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Effects of the Hydration State on the
Mid-Infrared Spectra of Urea and
Creatinine in Relation to Urine Analyses

Katherine V. Oliver, Amandine Maréchal, and Peter R. Rich

Abstract

When analyzing solutes by Fourier transform infrared (FT-IR) spectroscopy in attenuated total reflection (ATR) mode,
drying of samples onto the ATR crystal surface can greatly increase solute band intensities and, therefore, aid detection of
minor components. However, analysis of such spectra is complicated by the existence of alternative partial hydration states
of some substances that can significantly alter their infrared signatures. This is illustrated here with urea, which is a
dominant component of urine. The effects of hydration state on its infrared spectrum were investigated both by incubation
in atmospheres of fixed relative humidities and by recording serial spectra during the drying process. Significant changes of
absorption band positions and shapes were observed. Decomposition of the CN antisymmetric stretching (v,s) band in all
states was possible with four components whose relative intensities varied with hydration state. These correspond to the
solution (1468cm™') and dry (1464 cm™) states and two intermediate (1454 cm™" and 1443 cm™) forms that arise from
specific urea—water and/or urea—urea interactions. Such intermediate forms of other compounds can also be formed, as
demonstrated here with creatinine. Recognition of these states and their accommodation in analyses of materials such as
dried urine allows more precise decomposition of spectra so that weaker bands of diagnostic interest can be more
accurately defined.
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pathlength into which the evanescent wave penetrates.

introduction When applying analytical protocols to IR data obtained

There is a rapidly increasing literature on applications of
vibrational infrared spectroscopy to analyses of complex
biological tissues and fluids in order to identify unique sig-
natures of cell types, diseased tissues and diagnostic mar-
kers of specific diseases.'™'® The mid-infrared (MIR) spectra
of such materials are inevitably complex combinations of
many overlapping infrared (IR)-active components.
Diagnostic features of interest are in general minor com-
ponents of these spectra whose small IR intensities are
usually overlapped by much stronger bands from more
dominant components.

Biological samples, such as urine and thin tissue biopsy
sections, are often dried before analysis.*’” Drying removes
the strong, broad absorption bands of water and, in the
case of measurements in attenuated total reflection (ATR)
mode, increases the IR intensities of all other components
by maximizing their concentrations across the IR-active

from dried versus hydrated materials, it is important to
take into account the fact that the IR spectra of many
materials are different in aqueous solution and the fully
dried states. However, a further complication is that
some materials can also exhibit additional distinct states
during drying whose IR characteristics differ from both
the solution and fully dried forms. This can be an important
additional consideration when analyzing materials in which
residual water levels are not easy to remove in a consistent
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manner since such intermediate states can become trapped
within the material as it dries.

Urea, with its strong interactions with water, is a par-
ticularly clear example of such behavior. Its strong hydrogen
bonding propensity results in its well-known chaotropic
effects in aqueous solutions.'' Molecular modeling of its
interaction with an increasing number of water molecules
suggests that the first four water molecules form the pri-
mary hydration sphere and three more form the secondary
hydration sphere.'zfI4 Additional types of urea—water com-
plexes are also predicted.'? Such urea-bound water mol-
ecules have been detected directly in aqueous solutions of
urea by polarization-resolved mid-IR pump-probe spectros-
copy;'® bulk water molecules beyond the hydration sphere
around urea are not significantly per'curbed,”"sfI7 although
this has been questioned with nuclear magnetic resonance
studies of long range order.'® At high concentration, urea
may also form dimers or higher order structures,'*'*'8!?
although several studies have questioned their exist-
ence.'”?%?! Some of these controversies may arise due
to the different nature of the probe between different spec-
troscopic techniques. For an extensive review see Idrissi.?'

Here, IR spectroscopy is used to demonstrate the dif-
ferent forms of urea and creatinine that can form at differ-
ent hydration states. Urea and creatinine are two
components of urine that are often measured clinically
(using non-IR spectroscopic methods) and can be used as
markers for urine concentration against which other com-
ponents can be normalized. Several methods for quantita-
tion of urea and creatinine in wet urine samples have been
described that are based on their well-defined solution IR
spectra.®’ For example, as described here, urea concentra-
tions in aqueous solution or in wet urine can be quantitated
by fitting a Gaussian component to its strong v, (antisym-
metric C-N stretch) band at 1468cm™'.>> When urea is
completely dry this v,(CN) band shifts to 1464cm™.
However, at least two additional states of urea with a
vas(CN) band at 1454 or 1443cm™' can be observed in
partially hydrated urea. When whole urine is dried, the
solid materials tend to trap these intermediate forms.
Hence, accurate protocols for component decomposition,
or for comparison of “wet” and “dried” biological fluids and
tissues, should accommodate such additional states.

Experimental
Chemicals

Ammonium chloride (purity > 99.8 %), potassium hydroxide
(purity > 85.4 %), potassium phosphate (purity > 99.9 %) and
sodium chloride (purity >99.5 %) were purchased from
VWR International BDH, Leicestershire, UK. Creatinine
(purity > 98 %), potassium sulfate (purity > 99 %) and urea
(purity >99.5 %) were purchased from Sigma-Aldrich,
Dorset, UK.
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Clinical samples

Five urine samples were collected from volunteer healthy
donors at University College London and Imperial College
London after obtaining informed consent. Urine samples
were analyzed fresh. Urine sample composition varies
greatly between individuals because it is heavily influenced
by factors such as recent diet, hydration, body mass/com-
position and time of day. The average urea concentration of
these samples was 202 mM (standard deviation: 102 mM),
the average creatinine concentration was 5mM (standard
deviation: 3.7 mM) and no protein was detectable. These
levels are within the expected ranges of healthy subjects.

Data collection

Spectra were recorded with a Bruker IFS/66 S FT-IR spec-
trometer, fitted with a liquid nitrogen-cooled MCT detec-
tor and a KBr beamsplitter. Experiments were run in ATR
mode using a 3 mm diameter silicon microprism with ZnSe
optics (three reflections; SensIR). Data were recorded at
room temperature at 4cm ' resolution. Power spectra
were computed by Fourier transformation of 1000 (back-
ground; clean crystal surface) or 500 (sample) averaged
interferograms. Absorbance spectra between 4000-
800cm™" were then calculated from —log(sample intensi-
ties/background intensities). Cited frequencies are accurate

to approximately | cm™.

Controlled rehydration of urea

3 uL of a 50 mM urea solution, prepared in double distilled
water, were dried onto the crystal with a gentle stream of
dry nitrogen gas at a flow rate of 300 mL/min. This led to loss
of liquid water as evident from bands in the 3500-3100 and
1700-1600 cm™" regions. Drying was continued until the
absorbance spectrum was stable in the 1700-1400 cm™'
region. The sample was then allowed to equilibrate for sev-
eral hours in atmospheres of controlled humidities, imposed
by placing different saturated salt solutions (Table 1) in a well
within a chamber that enclosed the sample (Figure SI).

Table | Salt solutions and relative humidities at room

temperatu re.23

Relative humidity at

Saturated salt solution room temperature (%)

H,O (no salt) 100
KNO; 94
KCl 84
NH4SO4 8l
NH.CI 79
NaCl 75
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Spectra were recorded when the 1700-1400 cm™
had stabilized.”?

region

Serial Dehydration of Urea and Creatinine
Solutions and Urine

3L of a 50 mM urea solution were dried onto the crystal
and rehydrated by placing double distilled water in the
humidification chamber described above. Once the spec-
trum had stabilized, the humidification chamber was
removed and a series of spectra (each an average of 10 inter-
ferograms; approximately 4s data acquisition time) were
recorded whilst dry nitrogen gas was passed over the
sample until the sample had stabilized (typically 50—100 spec-
tra over 3—-7 minutes). Rehydrated and dried spectra of
I0mM creatinine solutions were recorded in the same
manner.

The same serial dehydration protocol was followed
with two urine samples from healthy donors that were
diluted x 4 with distilled water (to ensure that solute
band intensities in the dried state did not exceed the instru-
ment limit) before drying a 3 pL aliquot onto the crystal.

Data Processing and Component Fitting

In general, the thickness of the samples was greater than
two microns and, therefore, was greater than the depth of
penetration (approximately 0.6 microns) and sufficient to
fill the entire active volume above the prism surface. Hence,
in order to adjust the ATR spectra for the distortion caused
by the wavenumber-dependency of the pa‘chlength,24 ATR
data between 1510 and 1410cm™ were ramped before
fitting of components by multiplying absorbance values by
a factor of (wavenumber,,/wavenumber) to allow for the
inverse relation between effective pathlength and wave-
number. However, because the wavenumber range used
for fitting is very narrow (100cm™), this correction is
extremely small and, in practice, does not significantly
alter the fitting parameters or the relative areas of the
best fits.

Urea spectra were then decomposed using curve fitting
analysis with combinations of Gaussian or pseudo-Voigt
functions>® using Origin version 8.6 (OriginLab
Corporation). A single full width at half-maximum
(FWHM) was used to describe the combined Gaussian
and Lorentzian components of the pseudo-Voigt function
and m, values were assigned to each component to define
Lorentzian contributions. A linear baseline was also
included, with offset and slope parameters allowed to
vary during the fitting. With this protocol, four components
were sufficient to fit all spectra at different stages of drying
(see below). A similar protocol was used to decompose
spectra between 1520 and 1470 cm™' of rehydrated creatin-
ine during drying using combinations of Lorentzian®>2¢ and
pseudo-Voigt functions.
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Combinations of these same four urea components,
together with an additional component from creatinine at
1492 cm™', were fitted to the 1510-1410cm™ region of
spectra of urine at different stages of dehydration, again
with baseline offset and slope parameters being allowed
to vary during the fitting and with all other parameters
fixed according to Tables 2 and 4.

In cases of compounds in dilute solutions where bulk
liquid water would have made a significant contribution to
the spectral region used (solution spectrum of Figure | and
Figure 2), the absorbance contributions of bulk water were
removed by fractional subtraction of a spectrum of pure
liquid water; optimal subtraction was assessed by minimiza-
tion of the OH stretching modes in the 3400 cm™' region
and the combination band between 2200 and 2000 cm™'.

Structure and Frequency Calculations

Infrared spectra of urea—water and urea—urea molecular
ensembles were modeled. Firstly, nominal molecular
models were built by stepwise addition of water or urea
using the computer program Facio, version 18.6.2.%°
Structures were then energy minimized using Gaussian 09

Table 2 Parameters of components required for band analysis of
creatinine spectra between 1520 and 1470 cm™ corresponding to
the (V(C=N) (30) v(CN) (27) §(NCH) (24)) band.

Component Function FWHM
centre (cm™') type (cm™)
1492 Lorentzian 24
1499 Lorentzian 29

1501 Gaussian 23

Table 3 Predicted frequencies of v,(CN) band of urea in com-
bination with water or other urea molecules. Calculations were
performed using Gaussian 09.%° Where larger urea ensembles
were modeled, only the frequencies of those ureas with the
highest number of H-bonds to their carbonyl oxygen are listed.

Number of H-bonds Wavenumber

Structure to the carbonyl oxygen (em™)

| urea+5 H,O 2 1466

| urea+2 H,O 2 1455

| urea+ | H,O | 1420

| urea 0] 1386

2 ureas | 1408, 1421

3 ureas 2 1432

4 ureas 3 1441

5 ureas 3 1445
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Figure | Spectra of urea between 1510 and 1410cm™ at fixed
relative humidities. The v,(CN) band peak at 1468 cm™" in solu-
tion downshifts as relative humidity decreases to 79%, before
upshifting towards the 1464 cm™ position characteristic of dry
urea at lower relative humidities (spectra are not shown to scale).

software?® with the B3LYP density functional in conjunction
with the 6-31 G(d) basis set, using the UCL Legion super-
computer facility. Calculations were performed with a con-
tinuum water matrix using the SCRF=Water option
(default dielectric constant =78.3553). Vibrational spectra
were then simulated with the energy-minimized structures.
Simulated frequencies were visualized with Facio 18.6.2
after scaling®' with the Facio default factor of 0.9614. The
predicted IR spectrum of creatinine was modeled in the
same manner.

Results and Discussion
Kinetic Resolution of Multiple Urea Hydration States

As expected with a small molecule that forms multiple
hydrogen bonds with water, the majority of bands of
urea change their frequencies and relative intensities
between the solution and fully dried states. Dehydration
resulted in the loss of the broad absorbance bands of
liquid water in the 1700-1600cm™" and 3700-2900 cm™'
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Experimental data
—— Baseline

T6% 1468

0% 1464

0% 1454

24% 1443

Fit curve

:[AA 0.001

Absorbance

1 L 1
1500 1480 1460 1440 1420

Residual

1500 1280 1260 1240 1420

Wavenumber (cm™)

Figure 2 Component fitting to the v,(CN) band of urea in
solution. A spectrum of 200 mM urea in aqueous solution was
recorded. Absorbance contributions of bulk water were first
subtracted using an ATR spectrum of pure water and the 1510—
1410 cm™" region was then corrected for the effects of ramping
caused by recording in ATR mode. An optimal fit was then made
of intensities of the four components of fixed frequencies and
bandwidths (Table 4), together with an unrestricted linear sloping
baseline. Fractions of each component were calculated from the
peak areas (integrated intensities). The residual for the overall fit
is shown underneath at the same scale as the component fit, with
the center line representing zero.

ranges, with concurrent intensification of narrower bands
of urea in these regions (Figures 3a and 3b). The rehy-
drated spectrum of urea is very similar to that of urea in
solution and the fully dried spectrum is essentially the
same as that of pure, crystalline urea (Figure $2a)**3%
However, the behavior was clearly not a simple transition
between these two states. For example, the v,;(CN) band
in the rehydrated spectrum was centered at 1466cm™',
close to its position at 1468 cm™ in the spectra of urea in
solution at physiological concentrations (Figure S2b).
As the sample became dehydrated this peak gradually
downshifted, transiently reaching a minimum at
1448 cm™' before rapidly upshifting to the 1464 cm™
position that is characteristic of the fully dried state
(Figures 3c and 3d).

Stepwise Rehydration of Urea

By controlling the relative humidity of the surrounding
atmosphere, it was possible to stabilize the intermediate



Rich et al. 987
@) (b)
Time from beginning Time from beginning
anou of dehydration | of dehydration
i 0245 IA Abi f 0-245
28-48 s L 28-48 s
52-76s 52-76s
o 80-100 s g 80-100 s
Q
= 104-124 5 g 104-124
£ 128-148 5 R 128-148 5
2 152-176 5 2 152-176 5
< 180-196 s < 180-196 s
" 1 i 1 i 1 I 1 i 1 n 1 L 1 i 1 1 1 1
1800 1700 1600 1500 1400 1300 1200 1100 1000 3800 3600 3400 3200 3000 2800
Wavenumber (cm™) Wavenumber (cm’™)
(c) (d)
Time 188-196 s:
Dry (1464 cm }.?4;\. ‘ -
L A Time 184 s
‘|VAA0.I ‘-"f \“‘ semi-dry (1448 cm™)
=
o
£
=
Z
=
e
8
g
- £
o [
— = 2
Time 0 s: rehydrated (1466 em’) <
1 1 1 1 1 1 1 1 1
1500 1490 1480 1470 1460 1450 1440 1430 1420 1410 1400 1480 1460 1440 1420 0

Wavenumber (cm't)

Wavenumber (cm")

Figure 3 Serial spectra of a rehydrated urea sample during drying. 3 puL of a 50 mM solution of urea were firstly dried on the crystal and
rehydrated in a water-saturated atmosphere. Spectra were then recorded during drying over an approx. three minute period. (a) the
1800—1000 cm™' “fingerprint’ region; (b) the 3800-2800 cm™' region. (c) and (d) two-dimensional and three-dimensional plots of the

15001400 cm™' region showing the v,(CN) band behavior. Rehydrated urea spectra are shown in blue and dried urea spectra in red.

partially hydrated forms of urea. Figure | summarizes the
peak positions of the v,o(CN) band after stabilization at
different relative humidities. As the relative humidity
decreased, the peak (1468cm™' in solution) downshifted,
settling at 1456cm™' at 79% humidity. However, as the
relative humidity was further decreased, the peak upshifted
towards the fully dried value of 1464 cm™".

Component Fitting to Urea Spectra

The v,(CN) normal mode of urea is the only contributor to
the 1510-1410cm™" region. Combinations of Gaussian and
pseudo-Voigt components were fitted to this region of typical
spectra obtained during the transition from hydrated to fully
dried forms. Before fitting, a correction was made for the
ramping of spectral intensities caused by recording in ATR
mode (see Methods). Four components (Table 4) were

Table 4 Parameters of components required for band analysis of
urea spectra between 1510 and 1410 cm™ corresponding to the
Vas(CN) band.

Peak position m, (fraction

of the urea v, Function of Lorentzian FWHM
(CN) band (cm™) type component) (cm™)
1468 Gaussian n/a 32
1464 Pseudo-Voigt  0.61 19
1454 Pseudo-Voigt  0.66 36
1443 Pseudo-Voigt  0.97 41

required to adequately fit all spectra in this wavenumber
range based on the root mean square error compared to a
three or fewer component fit. Fitting with additional compo-
nents did not improve the error of the fit.
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The fitting data with these components are shown in
Figure 4. For reference, the best fit of combinations of
these same components to this region of urea in solution
is shown in Figure 2; this is dominated by the Gaussian
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component centered at 1468 cm™ that also dominates the
rehydrated spectrum (Figure 4a). As the rehydrated sample
dried, the 1468cm™' component diminished and compo-
nents at 1454 and 1443cm™' emerged (Figure 4b).

@ | . Experimental data (b) Experimental data
Time: 0 s —— Baseline Baseline
B ———55% 1468 [[Ane0d Time: 64 ——26% 1468
L [aa 001 6% 1464 ume: o4& 3% 1464
i ——31% 1454 59% 1454
8% 1443 - ——— 12% 1443
@ Fit curve - Fit curve
L] ¥
=] =1
o= o
£ =
Q =]
W w
a) =]
< <
1 i 1 i 1 n 1 i L 1 1 1 1 1
1500 1480 1460 1440 1420 1500 1480 1460 1440 1420
E] -
=18 E
& = —
o 5
; i i ; ; &~
1500 1480 1460 1440 1420 . . . . )
1500 1480 1460 1440 1420
Wavenumber (cm” 1) |
Wavenumber (cm™)
(c) Experimental data (d) Expetimental data
r Baseline Time: 180 s i stoecca —— Baseline
| 3% 1468 F{aa0 Time: 108 0% 1468
2% 1464 L 40% 1464
I ——26% 1454 | ——43% 1454
69% 1443 17% 1443
o Fit curve o Fit curve
g g
£ £
-
2 2
= ==}
< <
L L i 1 i 1 i L 1
1500 1480 1460 1440 1420 1500 1480 1460 1440 1420
- E
E EF
T b = 8
b =
~ ; ; : ‘ :
1500 1480 1460 1440 1420
1500 1480 1460 1440 1420 Wavenumber (cm")

Wavenumber (cm™)

Figure 4 Component fitting to the v,s(CN) band of urea during the transition from rehydrated to dry states. Four spectra were

selected from the series obtained during drying of rehydrated urea of Figure |. Times from beginning of the dehydration are indicated on
each panel. Before fitting, spectra were corrected for effects of ramping caused by recording in ATR recording mode, followed by

optimal fitting of the intensities of the four components of fixed frequencies and bandwidths (Table 4), together with unrestricted linear
sloping baselines. (a) rehydrated; (b) and (c) intermediate partially-hydrated; (d) dry states. The residuals for each overall fit are shown
underneath each panel at the same scale as the corresponding component fit, with the center line representing zero (that in Figure 3a
consists largely of a residual water vapor component).
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The 1443 cm™' component became more dominant as the
drying progressed (Figure 4c) before the band rapidly
upshifted to the 1464cm™" form that is characteristic of
fully dried urea (Figure 4d).

Hydration States of Creatinine

Hydration-dependent variations in absorption band fre-
quencies and intensities occur with other urinary compo-
nents, though none that were studied were as remarkable
as those seen with urea. Creatinine is another major urin-
ary component and has an absorption band at 1492 cm™ in
solution that partly overlaps with the v,(CN) absorption
band of urea. Based on previously published work®*3* and
frequency predictions performed in Gaussian 09 of pure
creatinine (see Methods), this band can be assigned to a
single complex normal mode (v(C=N) (30) v(CN) (27)
S(NCH) (24)). Spectra of a rehydrated sample during

(a) Time from beginning of dehydration
2 0-60 s 250-310s
AA 0.05 70-120 5 320-370 s
| 130-180 5 380-430 s
190-240 s 440-480 5
o
o
g
£
-
2
< A
| \
oV v L "/ k
By P, e F e B G
1800 1700 1600 1500 1400 1300 1200 1100 1000

Wavenumber {cm‘l)

(C) ime 440 itermediate

_ Time 450-480 s: dry (1499 cm™)

Absorbance

Time 0 s: 3
rehydrated (1492 em™)
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drying were recorded (Figure 5) and components were
fitted to the data between 1520 and 1470 cm™" after cor-
rection for the ramping effect of recording in ATR mode.
The 1492cm™ band upshifted during dehydration to
an intermediate position at 1501 cm™' (Figure 5c).
Continued drying resulted in a slight downshift to
1499 cm™', the same position as in dry, crystalline creatinine
(not shown). In both solution and rehydrated states, this
band can be approximately described by a single Lorentzian
component centered at 1492 cm™' with a FWHM of 24cm™
(Figure 6a and Table 2). After drying, or in crystalline creatin-
ine, the band approximates to a single Lorentzian component
at 1499 cm™' with a FWHM of 29 cm™' (Figure 6d). However,
an additional Gaussian component at 1501 cm™' with a
FWHM of 23cm™ is required in order to adequately
describe spectra in the partially hydrated conditions
(Figure 6b). All spectra could be decomposed adequately
with combinations of these three components.

(b) Time from beginning

of dehydration

0-60 5

70-120 s

g 130-180 s
190-240 s
250-310s
320-370 s
380-430 s
440-480 s

:[AA 0.05

Absorbance

1 I L I 1 L 1 n 1 n L 1 1 n 1 n 1

3800 3700 3600 3500 3400 3300 3200 3100 3000 2900

2800

Wavenumber (cm™)

(d)

1500 1470

1490

1520 1510 1480

Wavenumber (cm’)

1510 1500 1490 1480 0

Wavenumber (cm™)

Figure 5 Serial spectra of a rehydrated creatinine sample during drying. 3 pL of a 10 mM solution of creatinine was firstly dried onto
the crystal surface and rehydrated in a water-saturated atmosphere. Spectra were then recorded during drying over a three-minute
period. (a) the 1800—1000 cm™ ‘“fingerprint’ region; (b) the 3800-2800 cm™' region. (c) and (d) two-dimensional and three-dimensional
plots of the 1520-1470 cm™' region showing the (v(C = N) (30) V(CN) (27) 3(NCH) (24)) band behavior. Rehydrated creatinine spectra
are shown in blue and dried creatinine spectra in red.
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Figure 6 Curve fitting to the 1520 and 1470 cm™' region of the FT-IR spectrum of creatinine during the transition from rehydrated to
dry states. 3 uL of a 10 mM solution of creatinine were firstly dried onto the crystal surface and then rehydrated in a water-saturated
atmosphere. Four spectra were selected from the series obtained during drying of this rehydrated sample. Spectra shown were
corrected for effects of ramping caused by recording in ATR recording mode, followed by optimal fitting of the intensities of the three
components of fixed wavenumbers and bandwidths (Table 2), together with unrestricted linear sloping baselines. (a) rehydrated; (b) and
(c) intermediate partially-hydrated; (d) dry states. The residuals for each overall fit are shown underneath each panel at the same scale as
the corresponding component fit, with the center line representing zero.

Hydrated Forms of Urea in Dried Urine Samples

The 1510-1410cm™" region of spectra of rehydrated
human urine samples from healthy donors during drying
was recorded. Two representative samples are shown in
Figure 7. This region is dominated by the v,;(CN) band of
urea, together with a smaller contribution from the

1492cm™" band of creatinine. Spectra were analyzed by
fitting the four components of pure urea (Table 4) together
with additional smaller contributions from the possible
forms of creatinine (Table 2) and unrestricted linear sloping
baselines.

In the rehydrated state, as expected, the urine spectrum
is dominated by the 1468 cm™' form of urea together with a
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Figure 7 Fitting of urea and creatinine components to the [510-1410cm™
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' region of FT-IR spectra of human urine. 3 puL samples of

two typical healthy human urine samples were dried onto the crystal surface and rehydrated with a water-saturated atmosphere. Spectra
were recorded after stabilization (a) rehydrated sample NI and (c) rehydrated sample N2. Samples were then dried and spectra were
rerecorded after they had stabilized (b) dried sample N1; (d) dried sample N2. The fractional contributions of each component were
determined from peak areas (integrated intensities). The residuals for each overall fit are shown underneath each panel at the same scale
as the corresponding component fit, with the center line representing zero.

10-15% contribution from the 1492cm™' form of creatin-
ine (Figure 7a and 7c). This is similar to that observed with
fresh, liquid urine (Figure S3). However, even after drying by
extensive exposure to the dry nitrogen flow, the urea

components (Figure 7b and 7d) corresponded to those of
its partially hydrated (1454 and 1443cm™') states
(Figure 4c), rather than the 1464cm™ band of the fully
dried form. Because the enhancement of the urea band
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Figure 8 Behavior of the 3800-2800 cm™' region of spectra of
human urine during drying. The figure shows spectra of human
urine sample, N2, when changing from the rehydrated (blue) into
the dried (red) states.

intensity on drying is much greater than that of creatinine
(compare Figures 3c and 5), the creatinine contributions to
this region of the dried spectra become much smaller
(<3%). In Figure 7b and 7d, a single component at
1492 cm™', corresponding to hydrated creatinine, appears
adequate, consistent with water retention in the dried
urine samples, though accurate assignment to its different
states cannot be made with confidence because of its very
low relative intensity.

The retention of intermediate hydration states of urea in
dried urine samples is also clearly seen in the 3700-
2900cm™' region of spectra of dried urine (Figure 8).
Whereas it is clear that the broad band of liquid water
has been lost, indicating that no major bulk liquid water
remained, the remaining urea bands resembled those of
the partially hydrated forms, rather than those of the fully
dried states (Figure 3b). Hence, again, it is clear that drying
had trapped predominantly the intermediate states of urea,
rather than the fully dried form.

Factors in Urine Affecting Observed Behavior

The question arises as to what factor(s) control the differ-
ent behaviors of urea when dried from pure solution versus
urine. A “simulated urine” solution was prepared containing
II15mM wurea, 50mM NaCl, 29mM NH4.CI, 19mM
KH,PO4, 10mM K;,SOy4, and 5 mM creatinine, buffered to
pH 6 with potassium hydr'oxide.35 When a 3 L sample was
dried onto the ATR crystal, the v,;(CN) band of urea sta-
bilized around 1445 cm™ (Figure 9), reproducing the behav-
ior of urea in urine. However, the relative amount of the
1464 cm™' component formed on drying increased when
one of the major components (ammonium chloride, cre-
atinine, or phosphate) was omitted, or if the mixture was
diluted substantially before drying a 3 pL sample. In con-
trast, if one of these components was omitted but a
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Figure 9 Behavior of v,(CN) urea band in dried simulated
urine. 3 pL of simulated urine containing | 5 mM urea, 50 mM
NaCl, 29 mM NH4CI, 19 mM KH,PO,, 10 mM K,SO4 and 5mM
creatinine were dried onto the crystal surface and the spectrum
was recorded after stabilization (solid line). Also shown are
spectra of 3 uL 50 mM urea after drying (dotted line) and 3 pL
healthy donor urine after drying (dashed).

replacement solute (e.g., sodium sulfate) was added to
maintain the solute mass, then the urea again failed to
form the 1464 cm™ component. Furthermore, if urine sam-
ples were extensively diluted, then a significant fraction of
the 1464 cm™' form of urea appeared on drying. It is there-
fore concluded that the urinary effect is a non-specific one,
caused simply by the mass of dried components (in urine,
urea accounts for only 25-50 % of total solutes) creating a
surface barrier that prevents complete dehydration of the
material close to the crystal surface.

Electronic Structure Modeling and Physical
Basis of Intermediates

Changes in the spectra of pure urea during dehydration
must arise from changes in urea—water and/or urea—urea
interactions. A similar phenomenon has already been
reported by Grdadolnik and Maréchal'? and Jung et al'®
who observed a shift in the urea v,o(CN) band in very
concentrated solutions; these were assigned to specific
urea—urea and/or urea/water interactions in the limited
water environments. In aqueous solution, urea interacts
directly with four water molecules.'*™'* Gaussian 09°° soft-
ware was used to calculate the IR spectra of urea alone, in
different hydration states and in interactions with other
urea molecules. The predicted wavenumber of the
Vas(CN) band (Table 3) downshifted from 1466 to
1386cm™ as the number of urea-bound water molecules
decreased from 5 to 0. This downshift was due to the loss
of H-bonding interactions, in particular between water
hydroxyls and the carbonyl oxygen of urea.'® In support
of this, the most dramatic predicted changes corresponded
to the removal of the last two waters which, in our simu-
lations, were those interacting with the carbonyl group.
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Conversely, the predicted wavenumber of the v,4(CN) band
of anhydrous urea upshifted from 1386 to 1445cm™" as its
carbonyl oxygen made an increasing number of H-bonds
with adjacent urea —NH; group(s) (Table 3). Indeed, in an
ensemble of urea molecules, multiple v,(CN) frequencies
were predicted. However, the highest wavenumber corre-
lated with those ureas with the greatest number of H-bond-
ing interactions of their carbonyl oxygen. Although the
precise peak positions predicted during the simulation
vary from those observed in the experimental data, these
calculations, at least qualitatively, support a proposal that
the experimentally observed initial wavenumber downshift
of the v,4(CN) band on drying is due to dehydration of
urea, and the subsequent upshift arises from direct urea—
urea interactions as the last waters are removed.

Conclusions

In the context of IR analyses of urinary samples, at least
four forms of urea with distinct IR spectra should be con-
sidered, with their relative amounts dependent on hydra-
tion level. These correspond to the rehydrated form
(equivalent to the solution form), a dried form and two add-
itional partially hydrated forms. Additional hydration states
of creatinine can also be formed, though the IR differences
between them are much weaker than those of urea.

Spectra of dried urine samples show that the partially
hydrated states of urea tend to become trapped in the
dense matrix of dried urinary components, with a predom-
inance of the lowest wavenumber (1443 cm™') form, pre-
venting direct urea—urea interactions. The retention of such
partially hydrated forms with altered IR signatures compli-
cates the analysis of IR spectra of dried samples such as
urine, and it is important that they are recognized in diag-
nostic analyses of dried biological tissues and fluids.
However, the limited number of distinct forms can easily
be accommodated in decomposition procedures for quan-
titative analyses, as shown here with the contributions of
different states of urea in dried urine samples.
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