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All compounds were acquired from commercial vendors and
used without further purification. DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) and 16:0 Tempo PC (1,2-dipalmitoyl-
sn-glycero-3-phospho(tempo)choline) were acquired from Avanti
Polar Lipids (Alabaster, AL). Ficoll 70 and sucrose were ac-
quired from Sigma-Aldrich (St. Louis, MO). PBS buffer (phosphate
buffered saline), was prepared from 150 mM NaCl and 50 mM
phosphate and titrated to pH 7.6. The NaCl, sodium phosphate
(monobasic and dibasic), as well as the chloroform and methanol
solvents used for dissolution of the lipids were acquired from Fisher
Scientific (Pittsburg, PA).

Dissolution of lipids A solution of DPPC in 90%:10% (v/v)
choloform:methanol was dried in a culture tube under flow of dry
N2 gas, rotating during the final stages of drying to ensure a thin
lipid film of relatively uniform thickness. The films were dried
overnight under vacuum. For samples used in determining ODNP
enhancements, 3 mol % 16:0 Tempo PC was mixed into the chlo-
roform and methanol solution before drying, ultimately yielding
a spin label concentration of 960 µM. An appropriate quantity
(∼ 400 µL) of PBS buffer (to enforce a constant pH) was added
to generate a 32 mM solution of lipids. The resulting solution was
vortexed for 1 hr at 60◦C.

Preparation of LUV Half of the dissolved lipid solution was re-
moved and extruded 10 times at 60◦C with the Mini-Extruder from
Avanti polar lipids (part #610000, operated with 250 µL Hamilton
syringes) through a filter with 200 nm pores (polycarbonate mem-
brane 0.2 µm 19 mm, Avanti part #610006). The resulting sample
constituted the LUV (large unilamellar vesicles) sample.

Preparation of MLV The other half of the dissolved lipid was
subjected to 5 “freeze-thawing” cycles of the main lipid phase tran-
sition. These consisted of 10 min of resting at 60◦C, a short period
of vortexing, and 10 min of resting at 0◦C. 1,2 This latter sample
constituted the MLV (multilamellar vesicle) sample.

Addition of viscogens Samples of both Ficoll LUV and MLV
samples were prepared with two different crowding agents added,
namely macromolecular Ficoll and the small molecule sucrose. In
both cases, enough of the crowding agent was added to increase
the viscosity of the solution by 10 fold compared to bulk water, i.e.
from 8.9 cP to 89 cP (viscosity of water is 0.89 cP=0.89 mPa · s
at 25◦C). To avoid errors during vesicle extrusion or during the
measurement of volumes with standard pipettes, higher viscosities
were not attempted.

Ficoll samples: A solution with 21 % (w/v) Ficoll 70
has a viscosity slightly greater than 10 times that of water;1 there-

1GE Healthcare Data File 18-1158-27 AB

fore, a solution of 45% (w/v) Ficoll 70 was prepared and mixed into
the previously prepared vesicle solution in a 50% (v/v) ratio shortly
before the measurements.

Sucrose samples: A solution with 45.7% sucrose has
a viscosity 10 times that of water. 3 The 91.4% sucrose solution
that would be needed to mix sucrose into the solution after vesicle
preparation would be supersaturated, so identical, separate MLV
and LUV samples containing sucrose were dissolved and prepared
in a solution of 45.7% sucrose in PBS, which was mixed with 50%
(v/v) of 45.7% sucrose in PBS shortly before the measurements.

ODNP A volume of 3.0 µL-3.5 µL of the mixed sample was
added to a 0.6 mm i.d. 0.84 mm o.d. quartz capillary tube. The
NMR signal of this sample was detected in the presence of vary-
ing amounts of ESR-resonant microwave irradiation in order to de-
tect the ODNP NMR signal enhancement, and the NMR relaxation
times were also determined, as subsequently discussed. From this
set of measurements, we calculated the cross-relaxivity, kσ , and the
self-relaxivity, kρ , of water protons in the presence of the spin label.
(Here, we use the term “relaxivity” to indicate concentration-scaled
relaxation rates, which therefore have units of s−1M−1.) These two
values were compared in order to determine the correlation time,
τc, as also detailed in this section.

A home-built NMR probe was inserted into a 3 mm o.d. ESR
tube located inside a standard TE011 (cylindrical) commercial ESR
cavity (ER 4119HS-LC from Bruker, Billerica, MA). The probe
comprised a simple copper wire construction with teflon supports
that were designed to hold the 0.84 mm o.d. capillary tube and fit
inside the 3 mm tube. The entire setup is positioned inside the
gap of a commercial ESR magnet (Bruker EMXplus), and air was
flowed through the 3 mm ESR tube at a rate of ∼9 L/min to help
stabilize the sample near ambient temperature (24◦C).

The probe was connected to a tuning circuit and a Bruker Avance
NMR console.4 The NMR signal (Fig. 1(a)), arises from the pro-
tons of water and was measured with a standard 90o rf pulse fol-
lowed by a repetition delay of at least 5× T1,max, where T1,max is
the maximum longitudinal relaxation time of the protons in water
(accounting for slight heating effects, etc.5).

The microwave frequency was matched to the resonance of the
ESR cavity, the magnetic field was set so that the microwave
frequency was resonant with the central ESR transition of the
(TEMPO-based) spin label, and the NMR signal level was mea-
sured for a series of microwave powers, p, ranging from 0 to 4.5 W.
(Microwave power was supplied by a home-built microwave ampli-
fier with a design similar to previously published designs. 4) This
allows us to calculate the ODNP signal enhancements, E(p), as
shown in Fig. 1(b). The first step in determining the correlation
time, τc, is to isolate the value of kσ from these enhancement (E(p))
values.

The NMR signal enhancements, E(p), are determined by a bal-
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(a) NMR spectra
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(b) ODNP enhancements

Figure 1. water NMR signals at various powers (the various colors in
Fig. 1(a)), are integrated, then divided by the integral at zero power (i.e. the
thermal equilibrium signal) to yield a series of ODNP signal enhancements,
Fig. 1(b); the enhancements plotted in black were taken at sequentially in-
creasing microwave powers, then those in red were taken at sequentially
decreasing microwave powers.

ance between the rate of relaxation to thermal equilibrium and the
rate of hyperpolarization5

1−E(p) = T1(p)︸ ︷︷ ︸
1/rate of thermal relaxation

rate of hyperpolarization︷ ︸︸ ︷
kσ s(p)CSL

∣∣∣∣ ωe

ωH

∣∣∣∣; (1)

where T1(p) is the NMR longitudinal relaxation time – i.e. the time
constant for relaxation of the NMR signal to thermal equilibrium;
as noted above, kσ is the cross-relaxivity between the electron and
proton spins – i.e. the ratio of ODNP-driven rate of cross-relaxation
between the electron and proton spins to the concentration; s(p) is
the saturation factor (the net electron spin saturation across all three
hyperfine transitions of the nitroxide) for a range of microwave
powers, p; CSL is the concentration of the spin label; and ωH and
ωe are the proton and electron Larmor frequencies, respectively.

By acquiring the rate of relaxation to thermal equilib-
rium, T−1

1 (p), at several different microwave powers, p,
(Figs. 2(a) and 2(b)) we can then accurately retrieve a value for
the cross-relaxivity, kσ . Specifically, the enhancements and relax-
ation times yield the values of kσ s(p), as shown in Fig. 2(c), when
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(b) T1(p) vs. microwave power, p
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(c) kσ smax fitting procedure

Figure 2. Illustrates how the enhancements are converted from enhance-
ment values, E(p), to kσ smax. A series of inversion recovery experiments
(top) were fit to yield NMR longitudinal relaxation (i.e. T1) times at sev-
eral different powers (middle plot); subsequently, the values of these points
were fit to a smooth curve (green line, middle plot), as described in the text.
The smooth curve provides T1(p) as a function of power. Finally, (bottom,
red/black) the values of the enhancements are divided by the value of T1(p)
and fit to an asymptotic curve to yield kσ smax. Here, we also show that not
accounting for the variation of T1 with microwave power (as a result of mild
sample heating) does yields a significantly different results. Specifically,
the second curve (in blue/green) displays the the values that result when the
enhancements are all divided by T1(p = 0).
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inserted into the equation

kσ s(p) =
1−E(p)
CSLT1(p)

∣∣∣∣ωH

ωe

∣∣∣∣ (2)

which is rearranged from Eq. (1), and where the ratio of the Larmor
frequencies, |ωH/ωe| remains stable at ωe/ωH ≈ 1.5167‰ (i.e.
parts per thousand) for the experiments here. Next, these values
are fit to the equation

kσ s(p) =
kσ smax p
p1/2 + p

, (3)

which includes the asymptotic dependence of s(p) on microwave
power,6,7 where p1/2 is the microwave power that achieves half sat-
uration of the electron spin transition, and where the two fit param-
eters are p1/2 and kσ smax. 5 By extrapolating to infinite microwave
power, we find the limit of maximal saturation, i.e. s(p)→ smax so
that kσ s(p)→ kσ smax, allowing us to isolate kσ . As explained else-
where,5,8,9 the determination of smax is non-trivial, and its value can
range anywhere between 1/3 and 1 for 14N nitroxides; however for
tethered spin probes smax ≈ 1 and therefore kσ ≈ kσ smax provides
a very good approximation.6,8

Having determined kσ , we next determine kρ . The NMR relax-
ation time, T1,0, of a sample without spin label is measured in the
absence of microwaves (following a fitting procedure identical to
Fig. 2(a)) and compared to the T1 time of the spin labeled sample in
the absence of microwaves to determine the proton self-relaxivity
in the vicinity of the spin label, kρ . Specifically,

kρ =
1

CSL

(
1
T1
− 1

T1,0

)
. (4)

The ratio of the kσ and kρ values gives the unitless coupling fac-
tor, ξ = kσ/kρ , which can be interpolated onto the force-free hard-
sphere (FFHS) model for translational dynamics, 5,6,10 to yield a
value for the correlation time τc referenced in the main text. Each
measurement of τc was repeated 2-4 times, and the standard devi-
ation of the resulting measurements is presented as an error (i.e. as
value ± error).

In the remainder of the Supporting Information, we present first
how one efficiently determines the values of T1(p) for insertion into
Eq. (2), and then very briefly derive how one can convert the pair
of relaxivity measurements kσ and kρ , which we have explained up
to this point, into the more intuitive pair of measurements kσ and
klow.

Interpolation of T1(p) Since the NMR longitudinal relaxation
time varies as a function of microwave power, as a result of small
amounts of microwave-induced heating, this method requires a
means for measuring the microwave power dependence of the T1(p)
time. However, inversion-recovery measurements of the NMR lon-
gitudinal relaxation (i.e. T1) time can be relatively time consuming.
Therefore, we require a means for measuring T1(p) at a limited
number of microwave power levels (i.e. a limited set of p values)
and interpolating between them.

For our purposes here, it is only important to note that we can
generate a smooth and simple interpolation, as shown in Fig. 2(a) –
i.e. the fact that the interpolated curve passes near the error bars of
all the measured values shows that we have approximated reason-
able T1(p) values at the intermediate microwave powers, p. How-
ever, to satisfy the reader’s curiosity, we present the specific method
by which we achieve this interpolation, and the motivation behind
it.

The NMR longitudinal relaxation rate, T−1
1 (p), at a specific mi-

crowave power, p, is given by

1
T1(p)

=CSLkρ (p)+
1

T1,w + p∆T1,w
+ kHHCmacro, (5)

where CSL is the concentration of the spin label, kρ (p) is the spin-
label-induced self-relaxivity (units s−1M−1), T1,w is the relaxation
time of pure water in the absence of microwave power, ∆T1,w is
the variation of the relaxation time of pure water, which is roughly
linear with power, 5 and kHH Cmacro is the contribution (typically
arising from proton-proton interactions) to the NMR relaxation rate
from the macromolecule itself, which has a concentration of Cmacro.

One can measure ∆T1,w and T1,w for a given experimental setup.
One can also determine the value of kHH by measuring the relax-
ation time with the microwave power off (i.e. p = 0) and with-
out any spin label added to the sample (i.e. CSL = 0), then solving
Eq. (5). The two concentrations, CSL and Cmacro, are known from
the sample preparation. Therefore, for the limited set of (typically
5-8) microwave powers at which the T1(p) time is acquired, one
can calculate k−1

ρ (p), i.e.

k−1
ρ (p) =CSL

(
1

T1(p)
− 1

T1,w + p∆T1,w
− kHHCmacro

)−1
. (6)

We can surmise that k−1
ρ (p) is an approximately linear or second-

order function of microwave power2 over small enough microwave-
induced temperature variations. Thus, by fitting the values of
k−1

ρ (p) to a polynomial, then evaluating the polynomial at inter-
mediate powers and reinserting the appropriate value of kρ (p) into
Eq. (5), one can retrieve an accurately interpolated value for T1(p)
at any intermediate power. We have tested this procedure on a va-
riety of different protein and lipid vesicle samples, and found that a
polynomial of second order in power reasonably and routinely fits
to k−1

ρ (p), yielding a subsequently reasonable interpolation similar
to that shown in Fig. 2(a) (data not shown).

Derivation of klow Ultimately both the relaxivities, kσ and klow,
derive their usefulness to the study of hydration dynamics from
the fact that they probe the value of the spectral density function
for fluctuations in the proton-electron dipolar interaction, J(ω,τc).
Here, we explain how one can isolate the relaxivity klow, which de-
pends only on the value of the spectral density function at the NMR
resonance frequency (i.e. J(ωH ,τc) where ωH ∼ 2π×15 MHz for
these experiments) and therefore can serve as an important tool for
probing hydration dynamics on a slower timescale. While the de-
termination of klow does not serve a pivotal role in the results that
we have determined here, we begin to introduce this concept here
since we believe it will play an important role in future work.

We approximate ωe±ωH ≈ ωe, where the ω give the resonance
frequencies of the electron and proton, respectively. This approx-
imation is nearly exact, since ωe/ωH = 1.5167‰ for nitroxide
spin labels in aqueous solution. Next, we calculate the relaxivities
and the coupling factor in terms of the spectral density function,
J(ω,τc), of the dipole-dipole Hamiltonian7,11

kσ (B0,τc) =6J ((γe− γH)B0,τc)− J ((γe + γH)B0,τc)

≈5J (γeB0,τc) (7)

kρ (B0,τc) =6J ((γe− γH)B0,τc)+3J (γHB0,τc)

+ J ((γe + γH)B0,τc)

≈7J (γeB0,τc)+3J (γHB0,τc) . (8)

where γe and γH give the gyromagnetic ratios of the electron and

2In the extreme narrowing limit, k−1
ρ (p) is proportional to the correlation

time. This leads us to expect that in more general cases, sufficiently small
changes to microwave power will lead k−1

ρ to approach a linear response regime.

S3



proton, and B0 gives the magnetic field, such that ωe = γeB0 and
ωH = γHB0.3 For simplicity, here the spectral density function
that we have denoted is scaled by concentration and so has units
s−1M−1. Though we show a single correlation time, τc, the math
and approximations are equally valid for a system described by
multiple timescales of dynamics, as long as the ODNP arises from
a dipolar mechanism. Eqs. (7) and (8) in turn yield an expression
for the ODNP coupling factor, ξ

ξ (B0,τc) =
kσ

kρ

(9)

=
(

6J ((γe− γH)B0,τc)− J ((γe + γH)B0,τc)
)/(

6J ((γe− γH)B0,τc)+3J (γHB0,τc)

+ J ((γe + γH)B0,τc)
)

≈ 5J (γeB0,τc)

7J (γeB0,τc)+3J (γHB0,τc)
, (10)

where the final approximate form of Eq. (10) is derived from the ap-
proximations above and is the same as that given by Bennati et. al.
for dipolar relaxation, 11 and where Eq. (9) comes from the defini-
tion5,7 of ξ .

Alternatively, from Eqs. (7) and (8) we can then derive an ex-
pression for klow, which we define to be

klow ≡
5
3

kρ −
7
3

kσ (11)

From Eqs. (7), (8) and (11),

klow ≈5J (γHB0,τc) , (12)

where again the approximation is nearly exact. We also note that
klow is of comparable magnitude to kσ , and from Eqs. (9) and (11).

ξ (B0,τc) =

(
7
5
+

3
5

klow

kσ

)−1
(13)
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