging
of the fluorogenic scaffold of said construct via an elimination process that results in said
linker permanently departing from the initial form of the fluorogenic construct to afford ICT
across its donor-acceptor rt-system upon such bioreductive activation, and thereby the
inclusion of said linker could adversely affect its efficacy by imparting an unfavorable net
charge, size, and/or mass to it as so to impair its diffusion or extravasation into hypoxic
tumor tissue. Moreover, the use of an ICT mechanism for such purpose could afford only a
limited suppression to its spectral profile that corresponds to the fluorescence response
“OFF” state of a given fluorogenic construct. Accordingly, any such dampening afforded to
the spectral profile of a fluorogenic construct via employing an ICT mechanism could result
in providing limited enhancements between its fluorescence response “OFF” and “ON” state
due to promoting an elevated background.

Nearly all fluorogenic constructs employing a FRET or PeT mechanism for indirectly
reporting on the oxygenation levels of tumor tissue via the bioreductive activity of an
aforesaid enzyme entail the use of a tethering (i.e., not directly linked) fluorescence-
quenching entity not directly bearing or directly bearing the recognition element for said
enzyme that is relatively large or small in size/mass as well as relatively distant or proximal
to the fluorogenic scaffold of such construct, respectively. For these FRET- or PeT-operating
fluorogenic constructs, the bioreductive activity of an aforesaid enzyme towards the
functional group of the particular corresponding recognition element that said enzyme
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interacts with results in transforming said functional group such that (i) the tether itself is
severed so as to eliminate the fluorescence-quenching entity from said construct or (ii) the
energetics of the fluorescence-quenching entity are modulated such that their interplay
between the fluorogenic construct and said fluorescence-quenching entity is modulated,
respectively, and thereby the fluorogenic scaffold of the construct transitions from a
fluorescence response “OFF” to “ON” state. Similar to the potential negative impact that a
self-immolative linker could have on an ICT-operating fluorogenic construct, the inclusion
of an aforesaid tethering fluorescence-quenching entity that is appended to a FRET- or PeT-
operating fluorogenic construct could adversely affect its diffusion or extravasation into
hypoxic tumor tissue by also imparting an unfavorable net charge, size, and/or mass to it.

Regardless of the particular mechanism by which any given fluorogenic construct operates
to relay information on the oxygenation levels of tumor tissue, nearly all of the fluorogenic
scaffolds that are a component of such constructs developed for said purpose do not display
a fluorescence emission wavelength that is within the near-infrared (NIR) optical imaging
window (ca. 700 — 900 nm). As a result, the use of a fluorogenic scaffold that affords a non-
NIR fluorescence emission wavelength greatly hampers the ability of its construct to provide
for the accurate identification of hypoxic tumor tissue due to its limited ability to provide for
the visualization of deeply-embedded hypoxic tumor tissue. Virtually all of the limited
number of constructs that do consist of, in part, a fluorogenic scaffold capable of affording a
NIR fluorescence emission wavelength upon their bioreductive activation via an aforesaid
enzyme primarily employ a dicarbocyanine or Changsha core-based structure as its
fluorogenic scaffold, both of which inherently maintain a non-neutral net charge and are of a
large size (relative to almost all other fluorogenic core structures). Moreover, both the
aforesaid scaffolds and those affording a non-NIR fluorescence emission wavelength also
maintain a small-to-moderate Stokes shift (ca. 10 — 100 nm), and thereby could similarly
impede the ability of its fluorogenic construct to aid in the identification of deeply-
embedded hypoxic tumor tissue due to catering towards allowing for an elevated
instrumentation source background.

All things considered, these current fluorogenic constructs collectively suffer from the
photophysical and/or physicochemical shortcomings of (i) exhibiting visible wavelength
fluorescence emission (ca. 390 — 700 nm) which affords limited penetration depth in tissue,
(if) demonstrating a relatively small Stokes shift (ca. < 100 nm) which could reduce
detection sensitivity due to promoting an elevated instrumentation source background, (iii)
not employing an effective retention mechanism strategy which could reduce contrast levels
due to affording a weak signal, (iv) maintaining an initial/inherent net charge which could
hinder their delivery into hypoxic tumor tissue (as opposed to the interstitium) by impeding
their diffusion across the cell membrane or their extravasation (diffusion/convection) from
the blood across intact microvascular walls, (v) consisting of an effective diameter greater
than ~2.0 nm or a relative molecular mass (M) of greater than ~15,000 which could
similarly restrict their delivery into hypoxic tumor tissue,20 and/or (vi) requiring
instrumentation that is not widely available in the preclinical and/or clinical setting (e.g.,
two-photon fluorescence imaging instrumentation).
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Of the aforesaid enzymes, the majority of fluorogenic constructs that have been developed as
so to aid in discriminating between hypoxic and normoxic tumor cells/tissue using
fluorescence imaging have primarily targeted NTR, presumably due to NTR demonstrating a
positive correlation between its activity and the degree of hypoxia in tumor tissue. NTR is a
member of the superfamily of flavin-dependent enzymes which selectively demonstrates
bioreductive activity towards the nitro group of nitroaromatic moieties when in the presence
of nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor (reducing agent).
21-23 NTR activity facilitates in the reduction of the nitro group of nitroaromatics to the
corresponding amine group via producing a nitrosoaromatic intermediate (i.e., O,N-
aromatic — ON-aromatic). Importantly, NTRs have been shown to be upregulated in
pancreatic,24 liver,25 colorectal, 2% osteosarcoma,?’ lung,28 breast,2% ovarian,30 and cervical3!
cancers with higher expression generally correlating with poorer prognosis.32 In addition,
there is evidence that NAD(P)H:quinone oxidoreductase 1 (NQO1), a two-electron transfer
“Type I” NTR, binds to and stabilizes hypoxia inducible factor 1 alpha (HIF-1a) which
triggers the downstream production of pro-tumor oncogenes.32 As shown in Figure 1, Type |
and Type Il NTRs facilitate the reduction of nitroaromatics through an oxygen-/nsensitive
and oxygen-sensitive process Via of a two-electron and successive one-electron transfer
process, respectively, in producing the nitrosoaromatic intermediate. It is well-established
that low-oxygen (low pO,) cellular conditions elicit and upregulate the bioreductive activity
of Type Il NTRs, wherein the suppressed back-reaction of its futile redox cycle largely
restricts re-oxidation of the nitro radical anion intermediate such that regeneration of the
parent nitroaromatic is predominantly inhibited.

To overcome the collective shortcomings of fluorogenic constructs currently developed for
assessing the oxygenation levels in tumor tissue, we conceived of a fluorogenic construct
that could, in part, exploit the upregulated NTR activity that is elicited from tumor tissue
when under low-oxygen conditions as such that it affords both negligible background
autofluorescence and minimal instrumentation source background, yet importantly, we
concurrently imagined we could fashion it as so to also afford effective signal amplification.
Moreover, we also envisioned for the aforesaid fluorogenic construct that it could be well-
suited for delivery into hypoxic tumor tissue by tailoring it as so to maintain a neutral net
charge and small effective diameter (i.e., < 2 nm) for unrestricted (i) diffusion across the cel/
membrane and (i) extravasation (diffusion/convection) from the blood across /intact
microvascular walls. By doing so, we were able to subsequently lay out an ultracompact
uncharged NIR fluorogenic construct for selectively imaging nitroreductase activity that
could afford enhanced contrast levels, in part, via a combination of exhibiting (i) negligible
background autofluorescence, (ii) minimal instrumentation source background, and (iii)
effective signal amplification, all to aid in the accurate identification of hypoxic tumor tissue
upon its potential future translation into relevant /n vivo applications.

Herein, we provide the rational design, development, and feasibility studies of NO,-Rosol,
the first activatable ultracompact xanthene core-based molecular probe for selectively
imaging NTR activity as so to demonstrate an “OFF-ON” NIR fluorescence response (i.e., >
700 nm) alongside a remarkable Stokes shift (i.e., > 100 nm) afforded via a modulation to
the interplay of the energetics initially enabling an intramolecular donor-excited
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photoinduced electron transfer (d-PeT) fluorescence-quenching process to transpire between
the directly-linked electronically-uncoupled m-system of its (i) NIR fluorogenic scaffold and
(ii) pendant nitroaromatic moiety components upon NTR activity-facilitated complete
reduction of the nitro group of said moiety to the corresponding amine group such that the
transformation imparts to its components aptly-situated energetics whose resultant interplay
results in relieving (dequenching) the suppressed NIR fluorescence response from the NIR
fluorogenic scaffold by precluding the aforesaid d-PeT fluorescence-quenching process from
occurring. NO,-Rosol was prepared with, in part, the aid of density functional theory (DFT)
calculations to efficiently identify a suitable fluorogenic scaffold and nitroaromatic moiety
candidate that when adjoined would comprise a molecular probe capable of providing
enhanced contrast levels via (i) affording the aforesaid photophysical response through
aforesaid mechanism alongside a noteworthy Stokes shift both upon its bioreductive
activation facilitated by and for exploiting upregulated NTR activity elicited from hypoxic
tumor tissue and (ii) employing an effective retention mechanism strategy that operates by
leveraging an inherent physical property of the NIR fluorogenic scaffold to afford signal
amplification. NO,-Rosol demonstrated 705 nm NIR fluorescence emission and a 157 nm
Stokes shift upon NTR activity-facilitated bioreductive activation, selectivity for NTR over
relevant bioanalytes, and a 28-/12-fold fluorescence enhancement in solution and between
cells cultured under normoxic and hypoxic conditions, respectively. In establishing
feasibility for NO,-Rosol to afford enhanced contrast levels in solutio and in vitro, we
anticipate NO,-Rosol similarly doing so upon pursuing preclinical studies. Taken together,
NO»-Rosol serves as a proof-of-concept for the effective fashioning and implementation of
an activatable ultracompact xanthene core-based NIR fluorogenic molecular probe tailored
towards selectively imaging NTR activity using rational design.

We harnessed the use of DFT calculations to facilitate the rational design of NO»-Rosol,
wherein they guided our design and selection of (i) a fluorogenic scaffold amongst other
scaffold candidates and (ii) an appended nitroaromatic moiety that we believed could afford
the proposed fluorogenic molecular probe an OFF-ON NIR fluorescence response in
conjunction with a remarkable Stokes shift, both of which are simultaneously afforded by
and initiate via a modulation to a d-PeT process governing its fluorescence response “OFF”
to “ON?” state. On doing so, we were able to select a highly-specific combination of
components with well-situated energetics that we believed could serve our intended purpose.
Incidentally, we arrived at pairing a xanthene core-based fluorogenic scaffold that is
identical to that which underlies THQ-Rosol with a pendant mnitrobenzene that we situated
at its 9’-position. In doing so, we believed the m-nitrobenzene recognition element would
have a r-system that would be essentially orthogonal to that of the aforesaid fluorogenic
scaffold similar to that of analogously-configured molecular platforms including
rhodamine-, rhodol-,3* coumarin-3-aldehyde-,3°-37 and BODIPY-based? fluorogenic
constructs. As such, the separate rt-system of each of the two directly-linked components
would maintain limited cross-conjugation due to the minimal molecular orbital overlap that
arises from their significant lack of planarity. Accordingly, we would be able to treat these
two components as distinct electronically-uncoupled m-systems. We believed the particular
arrangement of the molecular orbital energy levels (energetics) of the unactivated (nitro) and
activated (amine) form of their pendant /m-substituted-benzene moiety in relation to those of
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the fluorogenic scaffold would impart an OFF-ON NIR fluorescence response to NO,-Rosol
upon the nitro group of the m-nitrobenzene undergoing complete reduction to the
corresponding amine group facilitated by upregulated NTR activity that is elicited from
hypoxic tissue. Accordingly, we envisaged NO»-Rosol would be an activatable analogue of
THQ-Rosol that would demonstrate selectivity towards NTR activity as so to allow for the
accurate identification of hypoxic tumor tissue via fluorescence imaging. Thus, NO,-Rosol
would be comprised of, in part, a xanthene core-based fluorogenic scaffold that integrates a
1,2,3,4-tetrahydroquinoxaline (THQ) moiety into its framework. Our earlier work
demonstrated that the THQ moiety of this xanthene core-based fluorogenic scaffold imparts
not only NIR fluorescence emission beyond 700 nm alongside a notable Stokes shift well
beyond 100 nm to it, but the THQ moiety also imparts favorable inherent physical properties
to it that could implement our retention mechanism strategy.34:36 As we previously found
THQ-Rosol to be cell-membrane permeable and retained within intracellular compartments
due to the latent lysosomotropic effect upon the THQ moiety of its fluorogenic scaffold
becoming weakly-protonated within select intracellular compartments. Accordingly, we
believed we could also leverage this effect as a retention mechanism strategy to facilitate in
obtaining enhanced contrast levels via the activated form of NO»-Rosol similarly
accumulating intracellularly such that it affords signal amplification.38 On doing so, we
believed (i) the complete reduction (activation) of the nitro group of its m-nitrobenzene to
the corresponding amine group to afford /7-aminobenzene facilitated via upregulated NTR
activity and (ii) its subsequent intracellular accumulation could impart to NO»-Rosol (i)
selectivity towards and (ii) enhanced contrast for the fluorescence imaging of hypoxic tumor
tissue.

In all, we envisaged the operational process for achieving enhanced contrast levels in
hypoxic tumor cells/tissue(s) amongst normoxic cells/tissue(s) would occur via (i) exploiting
the resultant upregulated NTR activity and suppressed back-reaction of its futile redox cycle
by using an NTR-selective activatable molecular probe capable of affording an OFF-ON
NIR fluorescence response upon the nitro group of its pendant nitroaromatic moiety
undergoing complete reduction to the corresponding amine group facilitated by NTR
activity, wherein the chemical transformation would alter the interplay of the energetics
between the directly-linked electronically-uncoupled r-systems comprising its components
whereby the intramolecular d-PET fluorescence-quenching process could no longer suppress
the NIR fluorescence response from its fluorogenic scaffold as such that the activated form
of NO»-Rosol (i.e., NH»-Rosol) represents the NIR fluorescence response “ON” state and
(ii) capitalizing on a retention mechanism strategy afforded by a physical property inherent
to the fluorogenic scaffold of the activated molecular probe such that it provides signal
amplification via intracellular accumulation (Figure 2).

2. Results

2.1 DFT Calculations.

We performed density functional theory (DFT) calculations to obtain the highest occupied
molecular orbital and lowest unoccupied molecular orbital energy values (Eqomo and
E| umo respectively) of the fluorogenic scaffold that would underlie NO,-Rosol, which
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were then separately compared to those of its pendant aromatic in both the unactivated
(nitro) and activated (amine) forms that we similarly calculated (Figures 3A and 3B). The
calculated molecular orbital energy values revealed that the £ ymo of the fluorogenic
scaffold (—0.0686 hartrees) is higher in comparison to the £ ymo of its pendant 77+
nitrobenzene (—0.0866 hartrees), and thereby following photoexcitation the resultant excited
electron which would have originated from the HOMO of the fluorogenic scaffold and
momentarily occupy the LUMO of the fluorogenic scaffold would then transfer to the
LUMO of the pendant /7-nitrobenzene due to maintaining favorable energetics for the
excited electron to do so in lieu of relaxing back to the HOMO of the fluorogenic scaffold in
a radiative decay process (Figure 3A). As such, this intramolecular activity between the
directly-linked electronically-uncoupled m-systems would result in quenching (suppressing)
the otherwise resultant fluorescence emission via a d-PeT process, wherein the excited
electron that would momentarily occupy the LUMO of the m-nitrobenzene and subsequently
relax in a non-radiative process. However, complete reduction of the nitro group of the
pendant m-nitrobenzene to the corresponding amine group would result in the £ ymo of the
m-aminobenzene being is considerably higher (0.0118 hartrees) than the £ ymo of the
fluorogenic scaffold (—0.0686 hartrees), whereby following photoexcitation an
intramolecular transfer of the excited electron from the LUMO of the fluorogenic scaffold to
the LUMO of the maminobenzene would be energetically unfavorable (Figure 3B).
Accordingly, the excited electron which would be momentarily occupying the LUMO of the
fluorogenic scaffold would relax back to the HOMO of the fluorogenic scaffold in a
radiative decay process as such to provide NIR fluorescence emission. Collectively, the
complete reduction of the nitro group of the pendant n7+nitrobenzene moiety of NO»-Rosol
to the corresponding amine group permits, upon photoexcitation, the resultant excited
electron derived from the underlying fluorogenic scaffold to impart an OFF-ON NIR
fluorescence response to NO»-Rosol via such chemical transformation resulting in
discontinuing and precluding a d-PeT fluorescence-quenching process from transpiring
between its components.

2.2 Synthesis.

The molecular probe was synthesized in two steps from known starting materials (Scheme
1).36:39.40 A Friedel-Crafts acylation of compound 1 using excess aluminum chloride as a
Lewis acid successively acylates and demethylates compound 1 to directly provide
compound 2 in low yield. Subsequent intermolecular cyclization with resorcinol and
methanesulfonic acid yields the final product, NO,-Rosol, also in low yield.

2.3 Spectroscopy.

The spectral and photophysical properties of both the unactivated (NO,-Rosol) and activated
(NH2-Rosol) form of the molecular probe were examined via UV-vis and fluorescence
spectroscopy (Table 1.). The measured maximum absorption and maximum fluorescence
emission wavelength of the unactivated form of NO,-Rosol were determined to be 550 nm
and 710 nm, respectively, thereby affording a significant 160 nm Stokes shift. The measured
maximum absorption and fluorescence emission wavelength of the activated form of NO»-
Rosol were observed to be 548 nm and 705 nm, respectively, thereby affording a similarly
remarkable 157 nm Stokes shift as to that of NO,-Rosol. NO»-Rosol and its activated form
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displayed comparable molar absorptivity (e) values of 11,000 and 10,300 M~1cm™1,
respectively. We evaluated the solubility of NO»-Rosol in aqueous solution throughout a
range of relevant concentrations (1-30 uM) to preemptively eliminate any potential
confounding factors (e.g., aggregation) that could interfere with further evaluating NO»-
Rosol. Accordingly, we performed a linear regression analysis by preparing a correlation
plot that interrelated the resultant absorbance values of NO,-Rosol (measured at 550 nm) to
the corresponding concentrations of NO,-Rosol that we evaluated (Figures S1A and S1B).
We next performed a statistical measure between the select set of parameters and obtained
the corresponding coefficient of determination (r2) of said parameters of NO,-Rosol. We
calculated the r2 value for the analyzed select set of parameters of NO,-Rosol to be 0.98. As
an r value = 0.70 corresponds to a strong relationship, the calculated r? value of 0.98
signified that a very strong relationship exists between the resultant absorbance values
measured at 550 nm and the corresponding concentrations of NO»-Rosol that we employed.
As such, the r2 value of 0.98 strongly suggests that NO,-Rosol demonstrates excellent
solubility in aqueous conditions throughout the range of relevant concentrations of NO,-
Rosol that we examined.

We initially evaluated the feasibility of NO,-Rosol to undergo bioreductive activation via
NTR activity via performing solution studies, wherein we determined that its activation
required the presence of both NTR and the electron donor NADPH, as anticipated (Figure
4A). In doing so, NO,-Rosol demonstrated a 28-fold fluorescence enhancement upon NTR
activity-facilitated complete reduction to its activated form. An enzyme inhibition assay was
performed by, prior to its addition to identical separate solutions containing NO,-Rosol and
NADPH, pretreating NTR with various concentrations of dicoumarol, which is a known
inhibitor of other nitroreductases and functionally-similar NAD(P)H:quinone oxidoreductase
1 (NQO1) (Figure 4B).4142 As anticipated, we observed an indirect relationship between the
use of an increasing concentration of dicoumarol and a correspondingly lower measured
fluorescence intensity. To ensure that both forms of NO,-Rosol would be suitable for
fluorescence-based experiments of any extended duration of time, we evaluated the
photostability of the activated and unactivated form of NO»-Rosol under continuous
irradiation with a 7500 mW (total output) Xenon arc lamp for 30 minutes (Figure S2). Both
the unactivated (nitro) and activated (amine) forms of NO,-Rosol exhibited negligible
alteration to their measured fluorescence intensity throughout the selected time frame,
thereby revealing that both forms of NO»-Rosol demonstrate excellent photostability. Next,
we evaluated the effect of altering the concentration of NTR on the fluorescence intensity of
NO»-Rosol (Figure 4C). On doing so, we observed correspondingly higher fluorescence
intensity when using increasing concentrations of NTR.

We performed a kinetic analysis on the activation of NO,-Rosol by the nitroreductase
enzyme (in the presence of NADPH), wherein we set out determine the Michaelis-Menten
kinetic constants by plotting corresponding experimental data according to the Lineweaver-
Burk linear transformation method (Figures S3 and S4). On doing so, the activation of NO,-
Rosol via its NTR-catalyzed complete reduction appeared to adhere to Michaelis-Menten
kinetics, and thereby we were able to calculate the values of the corresponding Michaelis
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constant, Ky, and maximum of initial reaction rate, Vnax, Kinetic parameters of NTR
towards activating NO,-Rosol to be 4.3 x 1078 M and 1.25 x 1078 M/s, respectively.

To further establish that the OFF-ON NIR fluorescence response of NO,-Rosol is
attributable (i) to NTR activity-facilitated bioreductive activation of NO,-Rosol (in the
presence of NADPH) and(ii) not to the difference from a significant shift or alteration in the
absorption profile between the unactivated (NO,-Rosol) and activated (NH»-Rosol) form of
NO»,-Rosol, we obtained and compared the absorption spectrum of NO»-Rosol prior to and
after its reaction with NTR. (Figure 4D). The absorption profiles of NO,-Rosol prior to and
after reaction its reaction with NTR appeared nearly identical, wherein collectively (i) their
comparable molar absorptivity and (ii) negligible difference between their maximum
absorption wavelength further supported that the OFF-ON NIR fluorescence response of
NO,-Rosol upon interaction with NTR almost exclusively derives from the resultant 41-fold
enhancement between their respective relative quantum yields upon complete reduction of
NO»-Roosl via NTR activity (in the presence of NADPH). Stated otherwise, as all else is
essentially equal, the OFF-ON NIR fluorescence response of NO»-Rosol results from the
dequenching of the d-PET fluorescence-quenched NO,-Rosol upon its complete reduction
to NH»-Rosol facilitated by NTR activity, all of which the resultant 41-fold enhancement
between their respective relative quantum yields reflects. As other bio-/molecular probes
incorporate fluorogenic scaffolds that exhibit comparable relative fluorescence quantum
yields are utilized in preclinical and clinical applications, such as IRDye® 800CW (®f =

0.03), we presume that NO»-Rosol could be similarly as effective upon its intended usage.
15,43-46

Moreover, we detected and validated the presence of only the unactivated and activated form
of NO»-Rosol prior to after the reaction between NTR and NO,-Rosol (in the presence of
its required cofactor, NADPH), respectively, by comparing the respective distinct retention
time and corresponding mass-to-charge ratio (m/z value) of each form to those of its
respective synthesized standard via liquid chromatography-high resolution mass
spectrometry (LC-HRMS) (Figure S5). To do so, we developed and implemented a
chromatographic method with refined parameters to obtain excellent separation between the
synthesized standard of the unactivated and activated form of NO,-Rosol, wherein each said
form of NO,-Rosol maintained a retention time (tg) of tg = 8.2 min and tg = 7.4 min that
afforded a confirmatory corresponding m/z value of [M+H]* = 430.1768 and [M+H]* =
400.2026 as expected, respectively (Figure S5A). After doing so and as anticipated, we
detected and validated the presence of the unactivated form of NO,-Rosol via LC-HRMS
using the aforesaid method after combining only NO»-Rosol and NTR. In hopes of also
accurately identifying the nitroso- and hydroxylaminoaromatic reaction intermediates to
potentially glean further insight into the bioreductive reaction mechanism between NO»-
Rosol and NTR, we subsequently performed and quenched the reaction between NO»-
Rosol, NTR, and NADPH after 0.5 hr. Despite detecting and validating the presence of the
unactivated and activated form at the predetermined time point based on their retention time
and m/z value via LC-HRMS using the identical method, we were unable to accurately
identify either aforesaid reaction intermediate species (Figure S5B).
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We examined a large panel of potential competing analytes in attempts to activate NO,-
Rosol. Several small molecules including oxidants, reductants, amino acids, salts, and other
relevant biomolecules were applied to confirm that any observed fluorescence intensity
increase could only be attributed to the activation of NO,-Rosol via the reductive process of
NTRs (Figure 4E). Indeed, only NTR was capable of activating NO,-Rosol into eliciting a
significant NIR fluorescence response upon photoexcitation. We also performed a
competition assay to evaluate the effect of NTR towards activating NO,-Rosol when in the
presence of other oxidoreductase enzymes. We noted that the resultant NIR fluorescence
response of NO,-Rosol neither appreciably increased nor decreased when competing
enzymes were in the presence of NTR (Figure 4F). These results suggest that the observed
fluorescence intensities from NO,-Rosol are the result of it selectively undergoing complete
reduction via nitroreductase enzymes to afford the probe in its activated form.

2.4 Cellular Analyses.

We performed Western blot analyses to determine the relative sensitivity of the cells to
hypoxia before evaluating NO»-Rosol /in vitro by separating, labeling, and semi-quantifying
the total expression amount of a well-known standard endogenous biomarker, carbonic
anhydrase IX (CAIX), which both (i) is commonly used as a surrogate for assessing
oxygenation levels in cells/tissues and (ii) positively (directly) correlates to NTR activity
under both hypoxic (pO5 = 0.5%) and normoxic (pO, = 20%) conditions. CAIX is a zinc
metalloenzyme that catalyzes the conversion of CO, to bicarbonate (HCO3™) and H* in the
form of the hydronium ion (H30*).47 CAIX expression level is well-known to be strongly
upregulated in hypoxic tissues when compared to normoxic tissues.*849 We utilized two
commercially-available glioblastoma (GBM) cell lines (U87 and U251) because brain
cancers such as GBM are extremely prone to being in or transforming into a hypoxic state.>0
Accordingly, hypoxic conditions appeared to result in upregulating the CAIX total
expression level in both cell lines, but we observed a greater increase in the CAIX total
expression level of the U251 cell line in comparison to the U87 cell line (Figure 5). The
second band (higher molecular weight) on the gel is reported to be the glycosylated form of
expressed CAIX. Given their apparent greater sensitivity to oxygenation levels, we selected
the U251 cell line for our usage in subsequent experiments. Next, we performed a viability
assay to examine the toxicity of NO»-Rosol at different concentration levels towards U251
cells, wherein we used Calcein-AM to stain the live cells (Figure S6). At relevant
concentration levels, we observed NO,-Rosol to be nontoxic towards U251 cells.

2.5 Fluorescence Microscopy.

To evaluate the ability of NO,-Rosol to afford selective imaging of nitroreductase activity,
we performed hypoxia experiments /in7 vitro by separately applying NO»-Rosol to live cells
under normoxic (pO2 = 20%) and hypoxic conditions (pO, = 0.5%). U251 cells were seeded
onto 35 mm glass-bottom dishes and then incubated for 24 hours either in normoxic or
hypoxic conditions prior to treatment with the probe. We performed confocal microscopy
using the 550 nm laser line to excite NO,-Rosol. As shown in Figure 6A, we obtained
significantly higher fluorescence intensity from NO»-Rosol when incubated with the U251
cells under hypoxic conditions (Figure 6A, right panel, pO, = 0.5%) than when compared to
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that of those under normoxic conditions (Figure 6A, left panel, pO, = 20%), which further
supports our hypothesis that NO,-Rosol is indirectly reporting on the oxygenation levels of
the cells with the apparent difference in its OFF-ON NIR fluorescence response (activation)
serving as a positive reflection of upregulated bioreductive activity of NTR. Brightfield
images confirmed the presence of healthy cells on the basis of their morphology (Figure 6B,
lower panels). Accordingly, we attained a 12-fold increase in the mean cell fluorescence
intensity from the U251 cells under hypoxic conditions when compared to that of those
under normoxic conditions, which suggests that NO,-Rosol appears suitable for potentially
affording similarly-effective contrast levels upon use in relevant /n vivo applications (Figure
6C).

We next sought to further examine the intracellular accumulation of NO,-Rosol. NO»-Rosol
was incubated in U251 cells under hypoxic conditions and imaged using confocal
fluorescence microscopy. Intracellular punctate fluorescence was observed exterior to the
nucleus (Figure 7). To further investigate its localization within the cell, NO,-Rosol was co-
incubated with specific organelle-homing dyes and was found to overlap well with
LysoTracker Green DND-26 when the separate corresponding images were overlaid. A
calculated strong Pearson correlation coefficient of 0.95 validated our initial observations.
As a result, it appears that the activated NO»-Rosol accumulates within the cell lysosomes.
We hypothesized that the THQ moiety of the fluorogenic scaffold underlying NO,-Rosol
afforded signal amplification upon its protonation when within, localization to, and
accumulation within lysosomes.

3. Discussion

Hypoxic tumors are especially aggressive and resistant to standard therapies compared to
well-oxygenated tumors. Accurate identification and visualization of hypoxic tumor cells/
tissue using optical imaging techniques, such as fluorescence imaging, can facilitate further
exploration of the underlying biological processes of hypoxic tumors and help stratify
patients for appropriate therapy regimens. Here, we used rational design to efficiently
develop NO»-Rosol, the first activatable ultracompact xanthene core-based molecular probe
for selectively imaging NTR activity that demonstrates an “OFF-ON” NIR fluorescence
response (ca. > 700 nm) alongside a remarkable Stokes shift (ca. > 150 nm) afforded via a
modulation to the interplay of the energetics initially enabling an intramolecular d-PeT
fluorescence-quenching process to transpire between the directly-linked electronically-
uncoupled re-system of its (i) NIR fluorogenic scaffold and (ii) pendant nitroaromatic moiety
components upon NTR activity-facilitated complete reduction of the nitro group of said
moiety to the corresponding amine group such that the transformation imparts to its
components aptly-situated energetics whose resultant interplay results in relieving
(dequenching) the suppressed NIR fluorescence response from the NIR fluorogenic scaffold
by precluding the aforesaid d-PeT fluorescence-quenching process from occurring.

Though nitroreductase enzymes are constitutively and ubiquitously expressed, it is well-
known that they are overexpressed in many cancers compared to healthy tissue. Low

oxygenation levels are also crucial for successfully affording and sustaining the activated
form of NO,-Rosol, as low oxygenation levels are necessary to afford (i) the suppressed
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back-reaction of its futile redox cycle as so to largely restrict re-oxidation of the nitro radical
anion intermediate such that regeneration of the parent nitroaromatic is predominantly
inhibited and (ii) bioreductive activation of NO,-Rosol facilitated by and for it to exploit
upregulated NTR activity elicited from hypoxic tumor tissue.>1-5% With further testing,
fluorogenic constructs such as NO»-Rosol have the potential to become the primary tools for
the fluorescence imaging of hypoxic tumor tissue in preclinical and/or clinical applications
due to (i) affording an activatable OFF-ON fluorescence response whose emission is within
the NIR optical imaging window (ca. 700 — 900 nm), (ii) displaying a noteworthy Stokes
shift (ca. > 150 nm) that minimizes instrumentation source background, (iii) employing an
effective retention mechanism strategy that could provide enhanced contrast levels due to
affording effective signal amplification, (iv) maintaining an inherent neutral net charge that
could facilitate its delivery into hypoxic tumor cells/tissue simply via unrestricted diffusion
across the cell membrane or its extravasation (diffusion/convection) from the blood across
intact microvascular walls, (v) consisting of an effective diameter less than ~2.0 nm and a
very small relative molecular mass (M) of ~430 to facilitate its delivery into hypoxic tumor
tissue, and (vi) simply requiring instrumentation that is commonly deployed and available in
a preclinical and/or clinical setting, collectively which current fluorogenic constructs do not
demonstrate.

NO,-Rosol is comprised of, in part, a xanthene core-based fluorogenic scaffold that
integrates a THQ moiety into its framework, which has demonstrated unique photophysical
and physicochemical properties when as a component of other molecular constructs, namely
THQ-Rosol. Accordingly, NO,-Rosol demonstrated excellent photostability in both its
unactivated (nitro) and activated (amine) forms. This characteristic is particularly important
for performing fluorescence microscopy studies, as typical fluorescence microscopy
protocols entail cells/tissues under irradiation with a high-power laser for an extended
duration of time. The ability of NO,-Rosol to undergo selective bioreductive activation into
a form so as to transition from a NIR fluorescence response “OFF” to “ON” state alongside
demonstrating a significant Stokes shift via NTR activity, especially when under hypoxic
conditions, is of particular importance for its use in in vitroand /n vivo applications, as it is
necessary for accurately identifying hypoxic cells/tissue with enhanced contrast levels.

Based on our analysis of the results we obtained upon performing solution studies involving
competing analytes and enzymes, the ability of NO»-Rosol to undergo activation and the
resultant intensity of its fluorescence emission are either not or only marginally affected by
the presence of other biologically-relevant molecules (Figures 4E—F). Accordingly, we
attribute the fluorescence emission to the activation of NO»-Rosol via nitroreductase. For its
current and future potential applications, a robust signal is necessary for translating NO»-
Rosol into more complex biological milieu. As shown in Table 1, the drastic difference in
quantum yield (41-fold) and comparable molar absorptivity values between the unactivated
and activated forms of NO»-Rosol when evaluated in solution further supports that the NO5-
Rosol is undergoing the reductive process via nitroreductase and is not merely a result of
emitting fluorescence due to entering a hydrophobic pocket which includes the active site of
NTR. As a transition to a less-solvated or hydrophobic environment such as the aforesaid
could potentially allow for NO»-Rosol to transition to NIR fluorescence response “ON”
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state without the nitro group of its nitroaromatic undergoing NTR activity-facilitated
complete reduction simply by such environmental effects precluding its governing d-PET
fluorescence-quenching mechanism when in its NIR fluorescence “OFF” state, The similar
molar absorptivity, absorbance values, and maximum absorption wavelengths of both forms
of the probe (NO,- vs. NH»-Rosol) in solution both with and without the nitroreductase
enzyme in combination with the 41-fold increase in quantum yield between the two forms of
NO»-Rosol further validates that the observed fluorescence emission from the probe is
directly due to its activation upon undergoing bioreductive activation via NTR activity-
facilitated complete reduction and not from other factors such as solvation effects (Figure 4B
and Table 1).

Most noteworthy, NO»-Rosol demonstrated excellent results when applied to U251 cells
separately cultured under either normoxic or hypoxic conditions, wherein NO»-Rosol
demonstrated a 12-fold fluorescence increase in the cells cultured under hypoxic conditions
when compared to that of those under normoxic conditions. The remarkable difference in
fluorescence enhancement demonstrates /n solutio and in vitro lays the groundwork for
NO»-Rosol to potentially provide similar enhanced contrast levels upon its use /in vivo.

Cell studies demonstrate that NO,-Rosol becomes trapped within the cell, which is
important for signal amplification when in its activated form. NO,-Rosol appears to localize
and become retained within lysosomes due to the latent lysosomotropic effect, which is a
common phenomenon for weak bases such as the THQ moiety of the fluorogenic scaffold
underlying the NO,-Rosol in both its unactivated and activated forms.>® Accordingly, the
THQ moiety has a pK; of 5.85 when protonated, and thus the probe would assume a weakly-
positive net charge upon diffusing into the acidic lysosome (pH ~5). The positive charge
prevents the probe from diffusing back across the lysosomal membrane. Rather, weak-
protonation of the activated NO,-Rosol shifts the equilibrium gradient towards resulting in
the activated NO,-Rosol to accumulate within the lysosomes, which is supported by the
strong punctate fluorescence we observed upon performing confocal microscopy and
subsequently validated when we performed colocalization studies using LysoTracker Green
DND-26.

4. Conclusion

Fluorogenic constructs that can allow for accurately identifying hypoxic tumor cells/tissue
could (i) enhance current standard of care via affording the tailoring of therapeutic regimens
for personalized treatment, (ii) advance the development of more-effective therapeutic
agents for treating said diseased tissue, and (iii) aid basic science research efforts that aim
towards understanding the mechanisms of the biological pathways that lead towards disease
advancement. Non-optical imaging techniques such as MRI or PET suffer drawbacks that
prevent or limit their ability to accurately assess the oxygenation levels within tumor tissue,
respectively. Opticalimaging techniques, namely fluorescence imaging, employ flourogenic
constructs for the aforesaid purpose, yet collectively they suffer from the photophysical
and/or physicochemical shortcomings of (i) exhibiting visible wavelength fluorescence
emission (ca. 390 — 700 nm) which affords limited penetration depth in tissue, (ii)
demonstrating a relatively small Stokes shift (ca. < 100 nm) which could reduce detection
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sensitivity due to promoting an elevated instrumentation source background, (iii) not
employing an effective retention mechanism strategy which could reduce contrast levels due
to affording a weak signal, (iv) maintaining an initial/inherent net charge which could hinder
their delivery into hypoxic tumor tissue (as opposed to the interstitium) by impeding their
diffusion across the cell membrane or their extravasation (diffusion/convection) from the
blood across intact microvascular walls, (v) consisting of an effective diameter greater than
~2.0 nm or a relative molecular mass (Mr) of greater than ~15,000 which could similarly
restrict their delivery into hypoxic tumor tissue, and/or (vi) requiring instrumentation that is
not widely available in the preclinical and/or clinical setting (e.g., two-photon fluorescence
imaging instrumentation).

To overcome these limitations for accurately identifying hypoxic tumor tissue, we have
presented the rational design, development, and evaluation of the first activatable
ultracompact xanthene core-based molecular probe (NO»-Rosol) for selectively imaging
nitroreductase (NTR) activity that affords an “OFF-ON” NIR fluorescence response
alongside a remarkable Stokes shift via NTR activity-facilitated modulation to its energetics
whose resultant interplay discontinues an intramolecular donor-excited photoinduced
electron transfer (d-PeT) fluorescence-quenching mechanism transpiring between the
directly-linked electronically-uncoupled m-systems comprising its components.

We performed and utilized DFT calculations to efficiently guide our design and selection of
a suitable fluorogenic scaffold and nitroaromatic moiety candidate that when adjoined would
comprise the component of NO»-Rosol as such to provide enhanced contrast levels via (i)
affording the aforesaid photophysical response through aforesaid mechanism alongside a
noteworthy Stokes shift both upon its bioreductive activation facilitated by and for exploiting
upregulated NTR activity elicited from hypoxic tumor tissue and (ii) employing an effective
retention mechanism strategy that operates by leveraging an inherent physical property of
the NIR fluorogenic scaffold to afford signal amplification.

NO,-Rosol demonstrated a pronounced 705 nm NIR fluorescence emission and a 157 nm
Stokes shift upon NTR activity-facilitated bioreductive activation, selectivity for NTR over
relevant bioanalytes and competing enzymes, and a 28- and 12-fold fluorescence
enhancement in solution and between cells cultured under different oxic conditions,
respectively. In establishing feasibility for NO»-Rosol to afford enhanced contrast levels /n
solutio and in vitro following its NTR activity-facilitated bioreductive activation upon
lysosomal localization leading towards ita accumulation, we anticipate achieving similarly-
desirable contrast levels upon pursuing feasibility studies with NO»-Rosol in preclinical
applications. Taken together, NO,-Rosol serves as a proof-of-concept for the effective
fashioning and implementation of an activatable ultracompact xanthene core-based NIR
fluorogenic molecular probe tailored towards selectively imaging NTR activity using
rational design.

Sens Actuators B Chem. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Klockow et al. Page 16

5. Experimental Section

5.1 Computational methods.

DFT calculations were performed using the hybrid exchange-correlation function B3LYP
with the 6-31G(d) basis set as implemented in Gaussian 09 Rev.A.02. The fluorogenic
scaffold of THQ-Rosol as well as the pendant nitro- (unactivated) and aminobenzene
(activated) moieties were studied /in vacuo. Several starting geometries were used for
optimization to ensure that the optimized structure corresponded to the global minimum.
The final optimized geometry was unaffected by the various initial starting geometries.

5.2 Chemical synthesis.

Unless otherwise noted, all chemicals were obtained from Aldrich, Fisher, TCI America,
Alfa Aesar, or Combi-Blocks and were used without further purification. Flash
chromatography was performed with 32—63 mm silica gel. Ultrapure water was collected
from a Milli-Q purification system.

Compound 2.—Compound 1 (366 mg, 1.13 mmol, 1 eq) was added to a small round
bottom flask, dissolved in 20 mL CH,Cl,, wherein a stir bar was added and the flask was
sealed with a rubber septum. The solution was cooled to 0°C and bubbled with N, gas via
introducing a continuous gentle stream of N, gas to the solution via a needle alongside a
venting needle piercing the septum. The septum was briefly lifted whilst maintaining a
strong positive pressure of N gas and aluminum chloride (904 mg, 6.78 mmol, 6 eq) was
added quickly followed by continuous bubbling of N gas. Solid 3-nitrobenzoyl chloride
(230 mg, 1.24 mmol, 1.1 eq) was added in a similar fashion followed by additional bubbling
of the mixture with N, gas. Once the solvent volume was reduced by half, the venting needle
was removed maintaining a positive N, pressure on the flask. It was sonicated intermittently
and allowed to warm to room temperature over 45 minutes. The work-up involved pouring
the reaction mixture over ice and gradually basifying to ~pH 6 with a solution of saturated
sodium bicarbonate. The product was extracted in a separatory funnel with CH,Cl, (100 mL
x 3). The organic layers were combined, dried over magnesium sulfate, and the solvent
removed /n vacuo. The crude mixture was purified via column chromatography on silica gel.
The eluent consisted of 100% methylene chloride which was used to separate out impurities
followed by the addition of 1-5% EtOAc to elute the product, compound 2 (80.2 mg, 0.226
mmol, 20%): 1H NMR (400 MHz, CDCls) 6 12.73 (s, 1H), 8.52 (s, 1H)z, 8.36 (d, 1H, J=
7.6 Hz), 7.99 (d, 1H, J= 7.6 Hz), 7.66 (t, 1H, /= 8.0 Hz), 6.42 (s, 1H), 6.14 (s, 1H), 3.52 (t,
2H, J=4.8 Hz), 3.43 (q, 2H, J= 7.2 Hz), 3.13 (t, 2H, J= 4.8 Hz), 3.05 (q, 2H, J= 7.2 Hz),
1.24 (t, 3H, J= 7.2 Hz), 1.06 (t, 3H, J= 7.2 Hz); 13C NMR (125 MHz, CDCl3) 6 193.4,
161.9, 147.9, 145.4, 141.0, 134.6, 129.5, 127.8, 125.1, 123.8, 112.3, 107.7, 96.6, 48.0, 46.0,
45,5, 45,0, 10.9, 10.1. HRMS calculated for C1gH,1N304 (M*): 355.1527. Found: 355.1527.

NO»-Rosol.—Compound 2 (147.3 mg, 0.414 mmol, 1 eq), resorcinol (45.6 mg, 0.414
mmol, 1 eq), and methane sulfonic acid (2 mL) were added to a small sealed tube and heat at
95°C overnight. The reaction mixture was poured over ice, basified to ~pH 6 with saturated
sodium bicarbonate and extracted with CH,Cl, (100 mL x 3). The organic fractions were
combined, dried over magnesium sulfate, and the solvent reduced /n vacuo. The crude
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material was purified via column chromatography on silica gel eluting first with 100%
chloroform followed by 85:15 chloroform:MeOH. NO»-Rosol appeared on the column as a
blue band and dried to a blue-purple solid (40.9 mg, 0.095 mmol, 23%): 1H NMR (400

MHz, CDClI3) 6 8.43 (d, 1H, J = 8.4 Hz), 8.27 (s, 1H), 7.79 (t, 1H, J = 8.0 Hz), 7.72 (d, 1H, J
=7.6 Hz), 6.91 (d, 1H, J=9.6 Hz), 6.64 (dd, 1H, J= 1.6, 9.6 Hz), 6.60 (s, 1H), 6.56 (d, 1H,
J=1.6 Hz), 5.95 (s, 1H), 3.58 (t, 2H, /= 4.8 Hz), 3.52 (q, 2H, J= 7.2 Hz), 3.24 (t, 2H, J=
4.8 Hz), 3.06 (q, 2H, J= 7.2 Hz), 1.30 (t, 3H, J= 7.2 Hz), 0.99 Hz (t, 3H, J= 7.2 Hz); 13C
NMR (125 MHz, CDCl3) & 183.4, 158.5, 151.0, 148.3, 146.1, 143.4, 135.9, 135.5, 133.0,
129.8,128.8, 128.2, 124.4, 124.0, 114.7, 110.9, 104.8, 104.6, 95.6, 47.6, 46.4, 45.3, 44.5,
10.7, 9.5. HRMS calculated for Co5H24N304 (M+H™): 430.1761. Found: 430.1759.

NH>-Rosol.—NO»-Rosol (38.7 mg, 0.090 mmol) was dissolved in 40 mL of EtOH and
water (9:1) in a small round bottom flask with stir bar. Iron powder (70 mesh, < 212 pm,
excess) was added followed by two drops of concentrated HCI. The mixture stirred and
refluxed for 1 hr followed by removal of the iron with a magnet. The water/EtOH mixture
was removed via rotary evaporation. The material was dissolved in a minimal amount of
MeOH and transferred into a separatory funnel with water and DCM. Saturated sodium
bicarbonate (50 mL) was added to the separatory funnel and the crude product was extracted
into the DCM layer (50 mL x 3). The organic fractions were combined, dried over
magnesium sulfate, and the solvent removed /n vacuo. The material was purified via column
chromatography on silica gel starting with 100% CHCl3 eluent and ramping up polarity to
93:7 CHCI3:MeOH. The product was isolated as a magenta solid (quantitative yield). 1H
NMR (400 MHz, CDCl3) & (ppm) 7.30 (t, 1H, J= 8.0 Hz), 7.18 (d, 1H, /= 9.6 Hz), 6.83
(ddd, 1H, J=8.0 Hz, 2.4 Hz, 0.8 Hz), 6.70 (d, 1H, J= 7.6 Hz), 6.64-6.68 (m, 2H), 6.59 (s,
1H), 6.56 (s, 1H), 6.28 (s, 1H), 3.59 (t, 2H, J=5.2 Hz), 3.51 (q, 2H, J=7.2 Hz), 3.24 (t, 2H,
J=5.2 Hz), 3.07-3.17 (m, 2H), 1.29 (t, 3H, J= 7.2 Hz), 1.04 (t, 3H, J= 7.2 Hz); 13C NMR
(125 MHz, CDCl3) & (ppm) 158.7, 151.6, 151.3, 146.8, 143.8, 134.9, 133.0, 130.3, 129.5,
126.7,119.5, 115.8, 115.8, 114.6, 112.1, 106.2, 104.2, 95.4, 47.9, 46.6, 45.6, 44.7, 29.8,
10.9, 9.7. HRMS calculated for Co5H2gN30, (M+H™): 400.2019. Found: 400.2018.

5.3 Spectroscopy.

Absorption spectra were recorded using an Agilent 8453 UV-Visible Spectrophotometer.
Fluorescence spectra were recorded using a QuantaMaster-400 (Horiba Jobin Yvon) at
37°C. Separate solutions of the NO,-Rosol and NH,-Rosol forms of the probe were
prepared from a 1 mg/mL stock solution of each (in DMSO) that was diluted to volume with
buffer. DMSO was added to constitute 5% of the total volume. NMR spectra were taken on
an Agilent 400-MHz NMR Spectrometer. All HRMS analyses were completed using
positive-ion mode electrospray ionization with an Apollo 1 ion source on a Bruker 12 Tesla
APEX-Q FTICR-MS.

5.4 LC-HRMS.

The NO,-Rosol and NH»-Rosol standards were injected at a concentration of 1 pg/mL in
methanol. The reaction mixture was allowed to react at 37°C for 30 min prior to quenching
with cold methanol, lyophilizing, and resuspending in chloroform. The mixtures were
centrifuged at 10,000 x g for 10 min to pellet the salts. The supernatant was saved, the
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chloroform evaporated, and methanol added to achieve a final concentration of 10 pg/mL.
Samples were analyzed using an Agilent 6545 Q-TOF LC/MS instrument. Compound
separation was performed using a reversed phase HPLC column (Agilent Zorbax Eclipse
Plus C18 2.1 x 100 mm, 1.8 um), using an injection volume of 2.0 uL, a flow rate of 0.5 mL/
min, and a gradient of mobile phase A (10 mM ammonium acetate buffer) and mobile phase
B (acetonitrile). Initial mobile phase conditions (95%A, 5%B) were held for 1.5 minutes
followed by a linear gradient to 100% B at 11.5 minutes. Conditions were held at 100% B
until 18 minutes followed by a return to initial mobile phase conditions from 18.01-20.00
minutes. The total run time was 20 min. Positive ion mass spectra were acquired using
electrospray ionization (drying temperature: 300°C; nebulizer pressure: 40 psig; drying gas
flow: 11 L/min; capillary voltage (VCap): 3500 V; sheath gas temperature: 320°C; sheath
gas flow: 11 L/min; nozzle voltage: 250 V; fragmentor voltage: 125 V; skimmer: 65 V; OCT
1 RF Vpp: 750 V). Extracted ion chromatograms were generated and integrated using
MassHunter Qualitative Analysis software (Agilent) for the following m/z values: NO»-
Rosol [M+H]* = 430.1768 m/z; NH,-Rosol [M+H]* = 400.2026 m/z.

5.5 Cell culture.

Two GBM cell lines were used for our studies. U87 cells were obtained from Dr. Sam
Gambhir and U251 cells were obtained from Dr. Martin Brown, both of Stanford University.
uU87 cells were cultured in DMEM and U251 cells were cultured in RPMI media, each
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were propagated at 37°C in a humidified atmosphere containing 5%
CO5 and either 0.5% or 20% O, depending on which experiment was being performed.

5.6 Western blot.

U87 and U251 cells were each seeded in a 100 mm culture dish and grown to ~90%
confluency. Cells were placed in a hypoxia chamber (Invivo2-400; Ruskin Technologies,
Leeds, United Kingdom), maintained at 0.5% oxygen for 24 hr, and then harvested by
trypsinization. Cells were lysed in ice-cold Pierce RIPA buffer (Thermo Fisher, USA)
containing HALT™ protease inhibitor cocktail (Thermo Fisher, USA) (~250 pL buffer for 8
million cells). After keeping on ice for 30 min and sonicating intermittently, cells were
centrifuged at 14,000 rpm and 4°C for 15 min. The supernatant was saved and the pellet
discarded. Protein concentration was determined by Pierce BCA Protein Assay (Thermo
Fisher, USA) as recommended by the manufacturer. Samples containing 60 ug protein,
NuPAGE® LDS Sample Buffer, and NUPAGE Sample Reducing Agent were heated at 70°C
for 10 min to reduce the sample and then loaded into each lane of a NUPAGE 4-12% Bis-
Tris protein polyacrylamide gel and were electrophoresed at 50V for 15 min then 150V for
45 min under constant voltage. Proteins were transferred to a PVDF membrane by wet
blotting methods. Membranes were blocked with 5% BSA/TBST for 1 hr at room temp and
incubated with antibodies against GAPDH (1:1000, ABclonal) and CAIX (1:200, Santa
Cruz Biotechnology) at 4°C overnight. The secondary antibodies were incubated for 2 hr at
room temp and were donkey anti-mouse polyclonal 1gG conjugated with Alexa Fluor 680
(1:10,000, Abcam) or mouse anti-rabbit monoclonal IgG conjugated with CruzFluor 790
(1:10,000, Santa Cruz Biotechnology). Blots were visualized using the Odyssey infrared
imaging system (LI-COR; Biosciences, Lincoln, NE). Signal intensities of each blot were
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quantified using the Odyssey followed by analysis with GraphPad Prism 6 (GraphPad
Software, La Jolla, CA). CAIX fluorescence intensities were normalized to the loading
control, GAPDH.

5.7 Confocal microscopy.

NO,-Rosol activation was separately examined in the U251 cell line under normoxic and
hypoxic conditions using a Leica SP8 confocal fluorescence microscope. For colocalization
studies, cells were plated onto 35 mm, 4-chamber glass-bottom dishes at a density of 50,000
cells/well and allowed to adhere at 37°C overnight. The cells were incubated sequentially
with NO,-Rosol (5 pM, 37°C, 30 min), LysoTracker Green DND-26 (5 uM, 37°C, 30 min),
and Hoechst 33342 (0.5 uM, 37°C, 15 min) with one PBS wash in between each. After the
final wash, cells were submerged in DMEM (without phenol red). A 40X (NA =1.30 OIL)
objective lens was used. Excitation wavelengths of Ag = 550 nm (NO,-Rosol) and Ay =
504 nm (LysoTracker Green DND-26) were used. NO»-Rosol emission was collected from
680-900 nm. LysoTracker Green DND-26 emission was collected from 514-530 nm. The
Pearson correlation coefficient was calculated using the Fiji (ImageJ) plugin Coloc 2. For
hypoxia studies, two separate batches of U251 cells were incubated at 20% O, and 0.5% O,,
respectively. The cells were treated with NO,-Rosol (10 pM), incubated for 20 min at their
respective oxygen concentrations at 37°C, then immediately transported to the microscope
without performing a washing step. All instrument parameters were kept constant for both
test batches. Quantitative image analysis was conducted using ImageJ software, wherein we
compared whole cell mean fluorescence intensity for each test group.

5.8 Statistical analysis.

Data were expressed as the mean = standard error of the mean (SEM) and analyzed using
one-way analysis of variance, followed by Tukey post hoc tests from GraphPad Prism 6
(GraphPad Software, La Jolla, CA).
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Highlights

Rational design aids the development of a novel near-infrared molecular
probe, NO»-Rosol

NO,-Rosol fluorescence turns ‘on’ in hypoxic environments due to low
oxygen concentration and nitroreductase activity

Lysosomal trapping results in a concentrated, high-contrast, signal in hypoxic
cells

NO»-Rosol provides a 12-fold fluorescence enhancement to hypoxic over
normoxic cells

The fluorescence signal is stable and unperturbed by constant irradiation,
redox-active analytes, or oxidoreductase enzymes

Initial evaluation suggests NO,-Rosol would provide high contrast and stable
fluorescence for future /n vivo studies
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Figure 1. Generalized biological pathways in the reduction of the nitro group of nitroaromatics
facilitated by NTRs.

The reductive pathway of each type of NTR, whose enzymatic activity facilitates the
reduction of the nitro group of nitroaromatics to the corresponding amine group via
producing a nitrosoaromatic intermediate.33 Type | NTRs facilitate the reduction of the nitro
group of nitroaromatics via an oxygen-/nsensitive process that entails the transfer of
electrons only in pairs (2e™) from NADPH for producing the nitrosoaromatic intermediate.
Type Il NTRs facilitate the reduction of the nitro group of nitroaromatics through an
oxygen-sensitive process that entails successive transfer of only one electron (1e™) from
NADPH for sequentially producing the nitro radical anion and the nitrosoaromatic
intermediates.
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Hypoxic Cell

Figure 2. Envisaged operational process of the proposed activatable ultracompact xanthene-core
based molecular probe that demonstrates an OFF-ON NIR fluorescence response facilitated via
NTR activity.

A low pO, environment corresponds to upregulated NTR activity. Step 1: The proposed
NTR-selective activatable xanthene core-based molecular probe would diffuse across the cell
membrane due to having a neutral net charge. Step 2: The hypoxia-induced (i) upregulated
NTR activity in combination with (ii) suppressed oxidation back-reaction of its futile redox
cycle would activate and maintain, respectively, its OFF-ON NIR fluorescence response by
discontinuing and precluding a d-PeT fluorescence-quenching process from occurring. Step
3: The local equilibrium gradient would result in the activated molecular probe readily
diffusing into lysosomes, wherein it would become trapped upon its fluorogenic scaffold
assuming a positive net charge due to its integrated THQ moiety becoming weakly-
protonated when in lysosomes. On doing so, the activated molecular probe would be
permanently retained within the lysosomes. Step 4: The local equilibrium gradient would
shift towards additional activated molecular probe localizing to the lysosomes, wherein it too
would become similarly protonated and subsequently retained. This strategy would drive the
retention of increasing amounts of activated probe, and thereby would help afford enhanced
contrast levels due to the signal amplification resulting from such extensive activated
molecular probe accumulation within the lysosomes. Ar = aromatic group, NTR =
nitroreductase enzyme. pO, = partial pressure of oxygen.
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Figure 3. Frontier molecular orbital energy diagram describing the photophysical processes
affording NO»-Rosol an OFF-ON NIR fluorescence response upon its NTR activity-facilitated
bioreductive activation.

A) Favorable energetics between the LUMO of the fluorogenic scaffold and the LUMO of
the pendant m-nitrobenzene permit the excited electron that momentarily occupies the
LUMO of the former to undergo an intramolecular d-PeT to the LUMO of the latter, and
thereby quenches the NIR fluorescence emission that the excited electron would otherwise
afford via it subsequently relaxing from the LUMO of the pendant m-nitrobenzene in a non-
radiative decay process. B) Unfavorable energetics between the LUMO of the fluorogenic
scaffold and the LUMO of the pendant /m-aminobenzene precludes a d-PeT fluorescence-
quenching process from transpiring between the components, and thereby the excited
electron momentarily occupying the LUMO of the fluorogenic scaffold can provide NIR
fluorescence emission by relaxing back to the HOMO of the fluorogenic scaffold in a
radiative decay process. LUMO = lowest unoccupied molecular orbital, HOMO = highest
occupied molecular orbital. Asterisk (*) signifies that an electron from the HOMO of the
fluorogenic scaffold exists in an excited electronic state in transitioning to the corresponding
LUMO following upon photoexcitation. Molecular orbital energy values are provided in
hartrees.
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Figure 4. Evaluation of the Photophysical, Spectroscopic, and Selectivity Properties of NO2-
Rosol.

A) Fluorescence activation of NO,-Rosol (20 uM) with and without NTR (10 pg/mL) and/or
NADPH (500 pM) in 95:5 PBS:DMSO (A¢x = 550 nm); B) Fluorescence intensity of NO»-
Rosol (20 uM) with and without NTR that had been pre-treated with various concentrations
of a standard NTR inhibitor (dicoumarol) in the presence of NADPH (500 uM); C)
Measurement of the fluorescence intensity of NO,-Rosol upon its activation using various
concentrations of NTR (0-10 pg/mL) and a constant concentration of NADPH (500 uM); D)
Normalized absorption spectrum of NADPH separately (black) and with NO»-Rosol both
before (blue) and 60 min after (red) the addition of NTR (10 pg/mL); E) Fluorescence
intensity of NO»-Rosol in the presence of NTR (10 ug/mL) and other biologically-relevant
small molecules, all of which are in the presence of NADPH (500 uM): H,0,, NaOCI (100
UM each); Cys, HCys, GSH, Glut, Lys, ascorbic acid, Gly (1 mM each); MgCI2 (2 mM);
KOAc, NaOAc (50 mM each); F) Competition assay involving NO»-Rosol with and without
NTR and/or other biologically-relevant enzymes (10 pug/mL), wherein each arrangement
includes the presence of NADPH (500 uM). Lys = lysine, Gly = glycine, Glut = glutamate,
GSH = glutathione (reduced form), HCys = homocysteine, Cys = Cysteine, G = glutathione
reductase, L = leucine dehydrogenase, C = Cytochrome ¢ reductase. Practical considerations
required the use of a Type | NTR in performing all solution studies.
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Figure 5. Analysis of hypoxia marker CAIX in glioblastoma cell lysates.
Western blot and semi-quantification of the endogenous hypoxia marker, CAIX, using
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GAPDH as a loading control in the glioblastoma (GBM) cell lines U87 and U251. Error bars

represent the standard error of the mean. CAIX = carbonic anhydrase IX; GAPDH =
glyceraldehyde 3-phosphate dehydrogenase.

Sens Actuators B Chem. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Klockow et al. Page 31

pO,=20% pO,=0.5%

=100

Fluorescence

(=23 (<]
o o
L L

N
[=}
1

Mean Fluorescence |
IS
o

Brightfield

]

20% 05%
POy (%)

ToN
o

Figure 6. Evaluation of NO2-Rosol in live cells under normoxic and hypoxic conditions.
Confocal fluorescence microscopy of NO»-Rosol (10 uM) in U251 cells incubated under

normoxic (pO, = 20%) and hypoxic (pO, = 0.5%) conditions. A) Fluorescence imaging (top
panels). Emission was collected from 650-800 nm (A¢x = 550 nm). B) Brightfield imaging
(bottom panels). Scale bar = 25 um. C) Quantitative analysis of the mean cell fluorescence
intensity. N =50, £< 0.0001
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Hoechst LysoTracker NO,-Rosol Overlay

Figure 7. Localization of NO»-Rosol in live cells under hypoxic conditions upon its activation via
upregulated NTR activity.

Confocal fluorescence microscopy of U251 cells under hypoxic conditions incubated with
Hoechst 33342 (0.5 uM), LysoTracker Green DND-26 (5 uM), and NO,-Rosol (5 uM). A
single cell is shown here. The overlay of the separate corresponding images that utilizes each
organelle homing-dye and NO,-Rosol appears to demonstrate significant overlap between
LysoTracker Green DND-26 and NO»-Rosol, which was supported by the calculated strong
Pearson correlation coefficient of 0.95. Scale bar = 20 um.
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Scheme 1.
Synthesis of NO,-Rosol.
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Table 1.

Spectroscopic and photophysical properties of the unactivated and activated form of NO5-Rosol.

Compound Aabs Aem e ‘pﬂc Brightness
“lem-L “lem-L
(nm)a (nm)b (M~tem™) (M~lem™)
NO,-Rosol 550 710 11,000 0.0005 55
(unactivated form)
NH,-Rosol 548 705 10,300 0.0205 210
(activated form)

a . . .
Measured maximum absorption wavelength of each compound in buffer;

Measured maximum fluorescence emission wavelength of each compound upon photoexcitation at its respective Agps in buffer.

c. . . . . . .
@f| is the measured relative fluorescence quanum yield using erythrosine B in buffer as a reference (®f| = 0.02).

Sens Actuators B Chem. Author manuscript; available in PMC 2021 March 01.

Page 34



	Abstract
	Graphical Abstract
	Introduction
	Results
	DFT Calculations.
	Synthesis.
	Spectroscopy.
	Cellular Analyses.
	Fluorescence Microscopy.

	Discussion
	Conclusion
	Experimental Section
	Computational methods.
	Chemical synthesis.
	Compound 2.
	NO2-Rosol.
	NH2-Rosol.

	Spectroscopy.
	LC-HRMS.
	Cell culture.
	Western blot.
	Confocal microscopy.
	Statistical analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Scheme 1.
	Table 1.

