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ABSTRACT: Obtaining a subcellular resolution for biological
samples doped with stable radicals at room temperature (RT) is a
long-sought goal in electron paramagnetic resonance imaging
(EPRI). The spatial resolution in current EPRI methods is
constrained either because of low electron spin polarization at RT
or the experimental limitations associated with the field gradients
and the radical linewidth. Inspired by the recent demonstration of a
large electron spin hyperpolarization in chromophore-nitroxyl spin
probe molecules, the present work proposes a novel optically
hyperpolarized EPR imaging (OH-EPRI) method, which combines
the optical method of two-photon confocal microscopy for
hyperpolarization generation and the rapid scan (RS) EPR method
for signal detection. An important aspect of OH-EPRI is that it is
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not limited by the abovementioned restrictions of conventional EPRI since the large hyperpolarization in the spin probes overcomes
the poor thermal spin polarization at RT, and the use of two-photon optical excitation of the chromophore naturally generates the
required spatial resolution, without the need for any magnetic field gradient. Simulations based on time-dependent Bloch equations,
which took into account both the RS field modulation and the hyperpolarization generation by optical means, were performed to
examine the feasibility of OH-EPRI. The simulation results revealed that a spatial resolution of up to 2 fL. can be achieved in OH-
EPRI at RT under in vitro conditions. Notably, the majority of the requirements for an OH-EPRI experiment can be fulfilled by the
currently available technologies, thereby paving the way for its easy implementation. Thus, the proposed method could potentially
bridge the sensitivity gap between the optical and magnetic imaging techniques.

B INTRODUCTION

Electron paramagnetic resonance imaging (EPRI) is a powerful
magnetic imaging technique that allows three-dimensional (3D)
imaging of paramagnetic molecules.”” It has played an
important role in a wide Jange of fields ranglng from
blomedlcal, semiconductors,* Li-ion batteries,” and quantum
computing,” among others. Especially for biological systems,
EPRI has significantly benefitted the field of cancer research,
primarily because of its ability to probe molecular O, (in tissues,
blood, etc.) as well as reactive oxygen species (ROS) such as
0,°7, OH", etc. Both of these species, O, as well as ROS, are very
crucial either for the determination of cancer treatment efficacy
or to understand the cancer development and metastasis.”
However, a significant shortcoming of the EPRI technique is its
poor spatial resolution (>10 um)®” for samples under ambient
conditions, which seriously hampers obtaining subcellular
information via EPRI. In this regard, it is worth noting that
ROS, which is paramagnetic and can be detected via EPR (using
suitable spin traps), is often detected by optical techniques
primarily because of the latter’s ability to provide subcellular
information.'’~"* However, optical techniques do not provide a
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fingerprint of the radical that is being trapped. Furthermore,
fluorescent probes, used for their optical detection, are often
nonselective, and hence such methods are prone to giving false
signals.g’m’14 Thus, given that EPR is the most direct and
unambiguous probe to image paramagnetic molecules, achiev-
ing a subcellular resolution in EPRI would greatly benefit to
overcome such long-standing issues.

The spatial resolution (Ax) in EPRI for a fixed concentration
(~1 mM) of the spin probe depends on a variety of factors.
However, the ultimate limit that governs Ax is electron spin
polarization (ESP), which is quantified by the parameter P = (N,

N,)/(Ns+N,), where Nsand N, are the number of molecules
in @ and f§ spin states, respectively. At room temperature (RT)
and X-band frequencies, the magnitude of ESP is very small (P,
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~ 1073), which then ultimately restricts the three-dimensional
resolution to more than 1000 gm?>."> Apart from the ESP, the
ratio of the linewidth of the radical, AH, and the magnitude of
the field gradient, G,, are also crucial factors that govern Ax via
the equation Ax = AH/G,.'® Because of the direct dependence
of Ax on AH, spin probes with a very narrow linewidth (i.e, AH
< 0.1 G) are preferred. However, the most commonly used
nitroxyl spin probes have a much larger linewidth (AH ~ 1 G).
Furthermore, since finite limits exist on the maximum G, that
can be applied, Ax cannot be reduced for unlabeled nitroxyls by
simply increasing G,.'”'® Even, the use of Fourier transform
(FT)-based methods has not been helpful for the unlabeled
nitroxides due to their short spin—spin relaxation time, T,..
Hence, isotopically labeled (**N,*D)-nitroxyls are preferred,"”°
which makes the whole experiment quite expensive and
synthetically demanding.

To this end, it is worth mentioning the methodolo
optically generated electron spin hyperpolarization (ESH),
which involves the generation of a transient ESP, Pp,, that is
significantly larger than the thermal ESP, P.. The ESH is
generated in the radical through optical excitation of a suitable
chromophore that is tethered to the free radical. Notably, in
recent times, an enormous ESH of about 500 times the thermal
ESP at RT has been demonstrated in an anthraquinone-
nitroxide-based chromophore—radical (CR) adduct molecule.®'
Such a large ESH has great potential to overcome the poor ESP
at RT, which severely restricts the value of Ax in EPRI In
addition, a notable aspect of optically generated ESH is that it
gives an optical handle to induce an observable EPR signal.
Consequently, the optical excitation itself can result in the spatial
encoding of the radical in an imaging experiment, thereby
completely removing the requirement of the field gradients in
the EPRI method. Furthermore, since only the optically excited
region will be observed, even the linewidths of the spin probe
would not be a governing factor for Ax. Thus, in principle, a
hyperpolarization-based imaging method could overcome all of
the limitations associated with unlabeled nitroxides and hence
could result in a high resolution in EPRI experiments. This is the
essential idea that is proposed in this current work.

In this work, an EPR imaging method based on a
hyperpolarized EPR signal, termed optically hyperpolarized-
EPRI (OH-EPRI), is proposed, and the conditions for its
feasibility and its potential to achieve a subcellular resolution are
examined. This manuscript is organized as follows: The first
section presents the proposed idea of OH-EPRI and the
subsequent sections examine its feasibility. Specifically, numer-
ical simulations based on time-dependent Bloch equations
(TDBE), which account for the ESH generation, are carried out
for the anthraquinone-based CR molecules. It is worth pointing
out that the CR molecules are covalently linked (Chart S1),
which makes the hyperpolarization generation independent of
the relative translational diffusion of the C and R moieties.
Lastly, the optical excitation efficiency of CR adduct molecules
necessary to achieve a subcellular resolution in OH-EPRI
experiments is examined. The central finding of this work is that
it should be possible to achieve a spatial resolution of up to 2 fL
(2 um®) in an in vitro imaging experiment at X-band and RT,
using a typical probe concentration of 1 mM.*

Optically Hyperpolarized-EPRI (OH-EPRI): The Con-
cept. The basic idea on which OH-EPRI rests is the generation
of a hyperpolarized EPR signal in a spatially defined manner by
optical means, followed by its detection via EPR so that spatial
distribution of the spin probes, i.e.,, the CR molecule can be
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obtained. Since the optical excitation itself provides a means for
spatial encoding, two-dimensional (2D) imaging can be
performed by simply scanning the excitation source along the
surface of the sample and recording the resulting hyperpolarized
EPR spectrum from each pixel. However, such a method cannot
provide a 3D resolution since all of the molecules along the path
of the beam would get excited, and thus the spatial encoding
cannot be attained along this dimension. To this end, some of
the ideas from the optical 3D imaging techniques can be utilized,
where the resolution is similarly governed by the light source.
Notably, the method of two-photon (2P) confocal imaging
(2PCI) deserves special mention. In the 2PCI technique, a high
3D resolution is achieved by tight focusing of the excitation light
(typically a femtosecond (fs) laser), which causes 2P excitation
of a desired molecule. Since the 2P absorption cross section of a
molecule requires a high photon flux, the 2P absorption is
strongly localized at the focal volume of the laser, thereby
providing a high 3D spatial contrast (<gm?).”> Thus, it is
precisely this aspect of 2P excitation of 2PCI that can be adapted
to OH-EPRI to perform a 3D magnetic imaging experiment.

To this end, the conceptual framework of 2PCI microscopy
can be potentially extended to the OH-EPRI method (i) using
an excitation source (i.e., the laser) that causes 2P excitation of
the CR spin probe and (ii) merging the confocal excitation setup
with the EPR spectrometer. Importantly, the second aspect
involves tight focusing of the laser at the sample. In 2PCI setups,
this is primarily achieved using a large numerical aperture lens
and placing it as close as possible to the sample.”” This is,
however, difficult to achieve in a typical cavity-based (X-band)
EPR spectrometers due to the space restrictions imposed by
closed cavity resonators. Thus, an open cavity like planar
microresonators’ > is needed.

Thus, the basic protocol of the OH-EPRI experiment can be
summarized as follows (Figure 1): Illumination of the sample
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Figure 1. Schematic of the setup for the proposed OH-EPRI
experiment. The X—Z scanning mirrors and the Y-translation stage
enable the 3D scanning of the laser over the sample. The numbered
components are 1: microresonator; 2: balanced mixer detector; 3:
digitizer with a continuous data transfer mode so that the data can be
transferred to an external storage device while the acquisition is going
(Appendix SIV); 4: external storage device (like PC), and §: field
modulation coils.

placed on a planar microresonator of a conventional EPR
spectrometer, with a tightly focused laser. This should lead to
photoexcitation and subsequent hyperpolarization generation in
only those spin probe molecules that are present within the focal
volume. The resulting time-resolved EPR (TREPR) signal can
be stored and processed via a fast digitizer, which would, in turn,
give a measure of the amount of the spin probe in the irradiated
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volume element. The laser can then be spatially scanned (via the
scanning mirrors and the Y-translation stage) like 2PCI
microscopy to generate the 3D spatial profile of the spin
probe. As is evident, no magnetic field gradients are needed for
spatially encoding the EPR signal.

B MATERIALS AND METHODS

ANCOOT and AnqlPr were synthesized as per the earlier
procedure.”*° Steady-state and time-resolved EPR spectra were
recorded in a laboratory-built X-band EPR spectrometer.®” For
the time-resolved EPR, the excitation source was the third
harmonic of an Nd:YAG laser (Quantel model: YG-981C,
wavelength: 355 nm, repetition rate: 15 Hz, energy output: ~1.5
m] per pulse, energy at the sample: ~0.9 m] per pulse). Because
of the strong spin-polarized EPR signals and the laser-induced
sample heating, the laser energy was restricted to this low value.
The absorbance of all of the solutions at the excitation
wavelength was less than 1. The samples were made in quartz
tubes (O.D.: 4 mm, L.D.: ~3 mm, Wilmad Glass) and degassed
by three cycles of freeze—pump—thaw under a vacuum of 107°
mbar.

The laser energy absorbed by the sample, which determines
the number of excited state molecules, was measured as follows:
A slit was inserted in front of the laser entry hole of the
microwave (uw) cavity (Figure 2). The best alignment of the

4_ Sample tube

Slit —>®
3mm LD.)
Laser (
- - <4——— Microwave

cavity

6.35 mm entry
hole

Figure 2. Arrangement of the slit in front of the microwave cavity for
measurement of the laser energy.

slit, the hole of the cavity, and the EPR sample were achieved by
maximizing the transient EPR signal of Anq1PR. This ensured a
collinear arrangement of the slit hole and the cavity hole, and the
energy of the laser measured after the slit was taken to be the
energy incident on the sample.

Two types of slits were tried:

(i) A circular slit (I) of a diameter 6.35 mm. This diameter
was the same as that of the laser entry hole in the front
surface of the cavity.

(ii) A rectangular slit (II) of 6.35 X 3.00 mm?”. Here, 6.35 mm
was the same as the diameter of the laser entry hole and
3.00 mm was the LD. of the EPR sample tube.

Slit T was easier to align with the sample tube and the cavity
hole. However, the energy measured after it was more than what
the sample received since the tube LD. was 3 mm. So a
geometrical correction factor was applied (as mentioned below).
Slit IT was of the exact dimension as the sample tube and ideally
needed no correction. However, its alignment needed a very
critical positioning of the sample tube and the slit. Additionally,
even after achieving the best possible alignment, it was observed
that the signal height was reduced by ~1.4 times after insertion
of the slit. Ideally, no reduction was expected for a perfect
alignment, as the dimensions of slit II matched with those of the
sample tube. In view of this, the experiments were performed
with only silt I without sacrificing the signal intensity but by
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applying a suitable correction factor for the energy actually
reaching the sample. The correction factor (X°F) for the circular
slit was found as follows.

X is the fractional energy of the laser beam, passing through
the slit I, which irradiated the sample kept in the 3.0 mm O.D.
tube. To estimate X“F, I first measured the laser energy after (i)
both slits I and IT in a collinear geometry and (ii) slit I only. This
showed that about 64% of the energy after slit I passed through
slit II. Since slit IT resembles the tube dimensions, the correction
factor was assumed to be 0.64.

Next, the abovementioned correction was verified by a
geometrical estimation of X°F. In this regard, I assumed a
Gaussian intensity profile, I(x,y), for the laser beam (6.4 mm
diameter) whose intensity reduces to 1/¢* of its value at the
center (I,) of the laser beam. This could be represented as

ILaser(x) y) — 10 e(—2(x2+yz))/3.27' (1)
The correction factor amounts to estimating the fractional
energy of the laser beam present within the tube area, i.e,, PQRS

in the figure below.
P
R

where OE = 1.5 mm (assuming that the tube axis aligns exactly
with the center of the cavity hole) and OB = 3.2 mm (half of the
cavity hole diameter).

Based on the dimensions of the slit and the tube LD., the
energy after the circular slit (E*™) and that reaching the sample
tube (E™*) can be represented as

. x=3.18 y= r’—
Slit
=
0 0
— — 2
Etube:/'x—l.s /-y— r
0 0 (2)

The abovementioned integrals were evaluated numerically. The
correction factor was given by E™"/E*™ and was found to be
0.72. This is consistent with the abovementioned experimentally
determined correction factor of 0.64. Thus, I used a correction
factor of 0.64 in all of the experiments.

The EPR time profiles were collected after locking the
magnetic field to the desired position, using a magnetic field-
microwave frequency interlock. Each transient was collected
alternately at “on-resonance” and “off-resonance” by step
modulating the magnetic field by S G at 15 Hz (fixed by the
laser repetition rate). Normally, an AC-coupled amplifier blocks
the steady-state EPR signal due to the Boltzmann population
difference. But our experiments, which involve modulating the
magnetic field synchronously with the laser repetition rate,
ensured that the Boltzmann signal passed through the AC-
coupled preamplifier and was recorded by a transient recorder.
The true EPR signal was obtained by subtracting the off-
resonance curve from the on-resonance curve. This subtraction
also removes any nonresonant artifact that rides on the observed
microwave signal when the laser pulse enters the microwave
cavity.

6.35 mm cavity hole

3 mm i.d tube

ILaser(x’ y) dx dy

ILaser(x) y) dx dy
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The hyperpolarization time profiles of rapid scan (RS) EPR
spectra were simulated by coupling the time-dependent Bloch
equations for the rapid scan modulation with suitable hyper-
polarization generating terms. To account for the rapid scan
conditions, a sinusoidal field modulation was used.”® The phase
of the modulation was adjusted such that the resonance line
appears at the center of the scan, where the scan rate is the
maximum. To account for the hyperpolarization generation, a
strategy similar to our earlier work was followed. Here, the
hyperpolarization generation is represented by two terms,
corresponding to quenching of the singlet (S'—R) and the triplet
(T'-R) state of the chromophore in the linked CR molecule.””

d[s’-R§] .
Ta R 3
d[S°-R}] .
Ta T @

Where S°—Rg* and S°—R;* are the absorptive and emissive
spin-polarized molecules, ki and kg, are the singlet state and
triplet state quenching rate constants of the chromophore,
respectively, and Pg and Py are the magnitude of the absorptive
and emissive hyperpolarization generated via radical triplet pair
mechanism (RTPM), respectively. Thus, the resulting time-
dependent Bloch equations in the rotating frame are given by

dMm -M
£ = = + [Aw + 0.5lyIB,, cos(w,t)IM,
dt Se
dMy -M,
— = — [Aw + 0.5lyIB,, cos(w,t)IM, + lylB,M,
dt De
sz MO - Mz 1
= — — lyIB;M, + Pk [S — R]
dt ,Iie 7\b M, S™q

— Pk, [T' - R
©)
where Aw = @ — w, is the offset of a spin packet from the center
of the scan in angular frequency units, |yl is the magnitude of the
electron gyromagnetic ratio, w,, = 2af,, is the angular scan
frequency, B, is the microwave magnetic field, T, is the spin—
lattice relaxation time, and [S'—R] and [T'-R] are the
concentration of the singlet state and triplet state of the
chromophore in the presence of a radical, which were obtained,
in turn, by solving a corresponding kinetic scheme (Scheme 1)

for the spin probe molecule.
The various processes in the abovementioned scheme along
with their corresponding rate constants are summarized below

S'-R — $°-R radiative decay (k)

Scheme 1. Kinetic Scheme of the RTPM Pathway

1 kqs *
SR » SR
m‘\, Kas e
TR
ke . ~
. -
-7 /kSLR kqt
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R R $°—R;
kSLR
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S'-R — T'-R  S'—Rintersystem crossing (kisc)

S'-R - T'-R + $"—R¢*
$'—R quenching by radical via EISC (kqs)

T'-R — $"—R*
T'—R quenching by radical via EISC ( kqe)

T'-R - $-R Tl—Rintersystem crossing (k)

The spin—Ilattice relaxation process, kg, brings the polarized
radicals, S°~Rg* and $°—R*, to Boltzmann distribution. This
process, shown in dotted lines in the abovementioned scheme, is
not used in the kinetic scheme since it is included in the Bloch
equation (eq 5). The terms in eqs 3 and 4 were added to the z-
component of the magnetization. The resulting Bloch equations
in the rotating frame are given by eq 5. These were numerically
solved by the fourth order Runge—Kutta method. Simulations
were performed for the case of Aw = 0, i.e., a zero offset of the
spin packet from the center of the scan. For the initial conditions,
the equilibrium steady-state values of the magnetization
corresponding to a magnetic field at the start of the scan (B, =
B, + B.,/2) were used.

The values of the various kinetic parameters were kg, = 2.4 X
1057 kg =10° 7}, kige =2.5 X 10”57, kp =5 X 10%s ™, and k"
= 0 s7', obtained from the earlier optical/TREPR studies of
Ang1Pr.*" Since the CR molecules are covalently linked, the
relative translational diffusion of the C and R moieties can be
safely excluded. Moreover, earlier studies have established that
the hyperpolarization generation in the AnqlPr molecule is
purely intramolecular. Hence, the abovementioned kinetic
scheme did not consider any intermolecular processes.

It is worth pointing here that the true spin states of the linked
chromophore—radical molecule that participate in hyper-
polarization generation via the RTPM process are the doublet
(D,) and quartet spin states (Q,).” In fact, in the literature, a
more rigorous hyperpolarized Bloch equation scheme that
incorporates the doublet and quartet states (termed D,—Q,
scheme) has also been proposed.”” However, the D;—Q,
scheme is more suitable for those C—R molecules that show
the signature of D; and Q, states in the TREPR spectra. In the
case of Anq1Pr, the D, and Q, states are not seen in the TREPR
spectra (even at the earliest gate time of 100 ns) due to their very
short lifetime (<10 ns). For such systems where the quenching
process is efficient, it was found that the simplified scheme may
be considered as a good approximation of the more realistic D, —
Q, scheme.”” Moreover, the D,—Q, scheme also needs
knowledge of extra parameters such as the D;—Q, conversion
rate constant, whose value is not accessible. Thus, I followed the
simplified Bloch equation scheme involving S;—R and T;—R
states.

B RESULTS

Given that the cellular volumes (V) are typically of the order of
100—10 000 um? (for example, the widely used HeLa cells have
V., ~ 2600 um?),*" the present work strives for achieving spatial
resolutions of about 1 pm® in the OH-EPRI method.
Furthermore, noting that the typical concentration of the spin
probes used in imaging experiments is ~1 mM,"”* which
results in ~10° molecules in the 1 ym® volume, the EPR
sensitivity, Sy, which is defined as the minimum number of
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spins that can be detected with a signal-to-noise ratio (SNR) of
unity per Gauss of linewidth (and normalized with respect to the
square root of seconds of the measuring time),** also needs to be
of this order (i.e., Sy, ~ 10° spins-G™'-Hz™/2). To this end, the
sensitivity of a typical TREPR spectrometer operating at the X-
band frequency at RT was examined since typical spin-
polarization measurements are performed in such spectrom-
eters. An Anq1Pr molecule was used as a standard molecule due
to its large ESH generation31 (Chart S1). To differentiate the
sensitivity that can be obtained from a hyperpolarized signal, the
conventional sensitivity that refers to thermal spin polarization is
termed thermal sensitivity.

Figure 3 shows the transient profile of the low-field hyperfine
line of the AnqlPr molecule in benzene, after 355 nm laser
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Figure 3. Time profile of the EPR signal recorded at the exact resonance
position of the low-field hyperfine line after a 355 nm laser pulse. The
time of the laser pulse is marked by a blue arrow. The two red double-
headed arrows show the Boltzmann and the spin-polarized signal
height. Laser energy = 0.93 mJ per pulse (15 Hz frequency), pulse width
~6 ns, no. of averages = 3, total acquisition time = 0.2 s, temperature =
295 K, concentration of the molecule = 2 mM, volume of solution in the
cavity (governs the Boltzmann signal) = 0.160 cm®, photoexcitation
volume = 0.045 cm?®, and absorbance at 355 nm = 0.354.

excitation at RT. The signal height before the laser represents
the Boltzmann signal (S*Y), while the dip of the signal
immediately after the laser pulse represents the polarized signal,
SP°l. The standard deviation of the noise, 6,,;., was determined
to be 14.8 (using the first 400 data points), which resulted in the
SNR of 64.9 and 99.6 for the Boltzmann and polarized signal,
respectively. Based on the concentration and the volume of the
sample in the cavity, the total number of spins contributing to
B!t was evaluated to be N**!* = 1.9 X 10". Similarly, using the
laser energy falling on the sample and the absorbance of the
anthraquinone moiety at 355 nm, the number of spins
contributing to S was estimated to be NP = 9.5 x 10'*.
Next, the sensitivity of the TREPR spectrometer, for the
Boltzmann molecules, S_. Bt and the polarized molecules,

min

Sl at 1 mW of observing microwave power was obtained
by 21109
Bolt/Pol
g Bolt/Pol _ N X Jlacq
min - Bolt/Pol
SNR X AHpp (6)
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where AH,,, is the peak-to-peak first-derivative linewidth (~1 G
for AnqlPr) and t,, is the total acquisition time of the
experiment (0.2 s).

Using eq 6, S, values for the Boltzmann molecules and the
polarized molecules were estimated to be (1.2 + 0.1) X 10" and
(4.0 £ 0.4) x 10" spins-G™"-Hz ™"/, respectively. Thus, it is
evident that in spite of improvement in the sensitivity by over 2
orders of magnitude by the ESH, S,;," is about 6 orders of
magnitude smaller than the desired sensitivity of 10° spins
needed for subcellular resolution. In fact, even the Boltzmann
sensitivity obtained via the abovementioned TREPR detection is
very poor compared to that of a typical X-band continuous wave
(CW)EPR spectrometer (S,,,** ~ 10''—10" spins-G™"-

<q

Hz '/2).** Furthermore, the TREPR detection also has a
drawback that the TREPR time profile does not give any
information about the spectrum of the paramagnetic species
unless the fixed Zeeman field is scanned. Such a detection
scheme would make the whole imaging experiment quite time-
consuming. Thus, for the present proposed method of OH-
EPRI, where the sensitivity, the time resolution, and the identity
of the species are highly desired, the conventional TREPR
detection scheme would only be of restricted use.

In this regard, it is worth considering the method of rapid scan
(RS) EPR, which can not only achieve an enhanced sensitivity
and a fast time resolution but also possesses the capability of
providing the entire EPR spectrum of the radical species.** In
RSEPR, the Zeeman field By is scanned very fast through the
resonance position of an EPR line, such that the dwell time of the
magnetic field is shorter than the spin relaxation times of the
paramagnetic molecule."**> This results in two main advan-
tages: (i) multiple scans can be averaged in the same acquisition
time as that of a single CWEPR scan (time averaging) and (ii) a
much higher microwave power can be applied compared to that
in TR/CWEPR (without causing any sample saturation).
Depending on the sample, these two aspects result in an
improvement of the SNR by a factor of 10—250 times compared
to that of the CWEPR method.** Notably, for a nitroxide-based
radical, an improvement by a factor of 40 has been demonstrated
at RT,* which clearly points toward its benefits for the proposed
hyperpolarized imaging method. However, to date, RSEPR has
never been used to examine spin-hyperpolarized systems. Thus,
the spin dynamics under RS conditions remains unknown and
hence it is difficult to predict a specific enhancement in
sensitivity via hyperpolarization in an RSEPR experiment.

To this end, I performed numerical simulations based on the
time-dependent Bloch equations (TDBE), which have been very
successful in rationalizing the spin dynamics under the rapid
scan conditions’ ™" as well as for the hyperpolarization
generation.’”*”*°™>% The Bloch equations, as applicable for
the RSEPR, have terms that account for the fast scan of the
Zeeman magnetic field (characterized by the scan frequency, f,,,
and the peak-to-peak scan amplitude B, ).”° The ESH
generation via the radical triplet pair mechanism (RTPM) (or
the reverse quartet mechanism®” for the linked C—R molecules)
is included by adding two extra terms in the Bloch
equations,”*** which account for the generation of hyper-
polarization by singlet and triplet state quenching of the
chromophore. In the present case, I adopted a similar strategy
and added those extra terms in the RSEPR Bloch equations, eq 5
(see the Materials and Methods section).

First, a perdeuterated '"N-TEMPONE (PDT, Chart S1)
molecule was examined for hyperpolarization generation under
RSEPR conditions primarily because its RSEPR has been
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extensively studied earlier and hence can act as a reference for
the dark conditions.*” The laser pulse was fixed at the start of the
field cycle scan and an emissive hyperpolarization magnitude of
10 times the thermal electron polarization was considered.
Figure 4 shows an RSEPR time profile in the absence and

B +B./2
=
é B res
[—)
Q' B..—B./2

<
<

EPR signal intensity

15 20 25 30

Time (us)

Figure 4. Simulation of the RSEPR time profile of the PDT molecule
based on Bloch equations under dark (middle panel, blue curve) and
light (red curve) conditions for one full cycle of the field scan.
Simulation parameters: blue trace: f,, = 30 kHz, B,, =4.4 G, T, = 0.79
us, T, = 0.61 ps (same a ref 47), microwave power = 1 mW, and Py = 0;
red trace: P1/P,, = —10 (for other optical parameters see the Materials
and Methods). The top panel shows the time profile of the Zeeman
(B,) field during one cycle of the field scan. The green arrow marks the
timing of the laser pulse for the red trace. The scale of the vertical axis is
the same for the middle and bottom panels.

presence of light for one complete cycle of the field scan (f,, = 30
kHz, B, = 44 G). The simulation for the dark condition
reproduced all of the essential features of the earlier
experimental/simulated RSEPR profile of PDT in 80%
ethanol—water."” Notably, the wiggles, which are the character-
istic of the RSEPR experiments, were clearly evident toward the
falling trail of the resonance EPR signal. However, in the
presence of laser irradiation, a strong oscillatory signal was seen
at the initial time, which was not present under dark conditions.
Furthermore, no enhancement due to hyperpolarization was
seen in the resonance signals with respect to that of dark
conditions.

This behavior can be rationalized by noting that the timing of
the laser pulse in the abovementioned simulations actually
correlates with an off-resonance position of the Zeeman field,
ie,att=0, By = B, + B,,/2 (Figure 4, top panel), where B, is
the Zeeman field corresponding to the exact resonance position
of the EPR line. For such off-resonance positions, the Bloch
equations naturally predict transient oscillations (termed Torrey
oscillation)>**” for any disturbance of the equilibrium condition
(such as the creation of hyperpolarization in the present case).
This was confirmed by running the simulations at a fixed (f,, =
0) off-resonance field of B,,, + B,,/2, which nicely reproduced
the initial time oscillation of PDT (Figure S1). The absence of
hyperpolarization in the EPR signal can also be rationalized to
the relatively long interval (~8 us) between the laser pulse

2720

arrival and crossing of the resonance field in comparison to the
T,. of PDT (0.79 ps). Thus, when the laser was given an offset,
Aty,,, with respect to the start of the field cycle scan, a strong
emissive polarization could be clearly seen (Figure S). Notably, a
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Figure S. Simulation of the RSEPR time profile of the PDT molecule
based on time-dependent Bloch equations under dark (blue) and after a
laser pulse for two different laser offsets Aty = +7.7 us (red) and At =
+8.7 ps (blue) (the corresponding colored arrows mark the arrival of
the laser pulse). Simulation parameters: Pg = 0, P1/P,, = —10; the other
parameters are the same as given in Figure 4. The inset shows the
zoomed region of the first half cycle. Note that the initial time (Torrey)
oscillations of Figure 4 are reduced significantly as the laser is incident
close to the exact resonance position. This further supports the
assignment of the initial time oscillations of Figure 4 to Torrey
oscillations.

comparison of the EPR profile for At,, = +7.7 and +8.7 us
revealed that the maximum hyperpolarization does not correlate
with the arrival of the laser pulse at the peak of the resonance
position (Aty,, = 8.7 ps). The optimum At,, should depend on
the molecular parameters like k;, and T, which, in turn, can be
obtained from TREPR experiments (and also on the
experimental parameters like rapid scan frequency and the
instrument response time). Thus, these results highlight the
need for proper synchronization of the laser pulse with respect to
the field scan cycle to obtain the maximum hyperpolarization in
the RSEPR spectrum.

Having rationalized the hyperpolarization behavior of the
PDT molecule in the RSEPR experiment, I next performed the
simulations for the current molecule of interest, Anq1Pr (Chart
S1), in its unlabeled form containing the usual 'H and '*N
isotopes. For the simulations to represent the proposed
hyperpolarized imaging experiment as close as possible, realistic
values of all of the parameters were needed. To this end, the
values of the parameters related to hyperpolarization generation,
kg kqo T1er Trer Ps, and Py, for Anq1PR were obtained from its
earlier optical and TREPR studies.>’ However, since a
hyperpolarized RSEPR experiment has not been performed
yet, the optimum values of f,, and B,, were not available. So, their
optimum values were fixed as follows.

The field scanning rate, a, which is given by the product of f,,
and B, (a ~ 7 X f,, X B,,), is one of the critical factors in the
RSEPR experiment that decides the choice of f,, and B,,. The
guiding principle is that higher the f,, higher is the sensitivity
that can be achieved in an RSEPR experiment, as long as a or
precisely Sa/ (\/ 37AH) is within the resonator bandwidth,
BW, = /2Q (where v and Q are the frequencSy and the quality
factor of the cavity resonator, respectively).”® Moreover, to
synchronize the field scan with the laser pulse, the maximum f,,
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Figure 6. (A) Simulation of the RSEPR time profile of the Anq1Pr molecule based on Bloch equations under dark (black) and after a laser pulse for
three different laser offsets Afy,; = 0 (green), At,, = 0.4 us (blue), and Aty ;= 0.8 us (red). The timing of the laser pulse for these curves is marked by the
arrows (same colored). The black dotted trace is the 100 times amplified signal of the solid black trace. (B) Plot of the integrated signal of the RSEPR
signal as a function of the laser offset. Simulation parameters: f,, = 200 kHz, B, = 3 G, microwave power = 1 mW, T, = 1 us, T,, = 0.065 us, Ps=0, and
Pp/P, = =500 (for other optical parameters, see the Materials and Methods). r; points to the resonance position where the intensities of thermal and

ESP signals were compared.
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Figure 7. (A) Plot of the integrated area of the RSEPR signal of the Anq1Pr molecule as a function of the microwave power. The blue dotted line
highlights the value for 60 mW. Other simulation parameters were the same as that of Figure 6. (B) RSEPR signal of the Anq1Pr molecule at a 60 mW
microwave power. Note that the sum of 10 data points around the maximum signal (marked by the red band) was compared with the sum of the total
signal of 40 960 data points. This was done to be compatible with the trace of Figure 3, which was recorded with 4096 data points.

that can be used would also be governed by the laser pulsing
frequency f),, which, in turn, is restricted by the spin—lattice
relaxation time of the radical (f,,,~' > ST,.). Since T, of Anq1Pr
is ~1 ps, a maximum f,, (=fy,,) value of 200 kHz can be used.
Lastly, since the scan width should encompass at least one
resonance line of nitroxides, which typically have a linewidth of 1
G, a B, value of 3 G would be desired for nitroxides. These f,,
and B_, values result in an a value of 1.9 MG-s™!, which is close to
the typical BW,,, value of 1.6 MHz expected for an X-band
resonator with Q = 3000. Thus, I used f, = 200 kHz and B, = 3
G for the RSEPR simulations of the Anq1Pr molecule.

Figure 6A shows the simulated RSEPR time profile for
Anq1Pr in the absence and presence of laser irradiation with a
hyperpolarization of S00 times the thermal spin polarization (|
Pr/P.l = 500). In the absence of a laser, two broad lines were
seen with no evidence of the wiggles, which is primarily due to
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the short T,, of the AnqlPr molecule. In the presence of laser
irradiation, a strong emissive hyperpolarized signal was seen in
the first half cycle. Notably, due to the reduced time interval
between the two half cycles at f,, = 200 kHz, a small
hyperpolarization is manifested even in the second half cycle.
It is worth mentioning here that this behavior could prove
beneficial in imaging experiments since just by comparing the
intensities of the two half cycles, an estimate of T, can be
obtained. This would be of particular relevance to the field of
EPR oximetry, where oxygen profiles in the system of interest are
related to the T, values of the spin probe.

Next, the effect of the laser offset, Af;,;, on the RSEPR signal of
the Anq1Pr molecule was examined. To this end, the simulations
were run with different values of At,, (Figure 6A) and the
resulting integrated EPR signal intensity was plotted as a
function of At,. The plot (Figure 6B) revealed that the
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maximum enhancement was seen for a Af,, value of +0.8 us,
which corresponds to the arrival of laser approximately at the
rising edge of the resonance signal (Figure 6A). Under these
conditions, an enhancement of ~375 times was seen at the peak
of the resonance position (r; in Figure 6A), which is almost
similar to the enhancement that was obtained in the TREPR
experiment of Anq1Pr (for trace in Figure 3, S,;,7/S.,.2" ~
300). Thus, it may appear that the RSEPR does not result in any
significant advantage for the sensitivity improvement compared
to that of a TREPR detection scheme. However, the
characteristic features by which RSEPR scores over CWEPR
and even TREPR is its use of a large microwave (uw) power and
a large number of repetitions. Thus, I next examined how these
factors can improve the sensitivity that was obtained in the
TREPR experiment of Figure 3.

First the effect of the microwave power was examined.
Specifically, the hyperpolarized RSEPR time profile was
simulated based on the Bloch equations for different microwave
powers and the integrated intensity of the RSEPR time profile
over one cycle was compared. Figure 7A shows such a plot. The
results show that the power can safely be increased up to 60 mW
without causing any significant saturation. This should result in
an improvement of at least 6 times in the signal intensity
compared to that of Figure 3 (which was acquired with 1 mW).
It is worth pointing here that the use of such a high microwave
power for the Anq1Pr molecule can be justified based on earlier
RSEPR experiments on nitroxides where a power of 50—53 mW
has successfully been used to improve the SNR.***” Notably, the
authors*” also found that the source power does not contribute
to the noise up to 50 mW of the microwave power, thereby
indicating that the abovementioned value of 60 mW should not
result in any significant increase of noise.

Next, the advantage of larger averaging in RSEPR was taken
into account. Specifically, compared to three averages that were
acquired in 0.2 s of Figure 3, the number of averages that are
possible in the RSEPR experiment for the same acquisition time
is 40000 (=200 kHz X 0.2 s). This would result in the

improvement in SNR by /40 000/3, compared to Figure 3. It
should be noted that the repetition rate in the TREPR
experiment of AnqlPr (Figure 3) could not be increased to
200 kHz primarily because the maximum repetition rate of our
Nd:YAG laser was 30 Hz. On the other hand, since the OH-
EPRI experiment is based on a two-photon excitation, which
needs a femtosecond (fs) laser, there is no problem in achieving
signal averaging at a rate of 200 kHz, as commercial fs lasers with
repetition rates as high as 80 MHz are available.

Further enhancement in the SNR can be achieved if the entire
(integrated) area of the signal over one full cycle is used as a
measure of the signal intensity, compared to a single point value
that was used in Figure 3. After performing such an integration
for the RSPER time profile of the Anq1Pr molecule (Figure 7B),
an improvement in the signal by a factor of ~690 can be
achieved. In a real situation, the presence of noise in the signal
would possibly result in the reduction of the maximum
enhancement of 690. However, with digital filtering schemes
or with a simulation of the experimental curve followed by the
integration of the simulated curve, the maximum enhancement
factor of 690 can still be realized.

Thus, combining the enhancements due to higher averaging,
higher microwave power, and full signal integration, the RSEPR
can improve the SNR by a factor of

/40;)00 X 6 X 690 = 4.8 X 10° times, compared to that of
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the TREPR signal of Figure 3. Thus, the sensitivity that can be
achieved in an RSEPR experiment of hyperpolarized Anq1Pr at
RT under nonlossy sample conditions is ~9 X 10° spins-G™-
Hz "2, which corresponds to almost S orders of magnitude
improvement compared to the TREPR detection of Anq1Pr.

Finally, the effects of a lossy sample condition (expected for a
cellular system) and a microresonator (required for two-photon
excitation) were examined. In this regard, the results of earlier
sensitivity studies in microresonators > **¥%7 7% (summarized
in Table S1) reveal that microresonators improve the thermal
sensitivity of volume-limited samples (<uL) compared to the
cavity resonators primarily via maximizing the filling factor of the
sample. A notable aspect in this regard is that even for an
aqueous sample at RT, a thermal sensitivity of 5.3 X 10 spins-
Hz"/? has been demonstrated in a surface loop-gap micro-
resonator.”” However, this experiment was performed on a
deuterated trityl radical (which has a very narrow linewidth
compared to unlabeled nitroxyls), employing an FTEPR
method, and the microwave frequency was 16 GHz. I
extrapolated this value (Appendix SII) to the conditions of an
aqueous nitroxide solution at the X-band frequency and the
CWEPR mode of operation and obtained a value of 2 X 10"
spins-G~"-Hz""/? for the thermal sensitivity at RT in the same
microresonator. Comparing this value with the typical CWEPR
thermal sensitivity of 10"'—10"* spins-G™"-Hz""/? for a cavity-
based resonators,”® it should be safe to assume that an
improvement of about 1 order of magnitude can be achieved
via the use of microresonators. Thus, the detection sensitivity for
a hyperpolarized RSEPR signal would improve to ~10° spins-
G~!“Hz "/? via the use of a microresonator, which is precisely the
desired value to achieve a subcellular resolution. Thus, the
abovementioned results indicate that a 3D spatial resolution of
~2 L for a 1 mM spin probe solution should be achievable via
RSEPR detection of a hyperpolarized Anqlpr molecule.

In the abovementioned analysis leading to a high spatial
resolution, it was assumed that all of the molecules in the 2 fL
volume were photoexcited (for the concentration of 1 mM, the
number of molecules in 2 fL is ~10°). It is only then that these
molecules would generate a hyperpolarization and hence
contribute to the EPR signal. Since the photoexcitation is via a
two-photon (2P) mechanism, I next considered whether it
would be possible to achieve this condition, ie., of the 2P
excitation of all of the pixel element molecules for a 1 mM
solution of an anthraquinone-based CR molecule (like Anq1Pr).

Two-Photon Excitation (2PE) of Anthraquinone-Based
CR Spin Probes. Analogous to the molar extinction coefficient,
€, which quantifies the one-photon excitation efficiency, the 2PE
efficiency of a molecule is quantified by its 2PE cross section, 6,
which is represented in units of Goppert-Mayer (GM) (1 GM =
107%° cm*s-molecule™'-photon™").”* Efficient 2PE probes have
& values in the range of 10°~10° GM,”*®” whereas the widely
used fluorophores such as fluorescein, coumarin, etc. have
values in the range of 30—50 GM.*® To the best of my
knowledge, the 6 value of anthraquinone is not reported in the
literature, possibly because of its nonfluorescent nature. So I
referred to the 6 values of structurally similar small-molecule
fluorophores such as anthracene and flavin mononucleotide
(FMN), whose & values have been measured to be 3 GM (1% =
532 nm)® and 1 GM (4™ = 900 nm),”® respectively, and
assumed a o value of 1 GM for the anthraquinone moiety for
further calculations.
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The number of molecules, N, excited by a TEM laser pulse
in a confocal volume defined by length z and beam waist w
(Figure S2) is given by

Ep’6p’z

™" 2 a(he) o @)

where Ej is the pulse energy, 7 is the laser pulse width, 4 is the
laser wavelength, c is the velocity of light, & is Planck’s constant,
and p is the concentration in molecules cm™. Safe operating
conditions for the cell restrict the maximum value of Ep, that can
be used in a 2P experiment.** In this regard, a guiding principle is
that the average laser power (Pyy) should be <5 mW for safe
operation on cells.”>”* Since Py is a product of the E;, and the
laser regetition frequency fi,,, the safe value of E, depends on
fras /" Thus, for the present case of f,; = 200 kHz, the
maximum E; that can be used is 25 nJ per pulse. In optical
imaging experiments,”*~"® Ej, values of up to 60 nJ have been
used for f,, = 250 kHz, without causing any significant
phototoxicity.”® Hence, the present value of 25 nJ for fy,, =
200 kHz should prove to be safe in OH-EPRI experiments.

Next, I determined the number of photoexcited AnqlPr
molecules (N,,) created via 2PE in a confocal volume of 2 ym?>
(ie, 2 fL) and compared it with the number of molecules
present in this volume, N, (1.2 X 10° for a 1 mM concentration
of the spin probe). Using eq 7 along with the following fs laser
parameters that would be applicable for the proposed hyper-
polarized imaging experiment of 1 mM Anq1Pr: A =700 nm, 7 =
100 fs, N =200 kHz, Ep = 25 nJ, w = 0.7 ym, and z = 1 um (which
gives a confocal volume of ~2 fL assuming it to be an ellipsoid),
the number of photoexcited molecules was estimated to be N, ~
2 X 105 which is larger than N. Obviously, N,, can never be
greater than N, and this result could possibly be due to
limitations of eq 7 at high laser energies. But what is important in
the current context is that N, is not less than N, which indicates
that the fs laser pulse of 25 nJ is capable of exciting all of the
molecules present in the irradiated volume via a 2P process.
Thus, the 2P excitation efficiency of the AnqlPr molecule
indeed supports the feasibility of achieving a 2 fL resolution in an
OH-EPRI experiment.

Collating all of the abovementioned results, it can be
summarized that the anthraquinone-based CR nitroxyl mole-
cules should potentially result in achieving a spatial resolution of
~2 pm? in the EPRI experiments at X-band frequencies, which
would enable performing subcellular imaging experiments.
Notably, this resolution should be achievable even for
isotopically unlabeled nitroxyls.

B DISCUSSION

The present work examines the feasibility of harnessing the
electron spin hyperpolarization in conventional EPR imaging
experiments to improve its spatial resolution. To this end, the
rapid scan method of EPR acquisition was considered due to its
known potential to achieve both an enhanced sensitivity and fast
time resolution.”” The time-dependent Bloch equation simu-
lations of a hyperpolarized Anqlpr molecule revealed that a
sensitivity of 2 X 10° spins-G™"-Hz "/ at RT could be achieved
via RSEPR detection if (i) Anq1Pr can be hyperpolarized with
an ESP magnitude of 500 times the thermal ESP, (ii) a
microresonator with a thermal CWEPR sensitivity of at least
10" spins:G™'-Hz /> for aqueous nitroxyl (containing all
magnetic nuclei in their natural abundance) samples at RT is
available, and (iii) a fs laser with f},; = 200 kHz and Ep = 25 nJ is
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available. Notably, based on the existing technological/scientific
developments, the majority of the abovementioned require-
ments can be satisfied. For example, fs lasers with f,, = 200 kHz
and E; = 25 nJ in the 700—800 nm wavelength region are easily
accessible. The field of microresonators is also continuously
progressing, with the thermal FTEPR sensitivities of 10’—10°
spins-G~"-Hz~"/? for aqueous samples already demonstrated.”
Other requirements of the OH-EPRI experiment such as
scanning mirrors and high-speed data acquisition modules®’
may also be adapted from existing 2P confocal imaging setups.
The necessary instrumentation, therefore, is within the
present-day technological capability. On the other hand, what
is of prime importance is the design and synthesis of photostable
anthraquinone-based CR molecules. This is especially important
in view of the severe photoinstability of the ANCOOT and
Anq1Pr molecules in protic solvents’*® and the known
chemical instability of the radicals in reducing cellular
environments.®" Thus, a more robust design of the spin probes
would govern the success of the proposed method. In addition,
the large hyperpolarization in the AnqlPr molecule has been
demonstrated so far only in nonpolar solvents (primarily due to
solubility constraints). Thus, designing water-soluble spin
probes and understanding their spin dynamics in water would
also be an essential aspect governing the future of OH-EPRL
As discussed above, the success of OH-EPRI also rests
critically on the 2P excitation efficiency of anthraquinone. In the
present work, a § value of 1 GM (at 700 nm) was assumed for
anthraquinone, which almost falls toward the lower side of the o
values of typical chromophores. However, if the 6 value is even
lower than 1 GM, the spatial resolution would deteriorate
correspondingly. In this regard, a potential strategy would be to
employ a 2P sensitizer molecule with a large 6 value. Such a
strategy is widely used in a variety of fields where the
chromophore of interest has a small § value.*>** A sensitizer
with a large 6 value will also allow the experiments to be carried
at lower concentrations of the spin probe concentration and/or
a lower pulse energy Ep, which would be very beneficial to
reduce the spin probe-induced or photoinduced toxicity to the
cells. In addition, the use of a sensitizer would allow a
preferential 2P excitation of the chromophore over the radical
by selectively tethering of the sensitizer to the chromophore.
In the field of EPR imaging involving live animals, low
frequencies (1*™® ~ 250 MHz to 1 GHz) are generally
preferred.”®* This is primarily aimed at reducing the dielectric
absorption of water. Although the precise frequency dependence
of the sensitivity of EPR spectrometers depends on many
parameters such as a resonator, Boltzmann factor, polarity of the
sample nature, etc,*’ the Boltzmann factor always changes
unfavorably with the lowering of 1***. Thus, it is quite natural to
examine if a large electron hyperpolarization would help to
overcome the sensitivity loss due to the lower Boltzmann factor
in the low-frequency EPR imaging. However, the specific gains
due to the hyperpolarization will depend on the frequency
dependence of hyperpolarization mechanisms and the light
penetrability for live animal imaging. The former problem has
not been addressed yet. However, given the possibility of fine-
tuning the structural parameters of spin probe molecules to
adapt for different L**¥, as has been done earlier to synthesize
potential molecules for high-field dynamic nuclear polarization
(DNP) applications,* it should be possible to design efficient
EHP-generating spin probe molecules even at lower "%,
The second issue with the light penetration, which originates
due to strong absorbance/scattering of the light by tissues, is also
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faced in the conventional optical techniques, such as
fluorescence-based imaging, photodynamic therapy, etc. How-
ever, as demonstrated in these optical techniques, the use of IR
light alleviates this issue to a large extent.”>*® Typically, either
the chromophore itself absorbs the IR light and undergoes a
two/multiphoton (MPI) excitation or a sensitizer is used, which
has a large MPI cross section for IR excitation. Similar strategies
could be adapted even for the present case too. Thus, the present
proposed method could benefit even the field of live animal EPR
imaging.

There are other techniques such as magnetic resonance force
microscopy (MREM),*® scanning tunneling microscopy,”” and
optically detected magnetic resonance (ODMR) with nitrogen-
vacancy (NV) paramagnetic centers,””*” which have very high
sensitivity and have demonstrated the detection of even a single
electron spin. However, to achieve such high sensitivity, these
techniques need very special conditions, such as very low
temperature, very high vacuum (MRFM, STM), or the sample
has to be within a 10 nm radius of the detector (NV center). A
very recent demonstration of the NV center for RT imaging is
quite encouraging in this regard. However, it needs the linking of
the paramagnetic molecule to the NV tip to ensure that it
remains within the 10 nm zone of the NV center.’® Thus, these
techniques are more suitable for either surface-based 2D
imaging or for an isolated molecule such as proteins or DNA,
or a combination of both. Adapting them to a cellular scale for
3D imaging under ambient conditions is very difficult. In
contrast, the present proposal of the OH-EPRI method is not
restricted by these conditions. In addition, it should be noted
that the abovementioned methods are based on a sensitive
detection method, while the OH-EPRI method is based on
creating a strong magnetization in the sample. Thus, in principle,
all of the abovementioned techniques could be adapted for
optical hyperpolarized signal detection, which could either
enable a RT operation of the samples or impart a 3D imaging
capability to them.

Finally, the OH-EPRI method would not only enable a
subcellular resolution for EPRI of biological samples at RT but
could also offer some additional advantages. For example, the
technique is not restricted to nitroxides but other radicals such
as BDPA or trityl could also be used in place of nitroxides, as
long as they can be tethered to a suitable chromophore. CR spin
probes involving such radicals have already been synthesized
and examined for hyperpolarization generation.”® Next, different
radicals can be selectively observed by employing wavelength-
specific chromophores/sensitizers. Thus, nitroxides could be
selectively targeted to different parts of the cell, such as cell
membrane, mitochondria, or nucleus, and imaged accordingly.
Furthermore, the OH-EPRI method can also be combined with
the powerful imaging method of proton—electron double
resonance imaging (PEDRI),”" which is primarily a dynamic
nuclear polarization (DNP) method used for electron spin
imaging. In this regard, the use of a laser excitation, instead of a
microwave, in the hyperpolarized PEDRI experiment would not
only generate a large hyperpolarized PEDRI signal but would
also enable a complete microwave-free mode of operation,
which could prove highly beneficial for biological samples.
Lastly, via DNP, the OH-EPRI method could also possibly
benefit the widely used nuclear magnetic resonance imaging
(MRI) too.

B CONCLUSIONS

Achieving a subcellular spatial resolution in the imaging of
biological samples doped with nitroxide molecules at room
temperature (RT) and without any isotopic labeling is highly
desired. The present work proposes a novel in vitro EPR imaging
method, termed OH-EPRI, which is primarily based on the
generation of a large hyperpolarization in nitroxide radicals via a
two-photon excitation, followed by its detection via the rapid
scan EPR method. Simulations based on time-dependent Bloch
equations revealed that a sensitivity of up to 10° spins-G™'-
Hz /2 at RT could be achieved if the nitroxides can be
hyperpolarized with an ESP magnitude of 500 times the thermal
ESP and an X-band microresonator with a CWEPR sensitivity of
at least 10'° spins-G™'-Hz™"/* for an aqueous nitroxyl sample at
RT is available. The majority of these requirements can be
realized in the near future, paving the way for its easy
implementation.

One of the unique aspects of the OH-EPRI method is that it
does not need any magnetic field gradient to achieve a spatial
resolution and is thus immune to problems associated with field
gradients as well as the large linewidths of isotopically unlabeled
nitroxyls (i.e,, all of the nuclei in their natural abundance). This
would benefit cancer research, where the unlabeled nitroxides
either in the form of antioxidants or labeled with chemo-
therapeutic drugs are widely used.”””” Even the detection of
reactive oxygen species (ROS) such as OH®, O,°, etc., which
play an important role in cancer metastasis are detected via
unlabeled nitroxide-based spin traps.”” "%’ In this regard, OH-
EPRI would be very beneficial to give subcellular details of ROS
production, an aspect currently not possible with conventional
EPRI. Furthermore, for properties like microviscosity, pH, and
redox status, polarity for which the nitroxides are highly sensitive
to,'”?>19171% the OH-EPRI method can allow obtaining such
information in a highly cell-localized manner.

Lastly, given that fields like quantum computing'®”'*® require
selective addressing and faithful readout of spins, the current
proposal of using a two-photon excitation for generating a
hyperpolarized EPR signal can potentially address both of these
concerns. Thus, it would not be wrong to conceive that the OH-
EPRI, which assimilates the benefits of both EPR and the optical
microscopy, would benefit diverse fields in the near future.
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