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Abstract

Dynamic nuclear polarization (DNP) has recently received much attention as a viable approach to enhance the sensitivity of nuclear
magnetic resonance (NMR) spectroscopy and the contrast of magnetic resonance imaging (MRI), where the significantly higher electron
spin polarization of stable radicals is transferred to nuclear spins. In order to apply DNP-enhanced NMR and MRI signal to biological
and in vivo systems, it is crucial to obtain highly polarized solution samples at ambient temperatures. As stable radicals are employed as
the source for the DNP polarization transfer, it is also crucial that the highly polarized sample lacks residual radical concentration
because the polarized molecules will be introduced to a biological system that will be sensitive to the presence of radicals. We developed
an agarose-based porous media that is covalently spin-labeled with stable radicals. The loading of solvent accessible radical is sufficiently
high and their mobility approximates that in solution, which ensures high efficiency for Overhauser mechanism induced DNP without
physically releasing any measurable radical into the solution. Under ambient conditions at 0.35 T magnetic field, we measure the DNP
enhancement efficiency of 'H signal of stagnant and continuously flowing water utilizing immobilized stable nitroxide radicals that con-

tain two or three ESR hyperfine splitting lines and compare them to the performance of freely dissolved radicals.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Much effort has been invested in the development of
new methods to enhance the nuclear magnetic resonance
(NMR) and imaging (MRI) signal by orders of magnitude
to expand their application basis to the detection of low
amplitude species. Dynamic Nuclear Polarization (DNP)
is a prominent mechanism to achieve non-equilibrium
nuclear spin polarization utilizing higher-energy unpaired
electron spins, e.g. from stable radicals, as the polarization
source [1-4]. For biological and in vivo DNP applications,
it is crucial to obtain highly polarized samples in the fluid
phase and to eliminate the radicals from the polarized sam-
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ples prior to injection or detection. Here we present an
affinity chromatography media, spin-labeled via stable
amide bonds, that disperses the stable nitroxide radicals
in high concentration with high mobility to ensure efficient
DNP enhancement, while prohibiting radical release into
the polarized sample. We investigated naturally abundant
as well as "N and deuterium isotopically enriched
2,2,6,6-tetramethylpypiridine-1-oxyl (TEMPO) radicals,
where the significantly narrower electron spin resonance
(ESR) lines of the deuterium and '*N-substituted nitroxide
radicals are easier to saturate and provide higher DNP
enhancement at lower irradiation power. The efficiency of
achieving high DNP enhancement under ambient biologi-
cal conditions is studied for static as well as flowing water
at 0.35 T. Ultimately, we establish the ideal characteristics
of a polarization matrix that would provide the maximum
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attainable DNP enhancement while providing radical-free
samples.

Highly polarized fluid samples have been obtained by
two different approaches: the direct polarization of fluids
and the polarization of frozen samples and subsequent
quick melting. The former mechanism, the Overhauser
effect, is an established technique with the first experiments
dating back decades [1,3,5-8], while the polarization of fro-
zen samples and subsequent quick melting [9-11]is a more
recent development. Here, the Overhauser effect is the only
mechanism that allows for continuous flow-mode polariza-
tion as the fluids are directly polarized under ambient con-
ditions, with the potential to realize continuous-flow
polarization inside an MRI magnet for perfusion MRI
monitoring [12]. Dorn et al. [6,13] have extensively studied
the polarization of several flowing organic solvents using
TEMPO immobilized on polymer beads and silica gel,
demonstrating the potential for important new applica-
tions in catalysis and reaction monitoring. However, our
investigations show that spin-labels immobilized on these
solid supports are much less efficient for polarizing water
in continuous-flow than the hydrophilic gels described in
this paper, even though the radical loadings on the inor-
ganic solid support can be much higher. The mechanism
involving low-temperature DNP and subsequent melting
requires more complex equipment and follows a much
slower nuclear polarization build-up, taking minutes to
hours, yet it can result in enhancements of 'H, '*C and
5N by up to four orders of magnitude in biologically rele-
vant solutions. For both DNP methods, eliminating the
radicals from the polarized sample prior to detection is
desirable for in vivo application, however can be a toilsome
task. Golman et al. [9] successfully preserved much of the
polarization by quickly dissolving polarized solid mixtures
with hot water and filtering out the radicals through an
ion-exchange column. The spin-labeled polarization gel
that we present here can be superior for such applications
because the polarized fluid only needs to be physically sep-
arated from the gel after melting, no radical traces are left
in the effluent, it does not specifically remove anions or cat-
ions, and it does not lose binding capability under high salt
conditions as an ion exchange matrix would.

Recently we developed a new imaging method utiliz-
ing the Overhauser mechanism named Remotely
Enhanced Liquids for Image Contrast (RELIC), which
hyperpolarizes water as it flows over immobilized radi-
cals providing tracer-free water as a safe, biocompatible
contrast agent for in vivo applications [12]. In the first
RELIC experiment, we were able to demonstrate stun-
ning MRI contrast by monitoring the flow of only 2-
to 3-fold signal enhanced water. In this work we show
that we can now achieve —24-fold signal enhancement
in continuous-flow mode and prospectively attain —120-
fold [14]. This technique will enable unprecedented
contrast for applications like myocardical and brain per-
fusion MRI as well as other systems involving macro-
scopic flow phenomena.

The signal enhancement we observe comes from the
transfer of electron spin polarization to the protons of
water. In a system of two coupled spins, such as a proton
and a free electron, the population distribution of the pro-
ton spin energy levels will depend on the population distri-
bution of the electron spin energy levels [1,5]. Therefore, a
perturbation applied to the equilibrium electron spin pop-
ulations by an oscillating magnetic field induces mutual
spin flips of coupled spins causing a shift in nuclear spin
populations. In liquids, motion-mediated cross relaxation
processes, leading to the simultaneous spin flip of an elec-
tron and a nucleus, drive the polarization transfer, while
in solids, the simultaneous electron-nuclear spin flip
through the absorption of radiation tuned to the electron
spin magnetic transition plus or minus the nuclear spin
magnetic transition (/(vs %+ v;) presents one of the key
DNP mechanisms [15].

In this work, we focus on demonstrating the efficiency of
our spin labeled agarose gel for direct, continuous-flow,
DNP of water following the Overhauser mechanism, which
occurs in liquids. The signal enhancement, E, that can be
expected is dependent on the interaction between the elec-
tron and proton, described by the coupling factor, p, the
electron’s ability to relax the proton, described by the leak-
age factor, f, the saturation of the electron Zeeman transi-
tion, s, and the magnetogyric ratio of the electron and
proton, 7y, and y;, respectively [5].

E—1— pfslls (1)
V1

For protons in water, the maximum theoretical values
for fand s are 1, and 0.5 for p, which, given the gyromag-
netic constants of a free electron and proton, results in a
maximum theoretical proton signal enhancement of
—330. For our current system that utilizes nitroxide-based
radicals for '"H enhancement of water at 0.35 T, we mea-
sured p to be 0.18 [14], and therefore the expected maxi-
mum enhancement to be —120. The negative value of the
enhancement is due to the nature of the dipolar interaction
between the electron and proton, which leads to cross
relaxation that inverts the nuclear spin population in the
polarized state compared to the thermal equilibrium state.
We assume the radical proton interaction to be predomi-
nately dipolar, because most radical solutions have been
reported to be dipolar by observing a coupling factor of
0.5 for protons at the low field limit [5]. Sepharose should
be sufficiently solvated to follow this trend; however small
scalar interactions between the immobilized radical and
bound water cannot be excluded. For radicals immobilized
on silicagel, from the negative sign of the enhanced water
we can state that the interaction between radical and water
is dominated by the dipolar component of the coupling fac-
tor; however again, small scalar interactions may be
present.

The leakage factor follows Eq. (2), where T, and T, are
the nuclear spin—lattice relaxation times in the presence and
absence of radicals respectively, where k is the relaxivity
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constant [16]. A high leakage factor approaching 1 is
desired to achieve maximum polarization of the sample,
which requires a considerable radical concentration, C
(for 'H polarization of water >10 mM of TEMPO approx-
imates f'~ 1).
fe1- o K @)
10 +kCTo

Conversely, higher radical concentrations will lead to a
shorter 7> and T lifetime of the nuclear spins, broadening
valuable NMR signatures and shortening the lifetime of
MRI signal. It is therefore desirable to polarize the nuclei
in the presence of a high concentration of radical and then
detect the enhanced signal in the absence of the radical.

The saturation factor, s, depends generally on the irradi-
ation power, P, as following,

AP
ST11BP (3)

where the constants A and B are functions of the number
of hyperfine ESR lines and the efficiency of the mixing of
hyperfine states [14]. The nitrogen hyperfine splitting of
the unpaired electron spin states creates three or two lines
depending on the isotope employed at the nitroxide, '*N or
I5N. At first sight, one may assume that the 2-line radical
leads to higher saturation compared to the 3-line radical
because conventional continuous wave (cw) instrumenta-
tion only allows for the irradiation of one frequency at a
time. However, at reasonably high radical concentration
and high irradiation power, we observed equal saturation
factors for the two or three line radicals, which is attributed
to efficient mixing of hyperfine states driven by Heisenberg
spin exchange and nitrogen nuclear spin relaxation [14].
Heisenberg spin exchange depends on intermolecular colli-
sions, leading to electron spin exchange between radicals,
and thus saturation transfer to nuclei with different spin
states [17]. This indirectly allows for the saturation of all
the hyperfine states while irradiating only one frequency.
Nitrogen nuclear spin relaxation will directly mix nuclear
spins through the spin-lattice relaxation of the nuclei
[14]. Therefore, by increasing the radical concentration,
the intermolecular collision rate will increase and lead to
Heisenberg exchange. The nitrogen nuclear spin relaxation,
however, depends on the tumbling rate of the nitroxide
radical, given the magnetic field strength and solvent con-
dition. This theoretical model is described in detail else-
where and its affect is shown in the experimental section
below [14].

2. Results and discussion
2.1. ESR spectra of dissolved and immobilized radicals

In order to maximize saturation (s) and thus DNP
enhancement (E) with lower irradiation power at
10 GHz, we synthesized '°N-perdeuterated-4-amino-
TEMPO to reduce the number of hyperfine states from
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Fig. 1. Immobilization significantly broadens the ESR lines of TEMPO
radicals compared to their solution state spectra. ESR spectra were
acquired for dissolved TEMPO and TEMPO immobilized on agarose
beads and silica gel. '’N-perdeutero-TEMPO labeled agarose reduced the
ESR transitions from three to two, which reduced the required microwave
power necessary to saturate the transition and maximizes the
enhancement.

three to two and reduce (40%) the line widths compared
to the natural abundance radical (1.2 G for '°N-perdeute-
ro- and 2.0 G for "“N TEMPO at 10 mM) (Fig. 1A and
B). Once the radicals are immobilized the reduction in line
width is not as significant (3.8 G for '’N-perdeutero- and
4.0G for "N TEMPO), however by using '°N labeled
TEMPO there is still a reduction from three hyperfine
states to two, which reduces the irradiation power neces-
sary to achieve the same enhancement (Fig. 1C and D).
The TEMPO immobilized on silica gel is very broad due
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to the very high concentration of radical (Fig. 1E). We
therefore believed this would lead to difficulty saturating
the ESR transitions, but as will be discussed later, we were
still able to saturate these lines.

2.2. Overhauser enhancement characterization

The achieved signal enhancement, FE, .., projected
maximum enhancement at infinite power, E,.y, and leak-
age factor were determined for '*N 4-amino-TEMPO and
1>N-d,7-4-amino-TEMPO dissolved and immobilized onto
agarose as well as a commercially available silical gel
(Table 1). E.x was extracted from determining E,... as
a function of power (P), which is the parameter modulating
the saturation factor (s in Eq. (3)). Eactual VErsus P curves
are displayed in Fig. 2 for "*'N-TEMPO labeled agarose,
I>N-TEMPO labeled agarose, and "*N-TEMPO labeled sil-
ica gel. The ability to achieve high DNP enhancement while

Table 1
Enhancement parameters describing the DNP properties of dissolved and
immobilized TEMPO derivatives

Matrix Eax Ectual Epow Leakage Estimated
static static factor concentration
(mM)
N NHS —4244 33 -24 090 10
Sepharose
SN NHS —46+5 38 —23 090 10
Sepharose
5N Solution —-120+7 -117 NA 095 10
“N Solution ~ —1204+7 —110 —42 095 10
Silica gel -20+5 —18 —-10  0.50 900

Measurements were taken for static and flowing samples. HPLC grade
water was the mobile phase for all immobilized radical samples.
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Fig. 2. The enhancement was measured as a function of microwave power
for "*N-TEMPO labeled agarose (circles), >’N-TEMPO labeled agarose
(squares), and silica gel (triangles). '*N-TEMPO labeled agarose is able to
enhance the "H signal of water with much less microwave power then "*N-
TEMPO labeled agarose. The data is fit to Eq. (5) and extrapolated out to
infinite power in order to determine E,,.

using significantly lower irradiation power is relevant for
polarizing larger sample volumes and on-site medical appli-
cations. However, with sufficient irradiation power, we are
able to reach 80% saturation for both N and "N
TEMPO labeled agarose gels, despite the different line
widths.

All the enhancement parameters for *N versus '°N
TEMPOs dissolved as well as immobilized onto agarose
are within error, which agrees with the previous discussion
on the effect of nitrogen relaxation and Heisenberg
exchange on the saturation factor. However, for the '°N
TEMPO labeled agarose gel the same amplification was
reached with only 40% of the irradiation power necessary
for the '*N TEMPO labeled agarose (Fig. 2). This result
shows that a saturation factor of unity (s=1) can be
reached for both isotopic states. For spin labeled agarose
gels, it is unlikely that the hyperfine states mix primarily
through Heisenberg exchange because the radicals are
immobilized and at a sufficiently low (<10 mM) concentra-
tion to minimize inter-radical contact; therefore rapid
nitrogen nuclear spin relaxation must be the cause of
hyperfine mixing. This conclusion agrees with a previous
study that shows that nitrogen relaxation rates are very
sensitive to translational and rotational motion [18]. Here,
by immobilizing the radicals on these gels, the hyperfine
states are mixed through increased nitrogen nuclear spin
relaxation promoted by the decreased mobility of the
radicals.

The significantly smaller enhancement and leakage fac-
tor of spin labeled silica gel as compared to the spin labeled
agarose gel is another interesting result (Table 1). Silica gel
grains alone, without immobilized radicals, greatly reduce
the T,o of pure water from 2.6 s to 260 ms, and therefore
the silica gel-immobilized radicals have less effect in reduc-
ing T} of water as opposed to the effect of agarose gel-
immobilized radicals on water. So, the very high radical
loading of silica gel reduces the 7} of the water only by
50%, while a lower loading of the agarose gel reduces the
T, by >90%. This feature is manifested in the differing leak-
age factors, f. The reduced T in silica gel in the absence of
radicals is due the effect of micropores that enhance the
relaxation of water. We confirmed that the relaxation times
are dependent on the pore size by measuring the 7 of two
silica gels with different pore sizes; a silica gel with smaller
pores (60 A) reduces the T to 260 ms and a silica gel with
larger pores (100 A) only reduces the 7' to 340 ms. So, the
smaller leakage factor, f, of 0.5 as opposed to 0.9 is due to
the extra modes of proton relaxation that are independent
of the loaded radical; making the radicals much less effec-
tive in transferring their polarization.

The observation that the ratios between the leakage fac-
tors for agarose and silica gel samples are equal to the
ratios between maximum enhancement means that the cou-
pling factor multiplied by the saturation factor (p - s) also
must be equal for the two systems (Eq. (1)). Because the
saturation factor for TEMPO-labeled agarose is deter-
mined to be 1 and the saturation factor for TEMPO bound
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silica gel must be equal to or smaller than 1, the coupling
factor for silica gel has to be equal to or greater than that
of the agarose sample. Most likely the coupling factors of
these materials are within error. This is in agreement with
the coupling factor being a function of the distance of clos-
est approach beween the radical and the water and the dif-
fusion coefficient of the water near the radicals, which are
unlikely to be more favorable for TEMPO bound silica
gel. Therefore we predict that the coupling factor between
the two samples are equal within error and the maximum
saturation factor for silica gel must be equal to 1. The high
saturation of TEMPO bound silica gel is probably due to
both nitrogen nuclear spin relaxation as well as Heisenberg
exchange, the former promoted by immobilization of the
radicals and the latter by the high radical loading and effi-
cient inter-radical contact. In conclusion, we believe that
the agarose and silica gels predominately differ in respect
to DNP properties by their leakage factor alone.

Overall, an important weakness of the functionalized
TEMPO onto the agarose gel matrix is that the achieved
(E = —38) as well as projected maximum enhancements
(Emax = —46) are lower than with TEMPO dissolved in
water at a comparable concentration. Given that our
experimental results make it evident that the saturation fac-
tors (~1) as well as leakage factor (~0.9) approach 1 for
both samples, we attribute the weaker DNP efficiency here
to lower coupling factors for the agarose bound TEMPO
compared to dissolved TEMPO.

There are two possible causes for the decrease in the
coupling factor: (1) a change in the diffusion coefficient of
the radical or water, or (2) a change in the distance of clos-
est approach between the radical and the proton being
hyperpolarized. Because the radicals are immobilized on
the gels, the diffusion coefficient of the radicals is definitely
affected, as is also evident from the line broadening of the
ESR spectrum. The mobility of the water within the gel and
in direct contact with bound radicals will also be reduced
by the confines of the polymer network. However, because
the diffusion coefficient of the radical is almost negligible
compared to the diffusion coefficient of the water and the
coupling factor is proportional to the sum of the two, the
change of the diffusion coefficient of the faster water species
has the dominant effect on the coupling factor. Therefore,
in order to achieve the same enhancement for the bound
TEMPO compared to a TEMPO solution, the mobility
of the water within the vicinity of the bound radical must
closely approach solution dynamics. This means that gels
or other polymer matrices must be developed with func-
tional groups that are fully solvated and allow for higher
mobility for the local water as opposed to aiming for
immobilized radicals that approach the mobility of dis-
solved radicals.

2.3. Flow polarization properties

We tested the continuous-flow mode Overhauser
enhancement of '"H water through our spin labeled gel

Microwave Cavi

Spin Labeled Matrices NMR Coil

Electromagnet

Fig. 3. Water was pumped though a flow cell containing the spin-labeled
polarization matrix for continuous DNP polarization inside the micro-
wave cavity placed in an electromagnet. The hyperpolarized water flows
downstream for NMR detection using a home built probe.

material. The gels were loaded into a quartz reactor tube
(2mm OD, 1 mm ID) and centered in a 9.8 GHz ESR
microwave cavity (Bruker Biospin, Billerica) at 0.35T
(Fig. 3). A syringe pump was used to flow HPLC grade
water through the spin-labeled packing, then down stream
to a home built probe tuned to 14.8 MHz for NMR detec-
tion (Fig. 3). When the microwave irradiation is turned off
water flows from the ESR cavity to the NMR coil, where
thermal polarization is detected. When microwave irradia-
tion, resonant with an ESR transition of TEMPO, is turned
on, hyperpolarization is initiated for the 'H signal of water
in contact with the spin labeled gel and NMR signal with
an altered amplitude and phase is observed (Fig. 4, top).
Over an observation time of 2 min we switched the micro-
wave on and off to show that we could create contrasted
signals through the control of microwave irradiation
(Fig. 4, bottom). A comparison of the enhancements
observed for static and flowing water over each matrix
can be seen in Table 1.

To test for radical leakage into the polarized fluids we
collected one liter of water flowing through the spin-labeled
agarose gel, concentrated it to 1 mL, and then measured its
EPR spectrum to reveal no detectable radical signature.
From the detection limits of our instrument we can make
a conservative estimate of less than 1 nM radical is leaching
out of the matrix.

Polarization build up time is an important factor when
considering the flow rate through the polarization matrix.
Assuming that the electron spin saturation is much faster
than the nuclear T, the hyperpolarization build-up will
be dependent on the 7 of the nucleus to be polarized
[5,19].

E=1—fspS(1—em) 4)
71

The 7| of TEMPO loaded agarose is 140 ms, so to
achieve 95% polarization in the matrix the water must
reside within the gel for 420 ms. In our experiment the
water transits the gel matrix in 300 ms resulting in 90%
of the polarization build up, corresponding to E = —29.
There will also be additional loss of polarization due to
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Fig. 4. Upon microwave irradiation on resonant of the radical’s EPR
transition, the '"H NMR signal of water is negatively enhanced, which
returns to the equilibrium value after the microwave irradiation was
turned off (top). An event plot (bottom) shows how NMR contrast of
water can be turned on or off although the physically identical water is
flowing through the NMR probe with time.

T, relaxation as the radical free water travels from the
polarization matrix to the detection coil. Given that the
T; of the radical-free water is 3.0 s and the flow transit
between polarization chamber and detection is 0.6,
spin—lattice relaxation in the time it takes the water to tra-
vel from the polarization site to the NMR detection coil
results in a final hyperpolarization of E = —24.

We measured the flowing DNP enhancement of a
10 mM solution of 4-amino-TEMPO and found the
enhancement to be —42. This value is larger than that mea-
sured for the gels, however the sample still contains 10 mM
radical, which will broaden NMR lines, reduce the 7 of
the water, and is potentially toxic to in vivo and biological
samples. The signal has also decayed much more over the
short transit time than the radical free water produced
from spin labeled gels.

Overall, our studies reveal that sufficiently high radical
loading (C), water access to these radicals (f), high mobility
of water (p), and direct (close) contact between the radicals
and protons (p) are necessary to provide an optimal DNP
polarization medium. Therefore, a water permeable gel net-
work with large pores, high mobility, yet good mechanical
stability needs to be developed to fully exploit the Overha-
user effect for continuous-flow polarization of radical-free
fluids. So far, our spin labeled agarose media offers the best

Overhauser performance reported without leaking radicals
into the hyperpolarized fluids.

3. Conclusions

The steady-state infusion of non-toxic or physiologically
native molecules as contrast agents, by hyperpolarizing
their magnetic spin states, possesses great potential for
in vivo and biological applications of MRI because they
provide high contrast and are biocompatible. The Overha-
user effect is an advantageous technique for signal enhance-
ment because fluid-phase DNP is efficient at magnetic fields
that are relevant for MRI (0.35-1 T). By immobilizing the
free radical TEMPO onto gel chromatography materials,
we created a polarization medium that satisfies the needs
for efficient transient DNP as well as radical-free steady-
state injection and detection. Cross-linked agarose or other
porous and permeable gel materials appear to be good
media for polarizing biological samples because their large
pores and disperse chains allow for high concentration and
considerable mobility of the radicals and solvent, and the
hydrophilic nature of the gel provides for good dispersion
of the radicals in the water medium. By further enhancing
the fluid’s mobility within the pores, we hope to maximize
the Overhauser-driven DNP enhancement. For TEMPO-
based spin labels, we expect to be able to reach 'H enhance-
ments of about —120-fold, corresponding to 'H thermal
polarization of a 45 T field.

4. Experimental

TEMPO covalently immobilized on silica gel was pur-
chased from Sigma-Aldrich. The silica gel grain size was
120-230 mesh with a 60 A mean pore size. The radical
loading was 0.7 mmol/g, which we estimate to be a nominal
concentration of 900 mM when fully exposed to water.

4.1. Synthesis of 15N-perdeuter0-4-amin0-2,2,6,6-
tetramethylpypiridine-1-oxyl

SN-perdeuterated-4-amino-TEMPO was synthesized
utilizing several previously published methods[14], [20-24]
(Scheme 1). All isotopically enriched reagents and solvents
were purchased from Cambidge Isotopes Laboratory and
Isotec.

4.2. Acetonin(1) and triacetoneamine(1b)

Acetonin (1) was synthesized from '*N-ammonia and
dg-acetone, using N ammonium chloride as a catalyst
and potassium iodide as a promoter. '>’N-ammonium chlo-
ride (0.65g, 12 mmol) and potassium idodide (0.1 mg,
1.3 mmol) were mixed with 6 mL of dg-acetone (4.62 g,
72 mmol) in a three neck flask fitted with a gas inlet and
dry ice condenser, then ammonia (1.3 g, 72 mmol) was
bubbled though the acetone over 4 h to create acetonin.
As the ammonia reacted, a light yellow oil appeared at
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the surface. The dry ice condenser was then replaced with a
reflux condenser and another 6 mL of dg-acetone and 1 mL
of deuterium oxide was added to the mixture. The reaction
was then heated at 50 °C for another 12 h to convert the
acetonin to '’N-perdeutero-triacetoneamine (1b). After
reacting for several hours, the solution turns deep red.
The acetone was removed in vacuo, and then mixed with
17.5 mL of NaOD while stirring vigorously. This mixture
was extracted three times with anhydrous diethyl ether
and dried over MgSO,. The ether was then removed in
vacuo and the product recrystalized from ~5 mL of CCly
three times to yield 5.5 g of long yellow crystals. The crys-
tals were dried overnight in a vacuum desiccator, and then
stored at 4 °C until they were used in the next step.

4.3. ° N-perdeutero-4-oxo-TEMPO (2)

Triacetoneamine (1b) was oxidized to '*N-perdeutero-4-
oxo-TEMPO (2) with meta-chloroperbenzoic acid. To 90%
concentrated triacetoneamine (5.5 g, 28 mmol) dissolved in
75 mL of chloroform, 77% meta-chloroperbenzoic acid
(m-CPBA) (14.3 g, 64 mmol) was added over 1 h, and then
further reacted for another 5 h at room temperature. As the
m-CPBA was added to the mixture, the reaction product

became thick and a yellow oil formed at the top. The crude
product was chromatographically purified on neutral alu-
mina eluting with methylene chloride. Fractions containing
the product were pooled and the solvent was removed to
yield 3.6 g of oil.

4.4. ° N-perdeutero-4-amino-TEMPO (3)

SN-perdeutero-4-oxo-TEMPO (2) was reductively ami-
nated using sodium cyanoborodeuteride to produce '°N-
perdeutero-4-amino-TEMPO (3). The '*N-perdeutero-4-
0xo-TEMPO oil (3.6 g) was added to a solution of ~90%
ND4OAc (13.7g, 0.16 mol) dissolved in 50mL of
methan-D-ol. Molecular sieves 3A (8 g) were used to
absorb water. NaBD;CN (0.79 g, 12 mmol) was then
added and stirred for 24 h. The reaction was then filtered
and the solvent was removed in vacuo. The resulting oil
was resuspended in a minimal amount of deuterium oxide;
the pH was reduced to 5-6 with dilute deuterium chloride,
and extracted three times with CDCl;. The solution was
then made alkaline with sodium deuteroxide and extracted
with CHCIl;. The organic was collected, dried over MgSQOy,
and removed in vacuo. Residual solvent was finally distilled
off to yield 1.6 g of final product. ND4OAc was created by
dissolving NH4OAc in MeOD and evaporating off the sol-
vent three times.

4.5. Immobilization of radicals

NHS-Sepharose 4 Fast Flow was purchased from
Sigma—Aldrich. The free radical was attached to 45—
165 uM diameter NHS-Sepharose 4 Fast Flow beads (GE
Healthcare), as described previously[12], by reacting the
N-hydroxysuccinimide ester reactive group of the Sephar-
ose with the amine of 4-amino-TEMPO to produce a stable
peptide bond as shown in Scheme 2. 4-amino-TEMPO
(75 mg) was dissolved in 0.5 mL of coupling buffer (0.2 M
NaHCOs;, 0.5 M NaCl, pH 8.3). The NHS-Sepharose was
washed with 1 mM HCI 10 times at 4 °C. The TEMPO
solution was added to the Sepharose and shaken overnight
at 4°C. After reacting, excess 4-amino-TEMPO was
washed from the Sepharose with water. The gel was labeled
to the maximum capacity, which we estimate to be 10 mM
4-amino-TEMPO. The labeled Sepharose was stored in
30% ethanol.

4.6. DNP-enhanced NMR spectroscopy

Static DNP-enhanced NMR experiments were carried
out using a cw X-band ESR instrument and equal condi-
tions as described above. A home-built U-shape NMR coil
made of 0.013” diameter silver wire (Teflon coated) was
introduced into a TE,o, square ESR cavity. The coil is con-
nected via twisted wires and coaxial cable to a simple LC
tuning box tuned to 14.8 MHz and connected to a broad-
band channel of a Bruker Avance NMR spectrometer.
During DNP operation, the ESR cavity stays tuned at a
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quality factor (Q) of about 1000-2000 and irradiates the
unpaired electrons with a power output up to 6 W from a
custom microwave source. The flow experiments were car-
ried out in a flow tube and NMR signal was detected with a
solenoid coil (Fig. 1).

Due to the dielectric properties of water, we observe sam-
ple heating (~50 °C) in static samples under high power
microwave irradiation (6 W). Such heating will decrease
the viscosity of the water and increase the coupling factor
and ultimately increase the observed enhancement. Heating
effects can be kept minimal by flowing air over the sample
and using somewhat lower power (>2.5W). However,
because we are performing DNP on flowing water through
the microwave cavity we expect the heating effect to be
insignificant for the flow measurements, and therefore do
not expect to observe any increase in enhancement.

4.7. Determination of E,,

The maximum enhancement (E,,x) was experimentally
determined for each sample as describe here. First, an
ESR spectrum is recorded to determine the frequency
and field at which one of the ESR lines of the nitroxide spin
labels should be irradiated. Then, the amplified NMR spec-
tra are recorded with on resonant ESR irradiation at vary-
ing microwave B field strengths (Fig. 2). The enhancement
is computed relative to the NMR spectrum without micro-
wave irradiation, and the enhancement factor plotted
against power (P). Eq. (5) represents a modified version
of Eq. (1), where 1/n[oP/(1+0.P)] corresponds to the satura-
tion factor, s.

1| oP |ys
E=1-pf- =
pfn [1 + ocP} v, (5)

The number of hyperfine split lines, 7, is 2 or 3 for the
spin probes used, and « is a numerical factor. ys/y; is the
ratio between the gyromagnetic ratio of the unpaired elec-
tron versus the protons, thus 680. The maximum enhance-
ment can be computed in the limit of infinite power.
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