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ABSTRACT: Aside from its prominent role in the excretory system, urea is also a
known protein denaturant. Here, we characterize urea as it behaves in confined spaces
of AOT (sodium bis(2-ethylhexyl) sulfosuccinate) reverse micelles as a model of tight,
confined spaces found at the subcellular level. Dynamic light scattering revealed that low
temperatures (275 K) caused the smallest of the reverse micelle sizes, w, = 10, to
destabilize and dramatically increase in apparent hydrodynamic diameter. We attribute
this to urea embedded into the surfactant interface as confirmed by 2D 'H-NOESY
NMR spectroscopy. This increase in size in turn caused the hydrogen exchange between
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urea and water within the nanosized reverse micelles to increase as measured by 1D
EXSY-NMR. A minimal enlarging effect and no increase in hydrogen exchange were
observed when aqueous urea was introduced into w, = 15 or 20 reverse micelles,
suggesting that this effect is unique to particularly small-diameter spaces (~7 nm).

B INTRODUCTION

Urea in aqueous solutions presents unique properties that are
relevant to many different scientific communities. Aside from
being highly water-soluble, urea has been shown to enhance the
solubility of hydrocarbons in water,”™* cause proteins to
denature,”® and prevent micellar aggregation”® by mediatin
the critical micelle concentration of various surfactants.”'
Because of these findings, numerous studies abound that
examine how urea perturbs the local hydrogen bond network
of water." "

Both simulations and experiments have spearheaded the effort
to describe urea-in-water solutions. Within the biochemical
community, urea is well known to denature proteins,”"* and as
an osmolyte, urea has a unique effect on the traditional hydrogen
bonds in bulk urea-in-water solutions.'”'*'® For example,
molecular dynamics simulations have generally shown that an
increasing urea mole fraction disrupts the elaborate three-
dimensional tetrahedral framework of the water hydrogen bond
network, leading to differences in solvation abilities.'>"*
Cabellero-Herrera et al. used molecular dynamics simulations
to show that the denaturing effect of urea on proteins could be
attributed to the decreased mobility of water in the presence of
urea.”” This simulation also reported an increase in water—
peptide bonds as a result of urea’s presence, which destabilized
the hydrogen bonds that would otherwise stabilize the a-helix
structures within the protein. Coupled with experimental
neutron diffraction studies, molecular dynamics simulations
show that urea readily inserts itself into water and can form
hydrogen bonds at both carbonyl and amine functional groups,
as shown in Scheme 1.'® Further neutron diffraction
investigations by Kameda et al. found that such small
intermolecular distances between oxygen atoms within the

© 2022 American Chemical Society

WACS Publications

7413

Scheme 1. Labeled Chemical Structures of the AOT
Surfactant Molecule and the Planar Urea Molecule Used in
This Study”
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“Two-dimensional '"H-NOESY NMR experiments indicate that the
hydrogens explicitly shown in red interact with urea. These
assignments have been made with previous literature studies.*.

water hydrogen bond network confirmed the breakdown of the
tetrahedral water network."”

Despite these studies that label urea as a structure breaker,
others have suggested that urea is actually a structure maker
based on a Kirkwood-Buff analysis; that is, urea stabilizes the
self-association of water.'® Investigations of urea and water
solutions have also included spectroscopy studies, where both
transient absorption and time-resolved IR experiments show a
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sensitive response to the local solvent structure and its changes
over time.'”

Considering the rich network of studies describing urea-in-
water solutions, we focus on changes brought to this system by
nanoconfinement that mimicks the intracellular spaces where
urea is biologically active. It is well documented that
nanoconfined water displays markedly different characteristics
when compared to its bulk behavior.””** Water confinement
within nanosized spaces has been achieved through various
means, including carbon and lipid nanotubes,”>** silica-based
pores, ' and aerosolized particles.””*® In this study, we
achieve nanoconfinement using reverse micelles, which are size-
tunable nanodroplets that form spontaneously after the
perturbation of a three-part mixture that includes a nonpolar
solvent, polar solvent, and surfactant molecule. Reverse micelles
are a popular choice for mimicking biological spaces with limited
amounts of water such as intercellular and intraorganelle spaces,
the interiors of macromolecular transport vesicles, or transport
proteins and aquaporins.”**® They also complement the
emerging interest in nanofluidic devices.*® The reverse micelle
size is described by a unitless parameter w, = [H,0]/
[surfactant] that describes the water loading ratio relative to
the amount of surfactant. In the work reported here, we prepared
reverse micelles with AOT surfactant with w,, = 10, 15, and 20,
which generally creates reverse micelles that are ~5—12 nm in
diameter. AOT, whose structure is shown in Scheme 1, is an
attractive surfactant because of the ease of reverse micelle
preparation,thermodynamic stability, and the fact that it is
inexpensive and nontoxic.

Previous experiments have studied urea in micelles and
reverse micelles with varying results. For example, spectro-
fluorometer scattering data show that low concentrations (<1.0
M) of urea appear to stabilize the AOT reverse micelle structure,
and the chemical structures of both molecules are shown in
Scheme 1.>*7 Ceraulo et al. has reported that urea interacts with
the sulfonate headgroup through a hydrogen bond with urea’s
amino group and also showed that urea caused a differentiation
between the two hydrocarbon chains comprising the AOT
surfactant which then had distinct solubilizing roles.”® Caponetti
et al. used small-angle X-ray scattering and FT-IR to
demonstrate that urea in AOT reverse micelles began to interact
with the hydrophilic headgroups of the AOT molecule and
created greater disorder within the inner hydrogen bond
network.”

To date, studies of urea in reverse micelles have not taken into
consideration the effect of variable temperature on either the
interaction of urea with the reverse micelle surfactant or the
inner water pool. By coupling techniques such as dynamic light
scattering (DLS) and one- and two-dimensional NMR spec-
troscopy, we extend the current description of how nano-
confinement affects both the structure and dynamics of these
rich systems. NMR techniques are extremely sensitive to
changes in the chemical environment, making this union of
technique and research question ideal. Urea is an attractive
molecule for insertion into the reverse micelle water interior
because the key analyte peaks do not overlap with the known
resonances of either the surfactant or nonpolar solvent
isooctane. Furthermore, knowledge of the chemical shift,
resonance line widths, relaxation rates, and exchange rates can
illuminate the mechanisms of transport occurring where
nitrogenous waste is expelled via concentration gradients
created within the vasculature of the kidneys.*!
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B MATERIALS AND METHODS

Urea (99.9%), aerosol OT (AOT, (bis(2-ethylhexyl) sulfosuccinate
sodium salt, 99.9%), 2,2,4-trimethylpentane (isooctane, 99.9%), and
cyclohexane-d;, (99.9%) were purchased from MilliporeSigma
(Burlington, MA) and used as received. D,O (99.9%) was acquired
from Cambridge Isotope Laboratories. We refer to 2,2,4-trimethylpen-
tane as isooctane throughout this article. All water used in the
experiment was Millipore filtered for 18 M€ cm resistivity. Prior to use,
all glassware, including NMR tubes, was acid washed with concentrated
HNO;, copiously rinsed with Millipore-filtered water, and thoroughly
dried.

Samples of reverse micelles were prepared from 0.1 M AOT stock
solutions in isooctane with subsequent additions of water and then
osmolyte. Solid AOT was added by mass to the isooctane solvent to
achieve a 0.1 M concentration. Next, water was added to form the
reverse micelle nanodroplets with the desired wj, value and sonicated.
Urea was loaded by mass to achieve a 1:30 urea/water mole ratio and
further sonicated for ~50 min until complete emulsification was
achieved. Although the concentration of the osmolytes within the
reverse micelles was ~2 M, the overall urea concentration was 30 mM.
Urea concentrations specific to each w; value are provided in Table SI.

Size measurements were used to evaluate the reverse micelle stability
and the environment that the encapsulated osmolyte experiences.
Reverse micelle formation and sizes were evaluated as a function of
temperature using dynamic light scattering (Malvern Zetasizer Nano
ZS) in backscattering mode (173°). Measurements were performed in
triplicate to extract the average size across 30 scans. The lower
temperature limit of the instrument precluded measurements below
275 K, which prevented measurements that mirrored the lowest
temperatures probed in NMR studies. The reported error in the
internal thermometer was +0.2 K. A five min equilibration time
between measurements ensured homogeneous temperatures through-
out the aqueous sample.

Viscosity data crucial to extracting accurate size measurements of
reverse micelle samples were collected as a function of temperature
using a Cannon-Fenske 9721-B74 (Cole Parmer) viscometer. A
temperature-controlled water bath accurate to 0.1 K and an electronic
timer assisted the measured efflux through the Ubbelohde glass tube.
Each of the five viscosity measurements of 0.1 M AOT was repeated in
triplicate (Figure S1 and Table S2)

Both 'H and 1D EXSY-NMR spectra were collected using a Varian
Inova 500 MHz spectrometer (Agilent) operating at 11.75 T. Two-
dimensional 'H-NOESY spectra were collected on a Bruker Neo 400
MHz spectrometer operating at 9.40 T using a prodigy cryoprobe with a
200 ms mixing time. Sample tubes containing reverse micelle mixtures
were mixed with a cyclohexane-d;, lock solvent (2% by volume).
Preparations for bulk solutions of urea used D,O as the lock solvent. T1
relaxation measurements were conducted at both 298 and 275 K and
resulted in calculated values of 3.1 and 2.4 s, respectively. To thoroughly
evaluate the effect of temperature, spectra were collected between —21
and 30 °C. A methanol thermometer was used to calibrate and confirm
the operating temperature before and after EXSY data collection. The
samples and NMR probe were allowed to equilibrate for 30 min before
experiments were performed to ensure the thermal stability of the NMR
probe and the sample throughout the measurement.

All NMR spectra were processed in MNOVA (ver. 12.0.4-22023).
The size of the direct NMR FIDs was 32 768 data points. All spectra
were zero filled to twice the number of data points and apodized with a
1.00 Hz exponential weighting function. Individual peaks were fitted
with Lorentzian—Gaussian line shapes using MNOVA software and
subsequently integrated. Integrated intensities were used to follow the
chemical exchange between water and urea and were analyzed using
custom-written code in Matlab (MatLab ver. R2021b). Additional
details about the EXSY-NMR experimental parameters can be found in
the SL

B RESULTS AND DISCUSSION

Particle Size by Dynamic Light Scattering. We used
dynamic light scattering (DLS) data to evaluate the reverse
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micelle size as a function of temperature. Viscosity data used in
these measurements are provided in Figure S2. We examine w, =
10, 15, and 20 reverse micelles at temperatures of between 275
and 303 K (Figure 1). As expected, a typical urea micelle’s
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Figure 1. Dynamic light scattering of (A) w, = 10, (B) wy = 15, and (C)
wy = 20 AOT reverse micelles with 1:30 urea/water as a function of
temperature: T = 299 K (black), 283 K (blue), and 275 K (red).

apparent hydrodynamic diameter measured 5—12 nm. As
temperature is initially ramped down to the lower limit of the
instrument, we note that reverse micelles of all w, values grow
larger and more disperse with no hysteresis. That is, the size and
polydispersity for individual reverse micelle samples are
conserved regardless of whether the temperature was achieved
via cooling or warming. For the smallest reverse micelles
measured, wy, = 10, DLS scans reveal a dramatic effect of low
temperature on the samples; at the instrument’s low-temper-
ature limit of 275 K, the reverse micelle size and polydispersity
increase to the point where the solution contains reverse
micelles that are as large as 50 to 100 nm, increasing from the
size at room temperature by nearly an order of magnitude. In
one particular experiment, a shoulder centered at about 20 nm
appeared during the temperature-ramping period, suggesting
that low temperature favors the formation of larger micelles.
Molecular Interaction by Two-Dimensional "H-NOESY
NMR Spectroscopy. Two-dimensional 'H-NOESY NMR
spectra were collected at 275 and 298 K for reverse micelles at
all w, values examined, i.e., 10, 15, and 20, to assess the
intermolecular interactions between urea and AOT. Reference
1D "H-NMR spectra of wy, = 10 reverse micelles at varying
temperatures are provided in Figure 2. Although the spectral
quality declines with decreasing temperature, features associated
with urea, water, and AOT protons remain easily detected.
Two-dimensional 'H-NOESY spectra of the w, = 10 reverse
micelles shown in Figure 3 predictably show cross peaks
between urea NH protons at ~6 ppm and water at ~4.5 ppm at
both temperatures measured. In Figure 3B, additional cross
peaks appear between the AOT headgroup CH peaks and the
urea NH peak, demonstrating that urea interacts with the AOT
headgroup CH protons at 275 K. These headgroup protons are
shown explicitly via red highlighting in Scheme 1. In contrast,
only water—urea cross peaks appear in the 2D 'H-NOESY
spectra for wy = 15 and 20 reverse micelles at both 275 and 298 K
with no cross peaks between urea and the AOT headgroup CH
protons at any temperatures probed (Figures S2 and S3).
Kinetic Model. In previous experiments, we have measured
the exchange between water and hydroxyl groups on sugars and
sugar alcohols, noting a significant slowing down of the exchange
when these molecules are encapsulated in reverse mi-
celles.””*>™ We also found evidence for two different regimes

urea

(C) 273K

(B) 283 K

water

(A) 298 K

65 6.0 55 50

45 40 35 3.0

Chemical Shift (ppm)

Figure 2. One-dimensional "H-NMR spectra of w, = 10 reverse micelles at varying temperatures containing the labeled peaks of interest used to
analyze both the 2D 'H-NOESY NMR spectra and the EXSY NMR spectra. Spectra at different temperatures are offset for ease of viewing.
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Figure 3. Two-dimensional "H-NOESY NMR spectra showing the region of interest for wy = 10 AOT reverse micelles encapsulating 2 M aqueous urea
at (A) 298 K and (B) 275 K. At 298 K, cross peaks between water and urea predictably appear off the diagonal. At 275 K, additional cross peaks
suggesting a urea—AOT headgroup interaction appear and are boxed in dotted lines for clarity.

wherein the exchange between water and glucose follows
expected Arrhenius behavior at higher temperatures but appears
to tunnel at a modestly low temperature of around 273 K.** Here
we explore the chemical exchange between water and urea in
bulk aqueous solution and in AOT reverse micelles. The water—
urea chemical exchange rate has been reported for bulk aqueous
solutions.** The planar urea molecule possesses four labile
hydrogens that are bonded to the nitrogen of the primary amide
groups flanking the central carbonyl, as shown in Scheme 1. The
urea protons are subject to exchange with water and appear
consistently at ~6 ppm in the NMR spectra. The exchange
process between water and urea is described in eq 1:

k k
HOH* + NH ké_ HOH + NH* 3 HOH + NH
-1

e

Here, HOH represents water, NH represents the labile urea
hydrogen, and HOH* represents the hydrogen on water that has
been labeled with a radio frequency pulse during the 1D EXSY-
NMR pulse sequence. (See the SI EXSY-NMR experimental
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description.) Initially, the system contains only the labeled
hydrogens on water and the unlabeled urea hydrogens. Once the
labeled hydrogens have exchanged, the H* no longer appears on
HOH but on NH¥*, signifying its exchange with the urea amide
group. Eventually, the system returns to equilibrium as spin—
lattice relaxation dissipates the energy out of the system.
Integration of the EXSY-NMR NH peak provides a relative
measure of the NH* concentration. Using a range of mixing
times in the EXSY-NMR pulse sequence allows us to measure
the time dependence of the exchange process. Initially, the
reverse micelle system consists of water and urea. During the
pulse sequence, the water hydrogens are energetically labeled
with a soft radio frequency pulse, as denoted by the asterisk
(HOH*). We use rate constant k; to quantify the rate of
hydrogen exchange from water to urea and k_, to indicate the
reverse process. Eventually, the radio frequency energy used to
label hydrogens dissipates out of the system at a rate described
by k,. Assuming that k; >> k_,, we obtain the rate equation, eq 2,

https://doi.org/10.1021/acs.langmuir.2c00206
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[NH*] = ke [NH], (e ™™ — e™)e T 4 C
P— @)
which describes the intensity of the urea NH peaks during the
exchange process. The exponential decay factor including T,
accounts for water spin—lattice relaxation that can occur before
the chemical exchange process begins and C is a constant offset
associated with the solution to the differential equation.
Chemical Exchange Measurement by EXSY-NMR.
Figure 4 shows representative data of the integrated intensity
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Figure 4. Integrated intensity of the EXSY-NMR peaks as a function of
mixing time (points) and the fit to eq 2 (dashed line) at 298 K (25 °C)
for w, = 10 reverse micelles containing 2 M urea (1:30 urea/water).

of the urea NH* signal as a function of mixing time determined
from the EXSY-NMR spectra of wy, = 10 AOT reverse micelles
with a 1:30 urea/water mole ratio collected at 298 K. (Raw
EXSY-NMR traces are shown in Figure S4.) The initial rise in
the data points in Figure 4 indicates the rapid exchange of the
labile hydrogen atom; it is followed by relaxation to chemical
equilibrium that occurs for both bulk and nanoconfined urea
solutions. We fit these data to eq 2 to obtain values for rate
constants; values for k; exchange constants for all temperatures
and wj values are given in Table 1. The exchange rates between
water and urea in bulk aqueous solution and in wy = 20 reverse
micelles are the same within our error, with slightly lower rates

Table 1. First-Order Exchange Rate Constants, k;, Measured
by EXSY-NMR Spectroscopy at Various Temperatures

T(K) wy=10RMs w,=15RMs wo =20 RMs  bulk 2 M urea
303 2.1 (+04)

298 2.3 (£0.3) 4.7 (£2.0) 11.9 (£2.0) 15.3 (+3.1)
293 2.3 (x03)

288 2.5 (x0.6)

283 3.0 (x0.5)

273 32 (+0.7) 3.9 (+0.6) 7.8 (£0.8) 8.6 (+1.1)
268 3.5 (+0.8)

263 4.3 (+0.7) 2.0 (+0.4)

252 6.0 (x1.1) 4.6 (+0.9) 3.5 (+0.8)

“Rate constants determined from data fits to eq 2 are given in s and
represent the average of three measurements of the same sample. The
standard deviations between measurements are given in parentheses.
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for wy = 1S5. At high temperatures, the chemical exchange
between water and urea is significantly slower for w, = 10 reverse
micelles, but surprisingly, the rates increase with decreasing
temperature. Additional extracted parameters such as the k,
constant may be found in Table S3.

After conducting EXSY-NMR experiments at 298 K, we
sought to measure the energy barrier to the water-to-urea
chemical exchange. We conducted EXSY-NMR experiments
over a range of temperatures for bulk aqueous urea (2 M) and for
each w, value, w, value, 10, 15 and 20, to construct an Arrhenius
plot. After collecting the k, exchange constant at these varying
temperatures, we used the Arrhenius equation to extract E, as
shown in Figure S. Each point on the Arrhenius plot represents

3.5 T T w
® w,=10

30l - V w,=15 ]
SN Wy =20
e B Bulk Soln.

25 } B ]

X 20} \+\\ :
£ R ¢

& % (  \j\‘\
1.0t %%/%/i ‘ -

0.5 :

3.6
x103

3.4 3.5

1/T (K1)

Figure 5. Arrhenius plots showing the hydrogen atom exchange rates
between water and urea as a function of inverse temperature for AOT
reverse micelles with wy = 10 (blue), 15 (orange), and 20 (gold) and
bulk solution (purple). Dashed lines represent linear fits to the data.
Error bars represent the standard deviation from three measurements of

the same sample.

the average k; exchange constant collected from three
experiments. Activation energy values are provided in Table 2.
The measured activation energies of exchange between water
and urea are highest for bulk aqueous urea solution and decrease
as the reverse micelle size decreases.

B DISCUSSION AND INTERPRETATION OF RESULTS

Our experiments on urea-containing reverse micelles indicate
significant changes to the system as a function of water loading
and temperature. We immediately ruled out the possibility of a

Table 2. Activation Energy Values Obtained from Arrhenius
Plots™"
E, (kJ/mol)

wy value
10 —12.4 (£1.9)°
15 7.6 (£1.9)
20 12.9 (+3.6)

bulk solution 20.0 (£2.5)

“In k; as a function of 1/T. bThe reported error was calculated from
the error in the slope of the linear fit. “The apparent negative E, value
is interpreted in the Discussion and Interpretation of Results section.
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freezing event considering that the EXSY NMR peaks would
almost certainly broaden in response to a phase change.
Furthermore, previous differential scanning calorimetry experi-
ments with glucose-loaded reverse micelles showed no evidence
of freezing. Considering that urea would act as a freezing-point
depressant, the explanation of the size change must be
independent of a phase-dependent response. Reverse micelle
sizes measured by DLS suggest that urea destabilizes the small
reverse micelles at low temperatures, as demonstrated by the
substantial increase in particle size and polydispersity for the w,
= 10 reverse micelles. In comparison, reverse micelles with
higher water loading, either w, = 15 or 20, show only minor
increases in size and polydispersity as the temperature drops.
Our EXSY-NMR measurements indicate that the water—urea
hydrogen atom exchange rate increases despite a decrease in
temperature for the wy = 10 reverse micelles. In contrast, reverse
micelles at higher water loading display the expected Arrhenius
behavior of a slowing exchange rate with temperature.
Combined, these results show that significant differences exist
for the reverse micelles as the ratio between AOT surfactant and
the polar solvent content decreases.

The proximity of urea molecules to the AOT headgroups at
273 K in the w, = 10 reverse micelles, as indicated by the 2D "H-
NOESY data, could cause an increase in the apparent surface
area of the surfactant interface. The tight intercalation of the
urea molecules with the AOT headgroups could cause the
largely cone-shaped geometry of the AOT surfactant molecules
to become more cylindrical as the nested urea molecules create
more bulk at the headgroup. This additional girth in the
headgroup region could lead to an increased overall reverse
micelle volume. This change in geometry is modeled in Figure 6,
which demonstrates how the overlap of cone-shaped surfactant

(A) Conical geometry

(B) Cylindrical geometry

Figure 6. Two- and three-dimensional models representing the AOT
surfactant molecule as (A) cones and (B) cylinders. The cone-shaped
geometry permits tight packing of the surfactant around a small inner
volume. However, as the 3D model at the bottom left shows, a switch to
cylinders of the same height would create an overlap that is physically
impossible and therefore results in an expanded inner water pool as
shown in the 2D illustration.
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cylinders forces the expansion of a larger overall water pool.
Additionally, we note that the analysis of particles by DLS
assumes a relatively spherical geometry, which is almost
certainly a simplification of the true reverse micelle shape at
any instant in time.* It is likely that the larger average apparent
hydrodynamic radius measured at lower temperatures indicates
a change in morphology that does not perfectly scale with a
spherical geometry and would also account for the vast increase
in polydispersity.

The EXSY-NMR data collected can provide a measure of the
relative number of urea molecules exchanging protons with
water. If urea molecules insert between the AOT headgroups at
low temperatures such that the NH moieties interact with AOT
headgroup protons as indicated by the 2D 'H-NOESY NMR
(Figure 3), then those NH groups would not be available to
exchange with water molecules and would decrease the pool of
urea molecules available for exchange. This should depress the
overall area of the urea peak relative to the water peak observed
in the EXSY-NMR spectra. Because these embedded urea
molecules no longer participate in exchange, they are not
detected by the EXSY-NMR experiment. To provide
quantitative evidence to support this hypothesis, we evaluate
the ratio of the integrated urea peak to the water peak intensity in
the EXSY-NMR spectra. A low urea/water peak intensity ratio
indicates less urea available for exchange; a high urea/water ratio
indicates more urea available for exchange. Table 3 presents a
summary of this ratio analysis with the standard deviations
provided calculated from the residual errors in line fitting.

Table 3. Ratio of the Urea Peak Integrated Intensity to the
Water Peak Integrated Intensity from EXSY-NMR
Measurements Determined for a Mixing Time of 1.0 s for
AOT Reverse Micelles Containing 1:30 Urea/Water as a
Function of w, and Temperature”

urea/water peak intensity ratio

wy value 298 K 273 K
10 0.10 (0.012) 0.009 (0.0014)
15 0.11 (0.012) 0.032 (0.0046)
20 0.10 (0.012) 0.029 (0.0042)

“Ratios represent an average over the EXSY-NMR mixing times
associated with the highest intensities where exchange occurs with the
highest probability. Standard deviations are provided in parentheses.

With a fraction of the urea molecules removed from the
exchange process, only the urea molecules remaining in the
water pool will exchange with water. With a much larger water
pool, the urea molecules could access a more bulklike
environment, causing the exchange rate we measure to increase
with decreasing temperature. The water pool for w, = 10 reverse
micelles grows as a fraction of the urea molecules embeded in
the interface, therefore providing a larger water pool for urea
molecules remaining in the water environment. The urea
molecules remaining in the water pool display a faster exchange
rate. Table 3 shows that the ratio of the EXSY NMR peak
intensity for urea/water is consistently larger at 298 K than it is
at 273 K for all wj, sizes at a mixing time of 1.0 s. This indicates
that more hydrogen exchange between water and urea is
occurring at higher temperatures. For wy = 10 reverse micelles,
the ratio of urea peak intensity to water peak intensity at 273 K
decreases by more than a factor of 10, supporting our hypothesis
that significantly less urea is available for hydrogen exchange.
The values indicated in Table 3 also demonstrate that although
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k, and k, vary across the different w sizes, the urea/water peak
ratios at maximum intensity are nearly identical. This confirms
that any interference from the instantaneous rate of exchange
does not arise from the kinetic behavior of the system as a whole.

Our interpretation of urea insertion into the AOT reverse
micelle interface is also consistent with the observation of cross
peaks in the 2D "H-NOESY NMR spectra that indicate urea has
inserted itself into the interfacial region among the AOT
surfactant headgroups. In contrast, for wy = 15 and 20 reverse
micelles the ratio in the integral of urea/water EXSY-NMR
peaks decreases by only a factor of ~3 as the temperature drops
from 298 to 273 K. Lower temperatures also result in a lower S/
N ratio; this adds uncertainty to the smaller urea peak more than
the consistently intense water peak. However, the residual values
shown in Table S4 demonstrate that highly accurate integrations
were still obtained. It is possible that the urea molecules begin to
embed in the interface as temperature drops for all reverse
micelle samples measured; this could account for the slight
increase in size observed for w, = 15 and 20 reverse micelles at
lower temperatures. In this case, we might expect to observe
cross peaks between the AOT headgroups and urea in the 2D
"H-NOESY spectra collected at low temperatures for w, = 15
and 20, but the spectra show no hint of this interaction in these
systems. However, a low S/N would likely preclude the small
signals from being observed in the low-temperature 2D NOESY
spectra. Most critically, comparing the much more dramatic
decrease of the urea/water peak ratio for the wy = 10 reverse
micelles at low temperatures to the other wy = 15 and 20 reverse
micelles further supports our proposition that the higher
exchange rates we measure at low temperatures for the w, =
10 reverse micelles are caused by urea molecules residing in the
water pool available for enhanced exchange while many embed
in the interface where they do not exchange.

Another explanation for an increased exchange rate could be
from a change in intramicellar pH. At high and low pH values,
the concerted H-atom exchange mechanism prevalent near
neutral pH changes to a charge-transfer mechanism, which can
be orders of magnitude faster.”® Previous studies have
hypothesized that if the pH of the aqueous phase in AOT
reverse micelles diverges from neutral, then the interfacial region
can be significantly more acidic or basic than the water core.”” If
urea affects the intramicellar pH and it resides at the interface,
we might expect faster exchange to occur. However, when the
charge-transfer mechanism is active, it also affects the NMR
spectrum, pulling urea and water geaks closer to each other and
eventually merging these peaks.”” Though we do not observe
merging peaks, the apparent rate constants we measure agree
well with water—urea proton exchange studies reported by
Stabinska et al. using water exchange (WEX) NMR spectros-
copy. They measured both acid- and base-catalyzed exchange
rates for aqueous urea solutions but could not measure exchange
for the concerted mechanism. Their findings suggest that
cooling the temperature of wy, = 10 reverse micelles and
therefore destabilizing the nanostructure of the enclosed space
may be akin to titrating the pH so that exchange becomes acid-
or base-catalyzed."*

A change from concerted to an acid-/base-catalyzed
mechanism could also account for the decreasing values of E,
from bulk aqueous solution to the reverse micelles. However,
this mechanism does not explain the increasing rates observed
with decreasing temperature or the larger sizes measured for all
reverse micelles as a function of temperature. Our results
demonstrate urea’s destabilizing effect observed in other studies
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that involve more complex biological environments. For
instance, urea’s disruption of AOT reverse micelle aggregation
shares similarities with the observation that the denaturation of a
bovine serum albumin begins when urea localized at the protein
surface leads to a repulsion between urea and charged residues.*’
It appears that the urea in our AOT reverse micelle systems
follows a similar pattern of localization at a surface that can
initiate significant structural changes.

B CONCLUSIONS

We find that the restriction to nanosized reverse micelles has a
modest effect on the hydrogen exchange behavior between
water and urea relative to the bulk behavior. However, our
experiments demonstrate that small reverse micelle values, w, =
10, at low temperatures show significant differences in the
interaction of urea with the surfactant interface, leading to
dramatic changes in the reverse micelle size. Specifically, urea
appears to embed itself into the interfacial area in wy = 10 reverse
micelles at temperatures at and below water’s freezing
temperature. This dramatically enlarges the reverse micelle
apparent hydrodynamic diameter and allows the remaining urea
molecules in the reverse micelle water core to display bulklike
exchange behavior because all of the urea molecules that are
exchanging experience a large intramicellar water pool. This
effect was not observed for larger w, = 15 or 20 sizes. These
results may have important biomedical implications because
they indicate that unique urea interactions could occur within
the confined environment of cellular mitochondria.”® A closer
examination of single hydrogen transfer may help to elucidate
the mechanisms fundamental to physiological homeostasis.
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