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dynamics. The coupling of Fourier transform infrared (FTIR) tech-
nology for spectral analysis and of infrared microscopes for beam
focusing and accurate sample location has generated a rapid growth
of spectromicroscopy and imaging applications [1].

One current direction of development is the use of FTIR spectro-
microscopy ex vivo for the study of processes in functional cells with
single cell resolution [2,3]. Frequently this requires immersion in an
aqueous medium, particularly when working with eukaryotic cell
lines. Transmission measurements in an aqueous environment are
constrained by the strong IR absorption of water, and consequent de-
creased light throughput, often covering spectral features of interest.
The problem can be reduced in a micro-ATR imaging experiment [4],
but this configuration is not always accessible and has some limitations.
In addition, measurements on non-fixed samples are complicated by
the nature of the living cell itself, which can move through the medium
either because of free flotation or because of cellular motility, thus
requiring rapid measurements. All these challenges combine with the
ones already associated to FTIR measurements of single cells, namely
the simultaneous need for high spatial resolution, high signal-to-noise
(S/N) ratio and good spectral resolution. It has been shown that
the use of IR microscopes in a confocal configuration, particularly
when coupled to synchrotron radiation (SR), allows time resolved
spectromicroscopy measurements in an aqueous environment with
single cell or subcellular resolution in less than one minute [5]. However,
measurement of the two-dimensional distribution of infrared spectra
throughout a living individual cell is often performed using a raster scan-
ning approach with SR light, particularly when diffraction limited spatial
resolution is required together with high quality absorption spectra. In
recent years, focal plane array (FPA) detectors have greatly expanded
the capability of infrared microscopes to collect rapidly large two-
dimensional sets of spectra [1]. In a recent review on the coupling of
FPA detectors to SR [6], the notion of improved data quality is introduced
both in terms of S/N advantage and optimization of sample size imaged
per pixel. The coupling of FPA-fitted microscopes with synchrotron
sources is now promising to allow even faster rates of spectral collection
at high S/N ratios [7-9].

In this work we describe the first use of a SR light source and FPA
microscope for the rapid transmission imaging of a living cell. We
show that the setup at the MIRIAM beamline at Diamond Light Source
allows the collection of high resolution IR images of single viable cells
in a few minutes. The S/N ratio for the spectra is of such quality as to
allow resolution and mapping of the individual spectral components
in the overlapping bands of C—H bonds stretching modes. We also
show that the maps allow us to study both steady-state processes,
such as concentration gradients in the proximity of the cell, and dynamic
ones, such as hydrogen-deuterium exchange (H/D) at selected cellular
locations.

2. Experimental
2.1. Fibroblast cell culture for FTIR spectromicroscopy measurements

The Cell Culture Laboratory of beamline B22 at Diamond Light
Source was used for cell culture procedures. NIH 3T3 Swiss albino
mouse fibroblast cells (ECACC catalog number 85022108) were
cultured directly on CaF, windows (Crystran, Poole, UK) in Dulbecco's
Modified Eagle Medium (DMEM), with high glucose concentration
and supplemented with 10% fetal bovine serum. The cells were grown
for 16 to 24 h, until the desired degree of confluency was obtained
(about 20%-30%). All the cell culture materials were purchased from
Invitrogen (Invitrogen, Life Technologies, Paisley, UK) [10].

2.2. Fibroblast cell treatment

Just before the FTIR measurement, the cell-coated window was
rinsed with serum-free DMEM. This was followed by three washes

with DMEM prepared in D,0 (99% final concentration). The washing
was performed by removing the slide from the culture dish, draining
the old medium and adding 200 pl of D,0-enriched medium to the
top of the window [10]. The operation was repeated three times. The
cell covered window was then inserted into a custom-built solution
sample holder for FTIR microscopy, as previously described [2,10]. The
sample holder was topped-off with D,0-enriched medium, closed,
kept at room temperature, and used for FTIR spectromicroscopy
measurements. About 2 to 4 min elapsed between the exposure of
cells to D,0-enriched medium and the first measurement.

2.3. FTIR imaging measurements

Experiments were performed at the MIRIAM beamline (B22) of
Diamond Light Source, comprising a Bruker Vertex 80v interferometer
(Bruker Optics, Ettlingen, Germany) and a Bruker Hyperion 3000 micro-
scope. A summary of MIRIAM parameters and mid-IR performances for
diffraction-limited FTIR microanalysis is in reference [11]. An original
triple mirror system was used both to couple the large horizontal SR
fan to the interferometer entrance so to operate a longitudinal compres-
sion of the geometrical source [12], i.e. to exploit the SRIR high-
brightness.

SR FTIR images were acquired with the downstream microscope by
means of the liquid nitrogen-cooled FPA photovoltaic MCT detector 64 x
64 pixels in transmission mode, using a 36 x objective. Homogeneous il-
lumination of the sample area was achieved via the 15 x condenser. The
field of view accessible by the FPA was circa 70 x 70 um?, i.e. covering
the cell body and the long fibroblast “tails” in a single snapshot. The
40 x 40 um? single pixel area at the FPA detector is demagnified by a
factor of 36 x, to an effective area of 1.1 x 1.1 um? at the sample position.
It must be emphasized that pixel size is different from resolution, being
smaller than the spatial resolution, as denoted by the Rayleigh criterion
for diffraction limited resolution. Nonetheless this image oversampling
is a prerequisite to utilize all IR absorption information passed by the
sample into the FTIR spectroscopic image, as detailed in the discussion.

For these measurements, a KBr-supported Ge-multilayer beam-
splitter allowing the full mid-IR range was used. Measurements were
performed in transmission mode. For each measurement 256 scans
were collected at 4 cm™ ! resolution, with a 20 min interval between
measurements. Single channel spectra were obtained by performing a
Fourier transform of the interferogram after apodization with a
Blackman-Harris 3-term function, using a zero-filling factor of 2 and a
power phase correction.

The FTIR maps obtained with OPUS were matched to the visible
image of the cell by correcting for the offset between the visible and
IR field of view, corresponding to a vertical translation of about 5 pm.
Overlayed visible and IR images were then used to represent the spatial
distribution of absorption bands. IR maps were plotted using the 2nd
derivative of absorption spectra, calculated with Savitzky-Golay
9-point smoothing. The scale of individual IR maps was adjusted to
exclude background absorption from the map.

3. Results

3T3 NIH fibroblast cells were grown on CaF, slides in complete
DMEM medium and gently washed with DMEM prepared in 99% D,0
just prior to IR imaging measurements. The CaF, window covered
with D,O DMEM-rinsed cells was then enclosed in a sample holder
for liquid media, and 2D infrared images were collected at 20 minute
intervals at the downstream endstation of MIRIAM beamline B22 of
Diamond. We have previously shown that exposure to such high
concentrations of D,0, although stressful for the cells [13], does not
compromise their viability. The use of Trypan Blue in parallel tests con-
firms that under these conditions the cellular membrane remains intact
throughout the duration of the measurements [10].
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3.1. High spatial and spectral resolution imaging of C— H vibrations

Fig. 1A shows the visible light image of a fibroblast cell collected with
the video camera of the Bruker IR microscope. Fig. 1B shows the absorp-
tion spectrum around the C—H stretching region recorded from one
cellular location and Fig. 1C shows the corresponding second derivative.
The extended spectrum covering the full mid IR region is shown in
Figure S1 of the Supplementary Information. Fig. 1D and E shows IR
images obtained by mapping the distribution in space of specific
absorption bands.

To reduce the relative spectral contribution of optical effects differ-
ent from light absorption, maps have been calculated by plotting the in-
tensity of the second derivative of the spectrum [14]. A complication of
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this approach is the reduced signal-to-noise ratio in derivative spectra
when compared to the original absorption spectra. Nonetheless, in our
measurements the S/N ratio in the absorbance spectra is sufficiently
high that, even after derivation, high quality maps can still be obtained.

An additional advantage of the use of second derivatives is the
possibility to increase spectral resolution by taking advantage of the
sharper central peak in the second derivative. To stress the gain in spec-
tral resolution, Fig. 1B highlights the multiplet observed in the 2800-
3000 cm™ ! spectral region. This is typically assigned to stretching
modes of the CH/CH,/CHs groups. In samples containing long chain
alkyl or acyl groups, this multiplet is dominated by strong absorption
bands from the symmetric and antisymmetric stretching modes of
CH, units around 2855 and 2923 cm™ . Weaker contributions from a
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Fig. 1. Infrared absorption images of fibroblasts. The yellow bar corresponds to 20 um. A — visible light image of a fibroblast cell. The scale on the surrounding frame is in micrometers. The
red frame overlaid to the figure indicates the area probed by the FPA detector. B — absorption spectrum recorded from one cellular location. C — second derivative of the absorption spec-
trum. D — map of the distribution of second derivative intensity for the band at 2923 cm~' E — map of the distribution of second derivative intensity for the band at

2965 cm™ L.
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band at 2965 cm™! are assigned to modes from methyl groups that cap
the alkyl chains. This characteristic multiplet is a common feature in cel-
lular samples due to the abundance of acylglycerolipids and sphingolipids
[15]. Fig. 1C shows that the second derivative traces are of such quality
that these spectral components can be resolved and mapped separately.
The maps in Fig. 1D and E show the different distribution of two of
these spectral components throughout the cell.

The difference in distribution shown in Fig. 1D and E can arise from a
difference in the distribution of molecular components, from a differ-
ence in the organization of the acyl chains in membrane lipids, or
from both. A difference in molecular composition is likely to be the
dominant contribution. While the absorption band at 2923 cm™ ! arises
from acyl chain methylene groups, the band at 2965 cm ™! arises from
methyl groups [15]. The former are mostly associated with acyl lipids
in cellular membranes, which are the most abundant molecules that
contain this group. The latter can be the same methyl groups that cap
the acyl chains of lipids or methyl groups from other molecules present
in the cell. In the IR absorption maps of several cell types, including
fibroblasts, the location of the cell nucleus appears as a gap in the distri-
bution of methylene groups due to the low density of acyl-rich mem-
branes within the nucleus itself [16]. In contrast, the distribution of
methyl groups is more uniform, reflecting the presence of an abundance
and variety of methyl-containing molecules throughout the cell. In
agreement with this interpretation, the distribution of methylene
absorption in Fig. 1 shows a gap towards the middle of the cell, corre-
sponding to the center of the putative nuclear location. Its maximal con-
centration is wrapped around the nuclear location, as expected from the
distribution of the endoplasmic reticulum and the Golgi, which account
for most of the cytoplasmic membranes. Also in agreement with this
interpretation, the distribution of the methyl band appears more
uniform and follows the topography of the cell.

It cannot be ruled out that the different distribution of the 2965 cm ™!
and 2923 cm™ ! bands contains a contribution from conformational
differences in the acyl chains themselves. In preparations of ordered
glycerolipids or lipid mixtures, such as supported phospholipid bilayers,
both the ratio and peak position of the methylene and methyl bands are
affected by molecular order within the membrane. Changes in the order-
ing of lipid chains induced by temperature, pressure, or membrane com-
position are reflected in changes of this ratio [17]. Nonetheless this
contribution, if present, is expected to be minor in these maps, since in
purified lipid preparations the relative change of this ratio due to phase
transitions is of the order of a few percentage points.

3.2. Hydrogen/deuterium exchange kinetics

Exposure of the cells to a medium enriched in D,0 allows us to probe
the kinetics of H/D exchange within the cell itself. Although exposure to
large concentrations of D,0 is highly stressful, several cell types, includ-
ing mammalian fibroblasts, can retain functionality for at least several
hours [10,13].

Under these conditions, the different IR absorption properties of
molecules containing 'H or 2H atoms can be used to obtain information
about the structural and dynamic properties of specific biomolecules
and of the cellular environment. Specifically, the use of different iso-
topes as tracers allows us to probe the flux of matter through the com-
plex network of chemical reactions that comprise cellular biochemistry.

IR absorption measurements of fibroblasts exposed to a medium
enriched in D,0O [10] show that the cells keep releasing measurable
amounts of 'H atoms in the water of the medium. It has been proposed
that the 'H atoms are transferred to the water pool from the metabolic
turnover of 'H-containing molecules [18,19]. A gradient of 'H concen-
tration between the interior and the exterior of the cell has been postu-
lated, corresponding to a partial exclusion of D atoms from the interior
of the cell. Despite the presence of this isotopic gradient, a partial isoto-
pic shift of amide bands was observed, indicating that some deuteration
still occurred in peptide groups. The experiments by Kreuzer et al. used

wide confocal apertures and measured several cells and the intervening
medium at the same time [10]. Therefore they could not confirm
whether the observed deuteration of peptide bonds arises from cellular
proteins, as opposed to proteins released in the extracellular medium.
In the present work we now take advantage of the high spatial resolu-
tion and spectral quality of the measurement to analyze in detail the
process of H/D exchange and verify that it is taking place within the
cell, as opposed to in the extracellular medium.

The same set of measurements described in Fig. 1 was analyzed in
the spectral region corresponding to the peptide bond absorption
bands Amide I and Amide II, between 1700 and 1500 cm™ . To report
the localized evolution of the system, we averaged the spectra corre-
sponding to selected subcellular locations, shown in Fig. 2B. Fig. 2C
shows the time evolution of the averaged spectra. Spectral averaging
allows us to improve the S/N ratio to a level that permits detection of
small changes in the amide absorption bands. The trade-off is a loss in
image oversampling, but it allows significant 2nd derivative analysis
of the cell spectra. Spectra are measured at 20 minute time intervals
over 200 min, and plotted as absorbance differences from the start of
the measurement. Fig. 2D shows the expanded absorption of the
Amide I and Amide II spectral region of the same spectra. Positive
bands correspond to an increase in concentration while negative
bands correspond to a decrease. A differential spectral pattern is clearly
seen in the region of the Amide I peak, corresponding to a red shift of the
position of Amide I. In addition, a decrease in absorbance is also ob-
served around the region where the Amide Il band is expected to fall,
around 1550 cm™ . The dominant spectral change is the large increase
of absorbance observed around 1460 cm™'.

The overall clarity of the band shifts is compromised by the baseline
changes that accompany them. Baseline changes are often unavoidable
in the spectra of functional cells since they can arise from a variety of
morphological (e.g. cell shape or position) changes or chemical changes
that affect its optical properties [2]. To simplify the analysis of the spec-
tra and reduce the contribution of optical effects other than absorption,
we report the second derivatives of the spectra in Fig. 2E. The second
derivative of a Lorentzian/Gaussian band has a peak with opposite
sign. Therefore an increase in the concentration of a species is seen a
negative peak in Fig. 2E, while a decrease in the concentration is seen
as a positive peak. Despite the decreased signal-to-noise ratio, the spec-
tra in Fig. 2E clearly show the differential pattern due to the downshift
of the Amide I peak. Deuteration of polypeptides is known to red shift
the Amide I band by about 10 cm ™, in agreement with Fig. 2E. Here
the decrease of the Amide Il band is also clearly detectable, despite the
relative weakness of this band compared to Amide I. Due to the sharp-
ness of the second derivative band profile, the strong absorption band
increasing at ~1450 cm™ ! is now revealed to be a composite peak, com-
prising at least a doublet at 1430 cm™ ! and 1462 cm™ .

Two main molecular species are expected to contribute to the latter
multiplet. Previous work by Kreuzer et al. on cell clusters has already
shown that a band increases at 1450 cm™ ! following exposure of
eukaryotic cells to large concentrations of D,0. The band has been
assigned to the bending mode of the isotopically mixed water molecule,
Sxop, Which is formed both intra- and extracellularly from the release of
metabolically derived 'H atoms [10]. In addition, H/D exchange of
peptidic hydrogen is known to downshift the Amide Il band of proteins
by about 100 cm ™! to approximately 1450 cm ™! [15]. Indeed, a doublet
at 1460 cm ™! and 1430 cm ™! has been reported for the Amide II of
alpha-helical membrane proteins after H/D exchange [20]. The Amide
I band of a protein after H/D exchange is commonly labeled as Amide
II’, and we will use this notation throughout the text. A calculation of
differences between the later spectra of Fig. 2E and F) shows that a
weak doublet at 1430 cm ™! and 1463 cm ™! develops early during the
measurement (during the first two acquired spectra) and stops
growing soon afterwards. In contrast, a strong component that
peaks at 1450 cm ™~ ! keeps increasing over time throughout the mea-
surement. The latter component dominates the apparent increase of
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Fig. 2. Time resolved spectra recorded at 20 minute intervals from specific portions of the cell showing local H/D exchange patterns. A — extended absorption spectrum in the mid IR region
from one pixel in the cellular region, recorded 200 min after exposure to D,0. The spectrum is dominated by absorption from D-0 and HOD. The noisy range around 2500 cm ™! is caused
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measurement. D — expansion of the 1300 cm™'-2000 cm™ " region. E — second derivative of the spectra from panel C. F — subtractions between consecutive spectra of Fig. 2D, second
derivative of absorbance; detail of the Amide II region. Top: second trace minus first trace. Bottom: eighth trace minus seventh trace.

intensity of the multiplet. We conclude that our IR measurements
reveal both the presence of the Amide II' mode of deuterated proteins
and the accumulation of HOD molecules.

3.3. Isotopic gradients

The sensitivity of vibrational modes to isotopic substitutions offers
the opportunity to study isotopic gradients in space by mapping the
distribution of isotopically shifted bands throughout a sample. We per-
formed this analysis on the cellular spectra used for Figs. 1 and 2. Fig. 3

displays the distribution of the second derivative of absorption at
1463 cm™ ! and 1450 cm ™!, corresponding to a component of the
Amide Il band and to the &y0p band, respectively, in the surrounding
of the fibroblast cell at different times after exposure to the D,0
enriched medium. Maps are shown at the start of the experiment, cor-
responding to t = 0, and afterwards at 100 and 200 min. The IR maps
are plotted with a threshold excluding the lower absorbance range
and plot only the regions with higher absorbance, to allow a clear over-
lay of molecular concentration profiles and the visible image of the cell.
Different scales are used for the different panels of Fig. 3 and they
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and reported beside each of them.

reported beside the individual images. Absorbance at 1463 cm™ ! and at
1450 cm™ ! in both cases is localized in the proximity of the central part
of the cell body. The Amide II’ band is clearly concentrated in the cell
body (Fig. 3D, E, F), as expected from a band arising from cellular poly-
peptides. In contrast, the dyop band is more diffuse (Fig. 3A, B, C),
extending from the cell body towards the exterior of the cell on one
side. The high degree of spectral overlap of the two bands prevents a
complete separation of their spatial contributions. Nonetheless, spectra
recorded away from the cytoplasm clearly indicate the absence of the
Amide contribution in the medium. This observation demonstrates
that the H/D exchange process affecting the Amide bands takes place
in the cytoplasm of the cell and is not associated with proteins released
outside of the cell. The band at 1450 cm™ ' is weak at the start of the
experiment and the color scale of the plot in Fig. 3A has been adjusted
to highlight the very weak gradient. The gradient becomes steeper
over time, but it appears to have reached a steady state by the end of
the first hour (Fig. 3B). After this time the shape of the distribution of
HOD still appears to fluctuate (not shown), presumably because of
convection around the cell. In contrast, the distribution of the band at

1463 cm™ ! remains localized on the cell body throughout the measure-
ment, with only a small increase in total intensity, presumably due to
the increase in the overlapping contribution from the dyop band. The
small spots observed away from the cell body in Fig. 3A to F correspond
to residual contributions from noise and baseline effects that are not
excluded by the offset correction.

The strong band due to the stretching mode of O—H in HOD, vgy, is
expected to give plots similar to the ones of 60p, However, the broad-
ness of this band gives rise to second derivative peaks that are relatively
weak compared to the background noise and therefore cannot be used
to produce a map.

4. Discussion

To date, the vast majority of FTIR spectroscopy experiments have been
performed on samples of purified biomolecules, at times reconstituted
into structured assemblies such as membrane proteins in phospholipid
bilayers, to simulate the complexity of their native environment [15,17,
21,22]. Following successful application to simple biochemical systems,
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interest has shifted towards spectroscopic measurements of more com-
plex systems, i.e. cells and tissue [23,24]. In the early phases, activity
was mostly driven by an interest in developing histopathology tech-
niques based on vibrational spectroscopy [25,26]. As a result, most FTIR
experiments on cells and tissue to date have been performed on pre-
served samples. However, in the pursuit of experimental techniques
that allow detailed studies of biochemistry in vivo, the latest technical
and methodological developments have addressed measurements in
functional tissue and cells [2,27,28]. This later effort has resulted in several
IR spectromicroscopy experiments showing the viability of dynamic mea-
surements on single living cells and cell clusters [29].

The present work adds an important contribution to this body of
work by showing the viability of spectromicroscopic IR measurements
of processes within a single cell which extend both in time and in
space. To maximize performance in terms of time and space resolution,
the measurements take advantage of a bright synchrotron source
coupled to a two-dimensional FPA detector for full-field IR microscopy.

The technical benefit of SR illumination versus globar illumination
for full field IR imaging is still a consequence of the source brightness,
as recently explained [30]. Specifically for the MIRIAM beamline optics,
an ideal geometry using the 15x condenser for sample illumination and
36 x objective for imaging (over a field of view area ~70 x 70 um? cor-
responding to the 64 x 64 pixels FPA active chip) will result in at most
a 20 times gain in flux per pixel under the IR microscope. The present ex-
perimental findings show an overall IR signal gain ranging from a factor 4
to 6 times per FPA pixel with IR sample illumination by a SR source versus
a conventional one, which is consistent with the expectations.

It is worth noting that the detector 40 um single pixel size is effec-
tively 1.1 pm at the sample plane, while the best spatial resolution
allowed by optical diffraction at the C—H band is 3 um (equal to the
wavelength, since the objective NA = 0.5). These conditions provide
the image oversampling which, by Nyquist principle, must be a factor
2 times the scale of the minimum observable feature. In principle, fur-
ther oversampling could be used to recover the ultimate diffraction lim-
ited spatial resolution \/2 by deconvolving the instrument point spread
function [30]. The practical approach we followed here is to exploit the
synchrotron IR brightness to achieve high spectral quality at the single
pixel level. Fig. 1B and C clearly shows that the signal-to-noise ratio
achieved in this proof of principle experiment on a living cell is good
enough to allow 2nd derivative analysis without noise enhancement,
while Fig. 1D and E reveals that the IR map of the 2nd derivative signal
is highly informative of the molecular structure at subcellular level. As cal-
culated [6], there is an ideal pixel size that allows faithfully recording the
entire absorption IR map without any loss of information, within the op-
tical resolution limit of any imaging system. In the mid-IR wavenumber
range a4000 cm ™~ ! the equivalent pixel size at the sample for an objective
with NA = 0.5 has to be ideally 1.25 pm. This value is consistent with the
pixel size in our experiments, and more generally the theoretical calcula-
tion provides the background model supporting the use of the current set
up for full field IR microscopy via SR at MIRIAM beamline.

An additional complication that can be addressed is the presence
of an aqueous sample environment. This is challenging for IR spectros-
copy, because of the strong absorption from water that causes a signifi-
cant throughput reduction. Synchrotron illumination gives a clear
advantage in terms of increased photon flux density relative to the
globar, which allows enough signal at single pixel level for proper absorp-
tion calculation.

We show that classical FTIR experiments, extensively performed on
purified molecules and simple mixtures, are viable in single cells with
resolution down to the subcellular level. We now discuss some of the
main possibilities.

4.1. Spatial and spectral resolution of bands from C— H stretching vibrations

Accurate measurements of the relative intensity and position of
bands from C-H stretching modes have been used extensively to

probe the structure of biological membranes and their lipid constitu-
ents. In particular, the position of the symmetric and antisymmetric
CH, stretching bands (vs, c2 and vas, cha, respectively) is a sensitive in-
dicator of phase transitions in lipid membranes [17]. The ratio between
the bands of CH, and CHj stretching modes is also sensitive to the con-
formation of long acyl chains. In anisotropic systems, the orientation of
the membrane and the functional groups of its constituents can also be
assessed quantitatively by using these bands. Much past research on the
phase diagram of membranes and their models has been based on the
use of these peaks. Being able to perform such measurements in a living
cell is a valuable tool for the study of biochemistry in vivo. To date only
one detailed FTIR study of membrane properties in an intact cell has
been reported [31]. This work was based on spectromicroscopy mea-
surements on the outer segment of a retinal rod cell (ROS) and took
advantage of the sharp separation of this cellular compartment from
the cell body to probe selectively ROS membranes. Unfortunately the
structure of a ROS is fairly unique and dictated by its highly specialized
function as a photoreceptor. Most membrane structures in cells have a
complex spatial distribution and their absorption bands overlap with
the bands of other molecular components containing C—H bonds.
Resolving, at least partially, this complexity requires high spectral
resolution in measurements performed with high spatial resolution.
Our results show the possibility of achieving both while measuring a
functional cell. The quality of the spectral measurements is such as to
allow spatial discrimination of CH, and CH; components with spatial
resolution close to the diffraction limit. This is the first time that this
level of resolution is reported for living cells. The latter feature is critical
for the accurate characterization of cellular membranes, the structure of
which is disrupted when the cells are dried.

4.2. Measurement of H/D exchange in cellular polypeptides

H/D exchange has been used extensively in studies of biomolecules
as a tool to extract both structural and dynamic information [21]. The
rate of replacement of exchangeable H atoms with D atoms in proteins
is a tool to assess the solvent accessibility of residues and main chain
peptide bonds in proteins [32]. In some cases, the functional role of spe-
cific H atoms could also be probed by measuring their rate of exchange.
In more complex systems, the interaction between intrinsic proteins
and their host membranes could be evaluated [15]. These experiments
provided valuable structural information on proteins at a time when
the number of x-ray diffraction and NMR structures available was limit-
ed. With the current increase in the throughput of macromolecular
structures, including the most challenging membrane proteins, mea-
surements of H/D exchange have lost much of their value in the study
of pure biomolecules. However, our present results show that this
type of experiment is also feasible for polypeptides in living cells. Inside
a cell, biological macromolecules are in their native environment,
constrained in their mobility, in the presence of all their interacting mo-
lecular partners, and exposed to an aqueous environment which is very
different from that of a classical solution. Under these conditions, the
structural properties that affect H/D exchange processes may be very
different from those recorded in solutions of the pure molecule. Novel
insight into macromolecular structure and function could become avail-
able that is specific to the cellular environment. The complexity of a cell
is of course much greater than that of a single protein in solution and
interpreting H/D exchange data in vivo will be a major challenge. None-
theless, the dearth of molecular information on cellular structures
in vivo makes this type of study a plausible tool. The use of a sequential
imaging format for the measurement delivers structural and dynamic
information with a single experiment. Furthermore, the use of an imag-
ing approach allows us the added benefit of coupling H/D exchange
measurements in specific cellular locations to the measurement of iso-
topic flux between cellular compartments and between cells, as detailed
in the next paragraph.
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4.3. Spatial visualization of isotopic gradients

Using isotope ratio mass spectrometry (IRMS) and FTIR spectro-
microscopy, Kreuzer et al. demonstrated that metabolic fluxes of O
and H can be detected in laboratory cultures of prokaryotic and eukary-
otic cells and in animal tissue [10,18,19]. In particular, eukaryotic cells
exposed to medium with a high concentration of D,0 kept releasing
H atoms into the cytoplasm and extracellular medium [10]. It is postu-
lated that the 'H atoms originate from the atoms of nutrients in the me-
dium, which are introduced into the water pool by a variety of metabolic
processes. IRMS work led to the proposal that this flow is associated
with the formation of an isotopic gradient between the extracellular
and intracellular spaces. Fig. 3 provides the first visual representation
of such a gradient, opening the way for its quantitative characterization
and manipulation, as well as the study of its physiological implications. It
is important to note that the gradient can be appreciated only in the
proximity of the cell. Large concentrations of HOD molecules are present
throughout the medium, but their concentration is practically constant
some 20 um away from the cell. The diffusion of "H™ atoms through
D,0 is characterized by a coefficient of 500 um?/s. Rapid diffusion ac-
counts for the rapid plateauing of the HOD concentration away from
the cell membrane. The constant contribution from HOD absorption
away from the cell is not shown in Fig. 3. For clarity the limits of the in-
tensity scale have been selected to remove it from the plot and highlight
only the region where the gradient is visible.

It is interesting to note that the gradient is not symmetrically distrib-
uted around the cell. Instead, it develops slowly on one side but is steep-
er on the opposite side. This asymmetry is maintained throughout the
measurement, as the gradient develops from Fig. 3A to C. This observa-
tion is reproducible. One possible explanation of its origin is that a larger
accumulation of 'H atoms is present on one side of the cell because of
the specific cellular localization of transporter and pore proteins respon-
sible for water and H* exchange. The steepness of the gradient is
expected to depend on the rate of H atom transfer across the cellular
membrane relative to the rate of H atom diffusion through the medium.
However, sufficient evidence to support a specific interpretation is lacking
at the present time. Additional systematic experiments are under way to
clarify the occurrence and the origin of this feature.

Measurement of the gradient is a step forward towards the quantita-
tive assessment of cellular H/D exchange rates, as discussed in the pre-
vious section, since the local value of the concentration of D,O or HOD in
the cell affects the rate of H/D exchange for macromolecules in that
location. It also creates an opportunity to study a variety of other cellular
processes by using substrates with appropriate isotopic labels. Possible
examples include the kinetics of membrane translocation of hydrogen
and oxygen, the rate of metabolic substrate turnover, and the flow of
metabolites through different pathways.

5. Conclusions

Here we demonstrate that the use of synchrotron infrared imaging
with an FPA detector allows visualization and quantification of specific
cellular properties with both spatial and temporal resolution. The method
opens the way to performing classical experiments of biochemical spec-
troscopy on living cells. We consider three specific types of experiments.
The first two have been extensively applied to the study of purified bio-
logical molecules and have become workhorses of biochemical spectros-
copy. In the first case we show that structurally-relevant properties of
lipid membranes can be described in vivo, together with their distribu-
tion. In the second case we demonstrate the viability of H/D exchange
measurements in specific cellular locations. In the third type of experi-
ment, we show the quantitative assessment of isotopic H and O concen-
tration gradients in the proximity of an actively metabolizing cell. The
measurements can be performed with spatial resolution at the subcellular
level. Dynamic processes can be studied with a time resolution on the
order of a minute. In parallel, spectroscopic information can be easily

obtained with a spectral resolution of 4 cm™!, sufficient for most vibra-

tional spectroscopy experiments on biological systems.

Additional experiments can also be designed based on this general
procedure, taking advantage of the multiplexing capabilities of FTIR
spectroscopy, which allow simultaneous detection of the whole mid IR
spectral range. Detection and imaging in real time of metabolite distri-
butions [5], major protein conformational changes [33], lipid oxidation
[34], phosphorylation [35], and cellular hydration and acidity [36] are
all applications that can all be envisioned based on the performance
demonstrated in this work, opening the way to a detailed description
of cellular biochemistry and biophysics in real time.
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