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Abstract: Infrared(IR) spectromicroscopyr chemical imagingis an evolving technique
that is poised to make significant contributions in tledd§ of biology and medicine.

Recent developments in sources, detectors, measurement techniques and speciman holders

have now made diffractielimited Fourier transform infrared=TIR) imaging of cellular
chemistry in living cells a realityThe availability of bright, broadband IR sources
and large area, pixelated detectors facilitate live cell imagmigch requires rapid
measurements using nodestuctive probesin this work, we review advances in the field

of FTIR spectromicroscopy that have contributed to-tre#l two and threelimensional IR
imaging, and discuss several key examples that highlight the utility of this technique for
studying the suctureand chemistry of living cells.
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1. Introduction

Infrared (IR) spectroscopg an incisive, nofestructive and nemvasivetool for examining live
cells, and allows one to identify the chemical species present within the sample under investigation.
|l R |l ight detects distinct c h e mi s tgrinherebtacenadt, o n
without disturbing the sample even under adverse conditmm¥erring access to vitaljn vivo
information.IR spectroscopy is a mature field, yet, more recent schemes coupling it with microscopy,
implemented as raster scanning andlefteld microspectroscopy and speetnicrotomography
measurement schemes provide chemically and spatially resolved 2Dtiprgear 3D images of
samplesThese methods are poised to make significant contributions to the newer directions embraced
by scientists in live cell imagingMany of these statef-the-art experiments have been facilitated by
IR radiation extracted from storage rings or synchrotfdy® (radiation is emitted when swift charged
particles are accelerated by a magnetic fidkdy example, IR absorption measurements performed
on live single cells can be used to probe the distribution of chemistry within the system in
2D projection[3i 6] and 3D imageg$7], and monitor the changes in chemical concentration under
different stagesn their metabolic cyclg8] throughout development, after injury or disease, or
in response to varying environmental stinj@li. This may reveal novel information about cell surface
topography or complexes or individual molecules important in celkitaraling or transduction of
external stimuli.

The use ofFourier transform infrared=TIR) spectromicroscopy for the study of living cells was
recently reviewed by QuarofiO] and with an emphasis on the use of the synchrotron source by
Holman [11]. Both of these works provide valuable information on practical matters such as
measurement optics and approaches to agueous measurdinergsesenteview emphasizes several
new developments within the past few years, including different approaches to undacsfl
focal plane array (FPAbased broadspectralbandwidthimaging 3D tomographic imaging. Issues
regarding measurement schemsmnple preparatiordata analysis, and spatial resolution limits are
discussedA number of recent examples that hightigispects of the fielJdhe type of information
obtained, and the potential of the technique presented.

Electromagnetic radiation, including IR light, drives the motion of electric charges in matter. If the
natural time scale of any oscillations of thkarges in a molecule is close to the period of the
electromagnetic radiation shining on the system, a condition known as resonance occurs. Like an adul
timing his pushes on a childds swing to coinc
the same frequency as the systemds natural fre
Near resonance, therefore, IR light is efficiently absorbed by the system, allowing the identification of
the frequencies of lovgnergy (1500 meV) ekitations found in the sample. These excitations may
involve nuclear motion, such as vibragimolecules, ions, or radicals.

As a practical matter, IR spectroscopy has found its widest application in identifying the chemical
compounds present in an unknosample by the virtue of frequencies of IR light the sample absorbs.
Since the resonance condition occurs over a narrow range of frequencies, which differs for different
compoundsi(e., lipid versuscarbohydrate functional groups), the exact frequencthefabsorbed
light provides a characteristic signature of the molecules, ions, or radicals present in the sample.
Extensive gagphaseand solution phasest udi es have identified thes
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chemical compounds, which can be used ierjreting surface and interface ddtar example, the
vibrational stretching motion of a tripleonded CO unit (such as found in CO gas) absorbs IR light at
5.70 x 10" Hz. Similarly, CO weakly bound to a single atom on a solid surface absorbs IRtlight a
5.53x 10" Hz. The analytical capabilities of IR spectroscopy are invaluable for identifying chemical
composition within complex, often heterogeneous biological systems.

Einstein won a Nobel Prize in Physics (1921) for showing that the energy carried by
electromagnetic radiation is directly related to the frequency of its oscillgi@ Thus,
IR spectroscopy allows the determination of the energy of the excitations it probes, and thereby sheds
light on the microscopic origin of the excitatidfor example, identifying what functional groups exist
within cellsd based on their known vibrational excitatiénsan provide insight into how fixation and
arsenic induce changes in biomolecules, or to assess native cellular heterogeneity at the chemical leve
asdetailed belowThe basics of IR absorption spectroscopy are described briefly stoMadditional
details can be found {i3]. Recent advances in instrumentation, including the design of spectrometers
and detectors and the development of new sounoc@gver, provide the means to enhance significantly
the capabilities of this mature field, and are described bélsva result of these developments, more
complex systemsuch as single cellsan be evaluated at high resolutibtere we highlight theecent
application of the use diroadband, brightR synchrotron radiation (SRIR) raster scanning (RS) and
widefield (WF) spectromicroscopy and spectro microtomography in living cells in order to
showecase/illustrate multiple, diverse opportunities usigmaging in live, native cells to understand
cellular propeties that may mediate function.

1.1. IR Absorption Spectroscopy

For IR spectroscopy, the process of interest is absorpiophotons are absorbed by vibrations
that inducedynamic dipoles oscilations in the density of electrons or electron charge due to
atomic motion (the electrons follow the motion of the nucléije natural oscillating frequenciesf
moleculesare related to the masses of the displaced aamehshe strength of their respiwe chemical
bonds A molecule consisting of N atoms has a number-§3fdr linear molecule or 3 for all
others) of distinct vibrational modes that are also referred tooamal modeswhich eachhave a
distinct absorption frequencyl h u s , ar ifinftionger pseri es of absor
vibrations associated with the functional groups for a specific macromolecule are identified, and an
absorption spectrum is a plot that shows how well different frequencies of light couple to excitations
for the macromolecule.

An absorption spectrum is commonly plotted as (seer€ig): AbsorbanceA vs.f r equency
which is related to the transmittance By= 1 | odrdlt is conventional to convert the units for
frequency 'Jtofvavenambédisz(cn sby di vi di ng 3 c].lAysorhahce s p
curves exhibit peaks at energies where the sample has absorbed energy from the incident bean
Functional groups within molecules absorb IR light when they are in resonance with the incident
radiation andead to peaks in the absorption spectriiive frequencies are dependent on the masses of
the atomic constituents and the bonding strength and can therefore be used to identify the functiona
groups.The absorption strength can also be correlated witledheentration of the functional groups
and ideally increases linearly for a wide range of concentrations. Obtaining concentrations from
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2D projectionmeasurementelies upon having a controlled sample thickness or a precise knowledge
of the sample thiclkess at the point being measured since absorption depends on both concentration
and path lengthzurthermore, for such parameters to be extracted, the sample must be of uniform thickness
over the dimension sampled by a given measurement (e.gunl@r a 10 x 10 um? aperture ige).
Obtaining relative concentrations for a given sample or samalieg is reliable if the dynamic dipole
strengthsof a particular mode is knowrConcentration measurements for irregular samples are
becoming more feasible with éhdevelopment ospectromicrotomography experiments due to the

controlled thickness of evaluation with the voxel cube

Figure 1. Different schemes of chambers for sustaining living cellg. Pemountable
liquid flow cell using submicromet thick diamond windows[3]; (B) Fully-sealed
microfluidic chamber employing 1 and 2 mm thick @akndows as the top and bottom
windows, separated by an 8.5 pm photoresist layer (Reprinted with permissioj@om
Copyright 2012 American Chemical Societ§) Demountable liquid flow cell employing

22756

2 mm thick Cakwindows as the substrate and lid for the cell (Reprinted with permission

from [14]. Copyright 2010 Elseviergpnd (D) Open channehicrofluidic design employed

by Holmanet al, consisting of 1015 um deep rncrochannels embedded onto a Si chip

with controlled inlet and outlet pressureRgeprinted with permission frof®]. Copyright

2009 American Chemical Socigty
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1.2. IR Spectrometers, Sources, and Detectors

Over the yearghere has been continual improvement in spectrometers, window materials, and data
processingA comprehensive review of these items can be found in Siesler and Ralzérhe most
notable development for spectrometers is the development of commemiailable, reliable,
Fourier transform IR (FTIR) instruments. They are based on measuring interference patterns betweer
two beams from the same source, and employing fast mathematical algorithms to extractHgll mid
spectral information (and thereforeobd chemical information) from one rapid measurement.

Recently, there have been major developments in new sources of IR radiation. Traditiondlas&lab
sources are hot filaments (Carbbungsten globars) providing IR radiation similar to the lamps tha
keep food hot in serving line$his light spans a wide range of frequendi80 to 4000 ciit, where
cm ! is a frequency unit (wavenumber) and refers to the number of waves in one cehtiareter
therefore can provide information about a wide rangeheimistry in sampleddowever, the globar
source characteristics make it challenging to use it for more demanding experiments. Newer IR source:
include radiation emitted from a storage ring (SRIR) and la3érsse sources are higightness
sources, whie means they emit radiation that originates from a gikatsource, and the light is
therefore confined to a wellefined, small beam (e.g., like laser beari$)s property is required to
measure spatially resolved data with spatial resolution compatablhe wavelength of the light
(<1to106s € m) . Laser sources are typically monoc
narrow range of frequencies (narrdand, such as Quantum Cascade Lg4€x47], that can be tuned
over narrow bandwidthswhile the present paper will focus on results frdm storage ring sources
thatare inherently broadband, providing access to a wide range ofcahiaignatures simultaneously.

Parallel to the source development timeline, IR detectors haeeuadergone transformations.
Traditional detectors for IR spectroscopy employed single element detectors based on Mercury
Cadmium Telluride (MCT) IR sensors, and provide one absorption spectrum for a sample at a given
time. Recent advances include thevelpment of large IR detector arrgyocal Plane Arrays (FPA)
for parall el dmpxeleofdats, simultanéously0 006 s of

1.3. §nchrotronRadiation FTIR (SRFTIR) Raster Scanning and Widefield Spectromicroscopy

FTIR spectromicroscopycombines the chemical specificity of i@ spectroscopy with
diffraction-limited spatial resolution, and is becoming an increasingly utilized modality for
norrinvasive labelfree molecular imagingAn IR absorption spectrum is collected at every pixel
within the field of view (FOV), yielding thredimensionalfihyperspectral cubésor maps of the
positionresolved absorbance at each 4iidwavelength. Two dimensions of the cube represent
position on the sample and the third dimension represents theaspbmtnain and consis of an
absorption spectrumlR chemical images are generated based on the absorption at a particular
wavelength/frequency for each pixel in the dataset, allowing for visualization of IR absorption, or
equivalently, macromolecular futi@nal groups, over the FOV.

IR spectromicroscopy has recently evolvgB] by several technological advances; first,
coupling IR microscopes with SRIR9] rather than the traditional thermal IR source yields higher
signatto-noise ratio (SNR) than thaof the thermal sourcewhen using smaller apertures
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(in confocal experiments) and therefore higher spatial resolufia tradeoff of this approach is that
diffraction-limited imaging at the shortest wavelengths requires a small aperture that redsgsahe
for the entire bandwidth, pushing the signal for the longest wavékehglow the detection limilf a
larger aperture is used, spatial resolution for the shorter wavelengths is deGrathest, the confocal
setup has the drawback that imageuasition time ranges from several hours to days, precluding
time-resolved measurements such as biochemical kinetics of living Tessecond advance was to
replace the singlelement detector with a FPA detector (illuminated by a globar) to accetiztate
acquisition[20]. Efforts to illuminate FPA detectors with SRIR beams was pioneered bydilab$§21]

and Carret al. [22,23] They succeeded in illuminating a small portion of the FPA to obtain
higher SNR in the illuminated area; however, thesall illumination areas meant that only a small
subset of the FPA corresponding to a relatively small sample area could be used.

Infrared Environmental Imaging (IRENI), located at the Synchrotron Radiation Center in Madison,
WI, USA [24] is the first IR WF-spectromicroscopy system that has been specifically designed and
optimized to overcome the SN&tquisition timespatial resolution tradeoff by coupling multiple
synchrotron beams with a lar§®©V FPA detectorThis capability enabled spectrochemical imag
for challenging problems such biological and medical applications that require many samplings to
collect statistically relevant data and/or high throughput, and analysis of heterogeneous materials at the
micrometer scaleln particular, IR imaging ofdlls in vivois a rapid, nondestructive tool to identify
the chemical composition of biological samples for a wide range of physiological and biochemical
applications, now realizable with IREN2,4,25 38]. Because water is a strong IR absor[89],
benchop chemical imaging with blackbody thermal souriseBmited in attainable spatial resolution
and/or SNR when imaginlijve cells that are immersed in water or require agueous environments.
In this way, use of theright synchrotron sourgarovides distict advantages, asavercomeghe SNR
problem for thin layers of watef3,9,40] and recent developments in flow cel§5,14,41,42Jmake
these experiments feasiblith the IRENI capabilities reaching biologically relevant spatial and
temporal scalesiew information on short length and time scales can be obtained in a simultaneous
and rapid fashion in living cells or tissuehese developments represent a critical step forward for the
field, as now diffractiodimited chemical images can be collectedliving cellsin vivoin a matter of
minutes,a critical aspecfor the field of living cells which can evolve @move over short timecales.

2. Experimental and Analytical Methods
2.1. 2D Projection Raster Scanning and Widefield Spectromicroscopy
2.1.1. Transmission

Most samples are mounted on an IR transparent substrate or maintained in a microfluidiac chambe
with IR transparent windowdg:or these situations, measurements are collected by first collecting a
background signal that we call whichmeasures the initial intensity and distribution of the IR source
in alsence of the absorbing samplesample measurement is collected when the sample is uictedd
The two measurements are divided, revealing the amount of light transmitted at ea@ngthyelr
alternatively the amount of lighabsorbed at each wavelengirhe latter result is described in the
section abut IR absorption spectroscopy.
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2.1.2. Transflection

In some cases, samples are nted on reflective substratda.this case, a backgund meaurement
is taken from the bare reflective surface, and the sample measurement is taken from the sample
mounted on the same substrate. Care must be taken when interpreting data from these assemblies,
the electric field is not uniform in intemgias a function of distance perpendicular to the surface, and
this directly impacts the intensity profiles that are deted#j44] In these measurements, the
detection of chemical compounds is reliakd@d of the electric fieldintensity can be accurately
predicted.However, for samples with a heterogeneous mixture of chemicals with a thickness of
greater tha®.5um the relative concentrations of the molecules cannot be accurately determined, since
the variation in the electrifield and the chemical heterogeneity both contribute to teagth of the
absorption bands.

2.2. 3D IR Spectral Microtomography

Life science is particularly important to study in three dimensions since essential cellular functions
within living tissuessuch as architecture, mechanical, thermal and biochemical triggers aodlicell
communications are missed by cell culture monolayer m@dig]simaging methods are required with
guantitative biochemical imaging within 3D tissues and 3D cell culturescti®pnicro-tomography
technique combines FTIR WF spectromicroscopy with computed tomography approaches to
greatly enhance the capabilities of both FTIR
micro-tomography where colors can be assigbgdpecific spectral identification or spectral changes.
Computed tomography is a wastablished approaqh6] used to reconstruct cressectional slices
through an object from the transmitted projection images taken as a function of angle aroural a singl
axis of rotation.These slices can be stacked to produce a 3D image of the object, which can then be
visualized by a number of methods, including volume rendering or digitally slicing through the sample
along any arbitrary planeEach voxel contains a akh of information for advanced spectral
segregation techniques such as clustering, neural networks, and principle components analysis.

2.3. Microfluidics

Two-dimensional (projectionFTIR spectromicroscopy of living cells represents a challenging
endeavo due to the need for many cells to be suspended in aqueous Méder. is strongly
absorbing in the midR region, and optical path lengths of water greater thapr@3esult in total
absorption over a considerable portion of the-tRidegion.Several goups have developed devices to
circumvent this measurement difficulty while preserving the integrity of living CEtiese approaches
include demountable flow chambej3,14] and open[5] and closed6,14] micro fluidic devices.
Schematic diagrams othambers used by several different groups to sustain living cells while
performing IR measurements are depicted inufégl. In demountable liquid flow chambers,
two biocompatiblelR transparent windows form the basis of the chamber and are separated from
one another by a thin spacer, often teflon, which serves a dual purpose of providing a fixed distance
between the top and bottom window as well as sealing the chalasseet al.[3] designed a custom
demountable flow chamber (kige 1A) employing submicrometer diamond filmsr 0.5 mm thick
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diamond windowsupported by Si wafers as the top and bottom windows of thel'belladvantage of
the use of thin windows is twofold: firsJiamond effectively reduces the effect of chromatic
aberrationssince itsindex of refraction is unchanging from the visible to the-tRdange andthe
thicknesses are chosen to minimibe multiple internal reflectian from within the windowshat
produces spectral interference fringébe design by of the dynamic flow tdly Tobin et al. [14]
(Figure 1C) has a similar demountable design to that by Nasse but uses 2 mm thickiGadws
rather than sulnicrometer diamondCaF, is ideal down to approximately 1100 Cmwhere the
refractive index starts to change due to the phonon absorption band in the material.
Other groups have used microfluidic fabrication methods to construct flow chambers with precisely
controlled spaces between the chamber. Vaataai. [6] used a 2 mm CaFwindow as the bottom
layer of the chamber and used ultraviolet photolithography to template a thipn(.photoresist
layer onto the surface (Figufid). This design allowed for multiple chambers to be connected by a
porous septum, one améer containing fresh media and one the target sample. A 1 mm thigk CaF
window was employed as the lid of the chamber, and was thermomechanically sealed with a hot press
to produce a fully sealed micro fluidic chamber. Tobiral. [14] also designed a ember for static
imaging of cells based on a microfluidic design, but this chamber had the drawback of having a
maximum operation time of approximately 1 h due to leakage of the medium outside of the chamber.
Holman et al. [5] used microfluidic manufactimg methods to fabricate an opehannel flow
chamber for livecell imaging in transflection mode. This design, depicted in Fighreeinploys a
Si wafer for the substrate etched with square or rectangular micropatterns 1& i depth.
A constant laminar flow was maintained by constant hydrostatic pressure at the inlet and
capillary pulls at the outlet. A thin gold film was deposited onto the micropatterns to allow significant
reflectivity for transflection IR measurements. While thisasurement geometry has the advantage of
eliminating any appreciable multipteflection interference effects from the windows or between the
windows, effects from standing waves fixed at the gold surface can nonuniformly effect band
intensities at diffenat wavelengths, adding significant complication to measurement interpretation.

2.4. Scattering Effects

Cells or subcellular structures that are similar in size to the wavelength of probing light
(21 10 um) will inherently scatter the incident light, as pmsed to just absorbing, reflecting or
transmitting the lightThis phenomenon is called Mie Scattering and is similar to the diffuse scatter of
light from a rough surface or wavy lake on a windy day, when you cannot see a strong reflection of the
sun incdent upon itFor the measurements discussed in this paper, these scattering effects can impact
the spectra, affecting the line shapes and peak positions of absorption[4éardy, and therefore
care must be taken when interpreting results. Sometimeeffiect is small, when cells are immersed
in a medium that reduces the strength of the scattaithgn the scattering impacts the data, there are
excellent mathematical predictions and algorithms available to remove these effects from measured
data. One particular algorithm that is available to extract absorption information from a measured
spectrum is entitledRMieS [47i 54] for Resonant Mie Scatter correctioBenerally, the algorithm
starts with a scatter free reference spectrdg) (Matrigel, that $ a commercial extra cellular matrix
that contains all components expected for tissues/cells), and uses this to extract a scatter free spectru
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from the raw spectrumZ(,,). It is assumed thal,, is the superposition af and a number of
scattering cwes that are determined from the broadband signal in each spectrum from the
hyperspectral cub&he resonant correction seeks to remove the impact of the real and imaginary part
of the index of refraction of the scatterefee mathematical background®Mie scattering correction

is described in detail elsewhel@t her al gorithms are based on Ma
the propagation of light through the microscope and sanpley are excellent at predicting the
outcomes for a known sampi@rphology and constituenis0,51], but the inverse problem, to extract

the morphological and chemical information from the sample measurement is at present not available
with this exact formulation.

2.5. Large Data Sets

Hyperspectral cubes of data froR, RS and WF spectromicroscopy data sets provide thousands to
hundreds of thousands of spectra, and can be analyzed with statistical approaches, in addition tc
traditional image analysi3raditional image analysis of IR hyperspectral data includes gergegaey
or falsecolor scale images based on integration or peak intensity for a given absorption peak, or ratios
between two integration or peak intensiti€se former results are representative of both the thickness
of samples and concentrations of faactional groups that exist in the sample, while ratios remove
effects due to thicknesStatistical analysis is a critical tool, since the variations in spectra can be very
subtle(lt is critical to consider the sample preparation carefully, so astteenmve chemistry from
the system and therefore reduce the statistical difference between diverse regions of thé-eystem.
living cells, this should be less of a challenge than for tissues that are frequently fixed with chemical
treatments that removédemical components from the biological mater{@ls However, if cells are
cultured, then potential effects of injury or culture media need to be congidered

Statistical approaches include principal component analysis and clustering mé&tmdally, the
spectral data is pyprocessed to apply statistical analysis, including calculating spectral derivatives
(first and second order), spectral smoothing, and normalizE®8]. Once these steps have been
taken, even subtle differences in spectra canmdestified through standard statistidSor principal
component analysis, the first component (PC1) is representative of the average intensity at eack
spectral data point across the spectral raige. second component (PC2) is representative of the
variaion from the first componenthus, the whole spectral range is evaluated at once and provides
the clues to the differences in the macromolecular constituents that correspond to a giverFsample.
example, for two sets of data from a cell exposed temifft stresses that have been reduced to
principal components, the largest variations across the spectral range in PC1 and PC2 can help identif
which absorption bands, and therefore what chemical changes are contributing to the different responst
of the ystem. Alternatively, established clustering approaches that seek to find similarity among data, in
this case seek similarity among the spectra in a data set across the full spectrah thigyease, the
similar spectra can be averaged together pnogidieasures of the average spectral responses from the
classes of spectra that can then be compamdarge variations in data, the spectra for different classes
will be very distinct.Further analysis may be necessary to highlight the differencesmédirsariations.

The clustering approaches are also helpful with the image analysis, since the pixels associated with th
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clustered spectra can easily be identifieh us, o ne ¢ a nb aascehdi eiAraamifieatbou s t e
of these different approachissused in the examples provided below

2.6. DiffractionLimited Spatial Resolution

When the effective sampling area (pixel or aperture size) is sufficiently small, the spatial resolution
is limited only by the wavelength of the probe ligh,, it is diffraction-limited. Stelzer[59] showed
that the spatial oversampling required to achieve diffradiioited spatial resolution was such that 8
sampling points must be acquired over the dimension of the-gmieadfunction (PSF) that describes
the respose of the imaging system by a point light soukden this criterion is met and the spatial
resolution is diffractiodimited, the resolution that can be obtained is ultimately determined by the
numerical aperture (NA) of the objective used, since thisraenes the characteristics of the PBke
relationships between spatial oversampling, NA and spatial resolution reegatly explored by
Mattsonet al.[30,60] within the context of imaging biological cells and tissuHsis work indicated
that both NAand spatial oversampling are critical in obtaining optimal spatial resolution, which for the
WF imaging setup can match that of the confocal setigmiapproximatelyl min acquisition time.
Furthermore, it was recently predictgb,61] and demonstratef80,36,60]that deconvolution of the
instrumental PSF from measured data can further enhance the spatial resolution beyond the diffractior
limit. The interested reader is referred to these works for more detaview of the highest reported
spatial reslutions reported throughout the i for the WF ad RS geometries is given J&0]. The
relationships between spatial resolution and acquisition times are further discug$ed in

3. Examples
3.1. 2D Projection RS and WHTIR Spectromicroscopy
3.1.1.Transmission

3.1.1.1 BiochemicalAlterations Inducedby Different Fixation Protocolsn U937Leukemic
Monocyteg(RS Spectranicroscopy)

2D projection IR spectromicroscopy living cells in transmission mode is an emerging technique
that has shown considerable promise to investigate chemistry and structure of living cedgor
advantage of this technique is that it circumvents the need for methods such as labeling with
fluorescent tags and fixationn pioneering work, Vaccaret al. [6] addressed one of the most
fundamental questions surrounding the motivation behind live cell imaging, namely, the difference in
chemistry between fixed and living cells. this work, sgctra of living monocytes (U937 cell line)
were compared to monocytes prepared for IR spectromicroscopy using different fixation protocols,
including formalin fixation, ethanol fixation and arying. Spectra of living U937 cells were acquired
using the dlly-sealed microfluidic device described previoufy. Spectra of the fixed cells were
collected from densely packed cellular monolayers plated onto bare 2 mm thickiGdéws.

To qualitatively address differences in chemistry of the four differently treated cell types, band
integrals arising from different functional groups were calculatedh@rdrchicalclustering based on
secondderivative spectra was performdgdgure 2 shavs dendrograms and centroids of the clustering
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performed in the regions from8@0 to 3050 cm® (A,D), 1470to 1760 cm' (B,E), and 1010to
1280 cm?! (C,F) for living (L-U937), ethanol fixed (£)937), formalinfixed (FU937) and aidried
(AD-U937) cells.Consider first the CH stretching region (2803050 cm?). In this spectral region,
the centroids for the4J937, FU937 and ADU937 appear in many respects similar, while those of
the EU937 cells demonstrated frequency shifts consistent with increadedarcenembrane
permeability and disordefn addition, the lipid and phospholipid content of th&J&37 cells was
significantly decreased due to the action of ethanol as a solvent for the lipids, extracting them from the
cellular membrandn the spectrategion due to absorption from proteins (Amide | and Il absorption
bands), the tU937 and RU937 show robust similarity, which indicated that formalin fixation largely
preserves the cellular protein secondary structure and intdgritpntrast, the £1937 and ADU937
show two extra components in the second derivative spectra that were attributed to protein misfolding
and consequent aggregation and precipitafmspite the similarity between theU®37 and U937
spectra, the overall amide content in &937 was depleted, indicating that the formalin fixation
results in an overall loss of protein as compared to the physiologicalldtatenost dramatic changes
were observed in the fingerprint region, where the vibrations due to the components iof acidke
and carbohydrates are foun@ihe PQ asymmetric stretching mode is sensitive to nucleic acid
conformation, with components at 1220 and 1240'aue to Bhelices and Aelical forms of DNA
and RNA[62,63] In the L-U937 spectra, both features wesbserved; the 1240 ¢mband was
assigned by the authors to the A form of RNA and the 1220 band to the Ehelical form of both
DNA and RNA.In the EU937 and FRU937 spectra, the B@symmetric stretching mode is observed
at 1242 and 1237 crh respedtely, and appeared less resolved from the band at 122birrhoth
casesBased on these differences in the 2Qmregion, it was proposed that -arying, ethanol and
formalin fixation all contribute to at least partial denaturing of the nucleic.acids

Figure 2. (ATC) Dendrograms of the classification of vector normalized second
derivatives of spectra from Lt F, E and ADU937 monocytes as obtained by

HCA (Euclidean d st ances, War ds o al gor At Hipud3; i n t
(B) proteinsphospholijpds; and C) nucleic acidscarbohydrates;i F) centroids of the

major classes identified by HCA in th®)(lipids; (E) proteinsphospholipids and €)

nucleic acidscarbohydrates regions. Line thickness is proportional to standard deyviation
(Reprinted with permission frof]. Copyright2012 American Chemical Socigty
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Thus while formalidfixation and airdrying are effective in preserving overall protein and lipid
conformation, nucleic acids and carbohydrates sarengly modified in both of these protocols.
Ethanol fixation even more severely perturbs cellular chemistry, modifying not only the carbohydrates
and nucleic acids but also overall lipid content, protein content, and protein secondary structure.

3.1.1.2 ArsenicInduced Change® Intracellular Biomolecules Live Leukemia Cells
(RS Spectranicroscopy)

IR Spectromicroscopy is gaining momentum in the fields such as cancer diagnosis and fundamental
disease research and therayéhile many studies have c@ared IR spectra of normal and diseased
cancerous tissug84i 66] in situ IR spectromicroscopy of living cells has recently shown potential to
make a valuable contribution in cancer therapy reseduhro and colleagues investigated the effect
of As;Os, the primary ingredient in the leukemia drug Trisdhoxon leukemia cell§67]. While
Trisenox was initially found to be successful in treating?685% of acute promyelocytic
leukemia (ACL) patients who had previously relapsed after conventional treatthentexact
mechanism behind its success is not precisely known, and could be relevant in the treatment of othe
types of cancer.Therefore, Munroet al. [67] performed timedependent microspectroscopy
experiments on livingACL cells using the demountabfeow cell developed by Tobin, described
previously[14].

IR measurements were performed at the Australian Synchrotron on living ACL cells suspended in
media with or without sodium arsenite (1®0/ concentration)ACL cells measured in media without
sodiumarsenite were used as a control, and the time dependence of cellular chemistry of the ACL cells
treated with sodium arsenite was observ@pectra of approximately 20 cells were collected and
averaged for every time poinfThe resulting spectra are shovim Figure 3A, with Amide |
secondderivative spectra shown in Fige 3B. Here the black spectra are the controls measured with
no exposure to arsenite, and the orange, blue, green, and red are from cells exposed to arsenite fi
40, 60, 100 and 120 minespectively.The spectra shown in Rige 3A demonstrate an undulating
baseline due to Mie scattering effects, although the spectral features are minimally affected due the
fact that the most severe intensity modulations lie in the transparent IR regafih 2280 cm®) for
these cells and therefore resonant Mie scattering and dispersion artifacts do not affect the amide | banc
From these spectra, several immediate observations were drawn: first, the bands dug to PO
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symmetric and asymmetric stretching are smaller in the ardeggtied cells relative to the Amide |
bands and as compared to the control cdlle timeresolved measurements indicated that after

40 minarsenite exposure, the P@ontent decreased dnatically, but then increased after 1020 min
exposureln addition, a significant decrease in the intensity of the carbonyl ester band, associated with
phospholipids, was observdd. the amide region, significant shifts of the amide | and Il bands were
observed, as is evident in the secaladivative spectra; in the untreated control cells, the amide | peak
position at 1639 chl was assigned to a majority bfsheet protein conformatiorihe arsenitéreated

cells, for which the amide | peak positidmifss to 1650 crit, suggest changes in protein conformation
from b-sheet to eithet+helix and/or random coil structureShese changes were observable after

40 minexposure to arsenite, indicating a rapid effect on the secondary protein structure.

Figure 3. (A) IR spectra of living leukemia cells takénsitu without the introduction of
sodium arsenitebfack) and after introduction of sodium arsenite for 40 noragge),
60 min plue), 100 min @green and 120 min red). The inset shows a focus on the
carbonyl ester and amide regjoand (B) shows seconderivatives from A). The
derivativespectra clearly show shifts in the amide | (180000 cm®) and amide I
(1500 1600 cm j bands between the control and arsemitated cells(Reprintedwith
pernission from[67]. Copyright2010 Elsevier.
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From these changes, a number of conclusweare drawn regarding the effect of arsenite on the
chemistry of the leukemia cellsnportantly, the band at 1715 thihat is present in the control cells
is dramatically diminished in intensity following exposure to arsenitas band is commonly
associated with DNA in leukemia cells and is a marker of-paséng. The observed reduction in
intensity indicated that aenite effectively diminished the overall quantity of detectable DNA and was
ascribed to DNA cleavage during apoptosiis behavior, in conjunction with the observed
time-dependence of the phosphate absorption, was proposed to be indicative of thespogof
apoptosis.Second, the decrease in the lipid carbonyl bands was attributed to a loss of membrane
integrity, which the authors further confirmed using Trypsin Blue staihiastly, the most significant
changes noted by the authors was the shifthe amide | band indicating a transformation of the
protein secondary structuréduch a dramatic change indicates a direct interaction between the arsenite
and protein; previouX-ray absorption spectroscopy studies showed that intracellular arsenic was
tris-sulfur coordinated and was likely bound to protein, which could be linked to the changes in
secondary structurg8]. This study shows the high potential of IR microspectroscopy in monitoring
chemical changes in celis situ and, in particular, uretstanding the dynamics of dragllular
interactions at the molecular level.

3.1.1.3 Subcellular Imaging of Chemical Moieties in Sensory Neu(@vis FTIR Spectromicroscopy

Chronic pain is a considerable burden, affecting nearly a third of adults nited State$69],
and chronic pain conditions, arise from altered signaling in both the peripheral and central nervous
system[70,71] The organization of how the peripheral nervous system senses painful stimuli and the
alterations that occur durinchronic pain states has been a central topic in the research of acute and
chronic peripheral pairf72,73] However, one of the major complexities for determining the
underlying mechanisms of pain is thadrsal root gangliafRG) neurons which comprise sesory
nerves,are exceptionally heterogeneous, in that there are many functionally distinct subpopulations,
some of which respond to light touch, heat, cold or endogenous or exogenous chemicalGsienuli.
major way used to subclassiBRG neurons is by ge as a loose approximation for the degree of
myelination.Nerves that are highly myelinated can conduct signals rapidly and often relay information
about light touch or gentle warming/coolifigl]. My e | i n at e d neriebfibeasrtygically have
largedia met er (LD, 027 &m) diarheter (BDg<Ri7e se, m) w hseer nesacsr 'y
generally correspond to the unmyelinatedfit@rs in vivo [71,74] To investigate these different
subpopulations, IR chemical imaging of living sensory neurons was pexdoat the IRENI beamline
at the Synchrotron Radiation Center (tM&dison).Cultured DRG sensory neurons were isolated and
cultured as described previou$h4,75]

Figure 4 sbws visible A) and chemical i F) images of an aggregate of 3 DRG neurons of
varying diameters (74x magnification). The diameters of the cell bodies (as determined from the
visible image) are, from top to bottom: 26, 27 andp®i. The chemical images are generated by
computing integrated area under the absorption bands befBp#r05 1605 cmi'* C=0 stretching of
amide functional groupsjC) 3000 2800 cm* (Ci H stretching)(D) 3600 3000 cm’ (Oi H and N'H
stretching from carbohydrates, protein and wafg?) 1765 1718 cm?' (C=0 stretching of phospholipid
ester) and(F) 1134993 cm® (Ci O stretching and @i H deformation of carbohydratesThe
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chemical image of the cells shown in &ig4B, generated from the amide | absorption band, indicates
a homogeneous distribution of amide, with the greatest intensity focused within theofehgéecells

and concentrically decreasing toward the periphery of the éelfsmilar trend is observed for the
integrated images generated from the absorption bands characteristic of lipide (#@) and
phospholipid (Figre 4E). In contrast, there ia different trend for the localization of carbohydrates in
the small and large diameter neurons@FggtF). | n t he two | arger cell s (
carbohydrate signatures show the highest integrated intensity in an annular pattern ities thel
regions of the greatest amide and hydrocarbon absorgtismilar pattern is observed in FiguB,
indicating that the predominant signal in this spectral region arises froni thet@tching vibrations

of carbohydratesThe smallest diameter e | | (21 em), on the other h
spatial distributions that closely mirror those of protein and liarbther interesting feature, shared
by all 3 of the cells in the field of view, is the substantial carbohydrate absorptioextbats well
outside the main cell body, which appears to be unique for sensory nelin@segion outside the
cell body has strong carbohydrate featuersl weak CH and amide absorption bands, indicating a
much higher relative concentration of carbdiates in this regionThis observation cannot be an
imaging artifact attributed to the longer wavelength of th®© @nd G Oi H vibrations used to image
the carbohydrates. The integrated image of thiél Gtretching region shows the same trend thus
confirming that this observation is re&ensory neurons are known to express numerous glycoproteins
such ag74i 76] those that contaibtp-galactose and bind isolectin B. This carbohydratke extension

of the cell can most likely be attributed to the glycopirotesidues present on the surface of the cell
membrane that extend outside of the cell.

To illustrate the cell chemistry in more detail, in g 4G,H we show sequences of spectra
extracted along profiles from the largest and smallest of the neurons (27 png &kspectively)The
locations used to extract the spectral sequences are indicated by the dashed ling® #DFithe
stack in Figire 4G,H comes from profilg1,2) in Figure 40 from bottom to top, the spectral stacks
come from equally spaced locations beginning in the center of the cell and extending to the exterior
region at the end of the profile. Firstonsider the spectral series exteac from the SD neuron
(Figure 4G, profile 1). This spectral region (902300 cm®) contains primarily the features due to
phosphate and carbohydrate functional grotjp® asymmetric and symmetric stretching features of
the PQ' ion are observed at 124#hd 1087 cii, respectively.The Q O stretching and @i H
deformation modes of carbohydrates produce a series of bands in thel2@MM® region,
including strong bands at 1040, 1053, 1082, 1110 and 11%& @ime profiles indicate that the
phosphate gups are concentrated predominantly within the interior region of the cell, while the
carbohydrates are delocalized and extend outside of the main cellAiathe. outermost point from
which spectra were extracted, there appears to be almost no commerwfaphosphate, yet the
carbohydrate signatures still appear strong, and permit analysis of the carbohydrate frequencies
unobscured by the presence of the'P&§§mmetric stretchin the region from @Q00to 1200 cm?, this
series of peaks and theelative intensities are similar to the profile observed for glycogen; however,
the positions of the strongest bands are somewhat shifted compared to that of glyoogeample,
the strongest band in the spectrum of glycogen is observed bet@2@ant 1030 cm®; however, the
spectra in Figre 4G show a maximum value at 1040 'dmwith an additional peak contributing at
1052 cm?, which is not present in glycogefhese differences most likely arise due to the presence of
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other carbohydrate moieties peat within the cell such asU-p-galactose When compared to the
spectra of pure-galactose, the carbohydrate spectra infggH show strong similarity and have the
same overall profile, with some minor peak shifts.

Figure 4. Visible (A) and Chemical Bi F) images of different sized DRG neurons.
Chemical images were generated by integrating with a baseline in the regions
(B) 1605 1705 cm®; (C) 2800 3000 cm®; (D) 3000 3600 cm®; (E) 1718 1765 cm?’;

(F) 9931134 cm®; (G) and(H) show sequences spectra taking from equally spaced
points along the lines marked(®) and 2(H). The sequence proceeds along the profile,
with the spectrum from the beginning of the profile at the bottom of the stack and the end
of the profile at the toplThe scaldarof Figure AT F is 10 um.
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In the case of spectra extracted from the profile across the large diameter neuron, very little
carbohydrate signature (1QA®00 cm *region) was observed in the center of the large cell compared
to the periphery of the cell, with the dominant contribution in the 0B00 cm *region from the
PO, symmetric stretching mode (1087 'chh Careful analysis of the frequency of this peak as
a function of distance from the cell center shows that it is in fact distinct from the carbohydrate peak
observed at 1082 ¢nj and that within the cell, the two bands overlap. Spectra extracted further
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toward the exterior of the cell gradually begin tmw an absorption lineshape more similar to that
observed for the SD cell carbohydrates, and eventually the outermost region demonstrates ar
absorption lineshape that is the same as the small neuron. The distinct chemical and morphologica
differences beteen large and small neurons may contribute to the unique functional properties of
these neuronal subpopulations.

3.1.1.4 Time Dependent Macromolecule ChangedicrasteriadDueto Nitrogen Source
(RSFTIR Spectromicroscopy

IR Chemical imaging of living cells in aqueous environments offers a unique method to
investigate systems of ecological relevanEer example, several groups have perfornmedsitu
IR spectromicroscopy, employing the spatial resolution afforded by sytinch sources, to investigate
the physiology of microalgae under environmental stimutiderstanding the ability of microalgae
to adapt to changing environmental conditions is a problem of critical environmental concern,
particularly because microalgaee responsible for approximately 50% of total planetary primary
productivity [77]. Heraud and cevorkers[9] usedin situ IR spectromicroscopy, employing synchrotron
radiation at the SRS in Daresbury, to study the effect of N and P starvation on theatkhemposition
of living Micrasterias hardyi.ln this work, time resolved linear mapping of living cells treated with
either replete, Nleficient or Pdeficient media was performed using the RS, -@yarture, confocal
geometry.Time-dependent imaging egpments were performed on Mr P-deficient cells following
resupplyof N or P.

For the measurements, a commercial demountable flow chamber was employed to measure the
living cells in media. The results of the timesolved linear mapping experiments afewn in
Figure 5. In each panel, visible images of the cell being measured are shown, with the positions usec
for the point mapping overlaid. Chemical images generated from characteristic protein and lipid bands
are shown for two cells for each conditi¢ire., during resupply of N or P). Figu®A shows the
protein distribution of two cells subjected todBplete media, and FigurgB shows the lipid
distribution of the same cells. Analogous data are shown in FigQP for cells subjected to
N-depletemedia. Here the -B plots indicate integrated intensity of the line profiles indicate as a
function of position on the celkl and time £). Despite the rather coarse spatial sampling used in these
measurements (30n x20 pm aperture size), the differenbmpartments within individual cells were
resolved, namely the nuclear region in the center of the cell and chloroplasts at the periphery. For cells
in replete media, Nleplete media, and-éeplete media, it was observed that the nuclear region, the
region at which the two halves of the cell meet (central region of the linear maps), has elevated protein
and decreased lipid relative to the chloroplasts (peripheral regions of the linear mapsktaitved
cells showed a higher lipid content than that @& thutrientreplete cells. Following resupply of P,
no change in the overall lipid quantity was observed (Fi§Bje Cells that were starved of N showed
a decrease in overall protein content relative to the nuirggéte cells. Following resupply of N,
an increase in the lipid content of the chloroplasts was observed, but no change in the overall proteir
content was detected (Figus€,D). This study demonstrates the potential of IR spectromicroscopy to
monitor overall macromolecule content and naniéil status of living cells under controlleohclitions.
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Figure 5. Spatial and temporal changes of lipid and protein concentrations in living
M. hardyi algal cells subjected to-$tarvation A,B) and Nstarvation C,D) following
nutrient resupplying. Thr-axis represents position along the cell andytagis represents
time following resupply of PA,B) or N (C,D). (Reprinted with permission frorfo].
Copyright2006 John Wiley and Sons
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3.1.1.5 Time Dependent Macromolecule Changed hallasosiraWeissflog Dueto Elevated Carbon
Dixide ExposurdWF FTIR Spectromicroscopy

WF spectromicroscopywas used tostudy changes in concentrations of carbon containing
macromolecules due to environmental strdsgespidly imagingsingle Thalassiosira weiskfgii algal
cells maintained in a miofluidic chamber.These data result in a series temporallyresolved
IR images, enabling chemically specific visualization thatinattainable with visible imaging, of
ongoing chemical processes and morphologiyia cells.

Diatoms harvested from batch cultures were exposed to higim@@ium (5000 ppm C£ prior to
IR measurements, and then maintained within the microfluidic chamber at fixed temperature (20 €) in
100puL of CO contr ol |l ed medi um sphderx @ad comtinutllg illueminated witle
photosynthetically active light.

The data sets were collected over a span of 8 h. Representative images are shown for the sam
algal cell in Figure 6, collected at 0, 3 andh &me points. The chemical images ajenerated by
integrating the peaks of biomolecular functional groups including saturatgda®HCH groups
relating to GH st r et c hiR800y cm §, &tt82 ONDHD in-plane bending of amide groups
( & 1151300 cm J, the C=0 functional groups foundinfatt aci d est erid7i@dmjl i pi
the QOICand GC stretching f oundilpod cntjaThd colorysdates are s |
preserved for each functional group, thus revealing the variations within the algal cells over time.
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Figure 6. Temporaly resolved series of IR images showing distributions of biochemically
important functional groups and time dependent changes in the concentrations of several
biochemical functional groups for Ehalassiosira weissflogimaintained in the flow cell.

The images are obtained from data sets collected atahd 8 h after exposure to medium
containing a high concentration (5000 ppm) of,Cthe images are displayed on a rainbow
scale, with the red corresponding to the highest detected quantity of the furgrbapa

CH, CH, Cco AMIDE Il CHO/SiO
0 HOURS

g

3 HOURS

8 HOURS

OO =2
ounownon

Figure7 shows spectra derived from top and bottom halves of algal cell as a function Gfttaye.
show the response of each half of the algal cell to the environmental stimuli, which could be distinct
since one half of the cell istiiemo tobh et | , whil e t he ot h&hesdywedef i s
of spectra range from Binto the measuring period (bottom of the stack) to the end of the measuring
period (top of the stackY.wenty ninespectra covering 300 min of data collentiare shown, and are
taken approximately 10 min apaffhe most obvious changes in the spectral sequence and the
IR images are seen in the carbohydrate/silica spectral band. Clearly, the intensity of this band change:
from the beginning to the end of tegperiment as is evident from the change in the color rendering of
the images from the initial time point to the images generated from the time point takerSat8rd,
the spectral signature clearly changes its shape, with the peak at 104fettingsmaller while there
are minimal to no changes in the peak at 1080"che former peak is associated with carbohydrate
functional groups, while the latter is associated with sili¢@®Sunctional groups-urther changes are
observed for the CHand CH functional groups, in both distribution and overall intensity, but the
other functional groups did not show such clear chanjeschanges are expected for the SiO
functional group, but changes are expected in at least some of the carbon containing leagiesno
as observedrhis proofof-principal experiment demonstrates the capability of following such changes
in vivowith sufficient time resolution to capture the changes intiesd.
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Figure 7. (A) Time lapse sequence of spectra created from spatially averaged IR absorption
spectra over the top half of the cellfgure 6. The sequence ranges between3 to 8 h
Functional groups are highlighted in the spectral stadke: CHs (28902937 cm J;

green CH, (2834 2863 cm J; purple: CO (17101756 cm § from a phospholipiar ester;

red: amide 1l (15001570 cm J; yellow: carbohydrate/silica (1016186 cm J; and

(B) Sequence of spectra created from the same dataset as the spectraftaalke ifA,
spatially averaged over the bottom half of the cell.
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3.1.2 Transflection

3.1.2.1 ProteinPhosphorylatiorn SinglePC12CellsduringNeuronal Differentiation
(RS FTIRSpectromicroscopy)

Holman and coworkerg8] employedin situ IR spectromicroscopy to study the process of protein
phosphorylation during neuronal differentiation in living PC12 cdl€12 cells are known to
differentiate and exhibit many neurtike phenotypeg79] following stimulation with nerve growth
factor (NGF). Since the differentiation and phosphorylation of this system is well undef&0o@&d ],
it represents an ideal model system in which to probe the phosphorylation of living cells with
IR spectromicroscopy and identify 4gpecific markers of protein pephorylation in living cells.

The cells were prepared by incubation with NGftaining medium (or NGFee culture medium
for control samples) for predetermined time periods and plated ontecgaldd microscope slides.
The slides were placed in an emmvimental chamber with 200 athick SgN4 windows to facilitate a
transflection measurement while maintaining constant relative humidity to sustain thReedll that
caution is advised when interpreting intensity changes and when using transflectioetges, due to
the varying intensity of the electric field perpendicular to the sample suSau= the strength of the
absorption band is directly proportional to the amount of material present, the electric field intensity,
and the strength of thenange in the electron distribution in the molecule, the varying electric field
should impact the interpretation of the concentration trdndsis work, while the sample preparation
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and environmental control are key components for this experiment, argpéletra clearly show the
presence of important chemistry for samples prepared under varying conditions, care must be taken fo
the interpretationAs long as the cells are maintained with similar profile, which is significantly
smaller thickness than tlshortest wavelength of light {8n), then the findings will be robusthis is
possible for some of the reported measurements, although unlikely to be unchanging across the entir
measurement time frame.

As reported, when IR spectra of cells that weresnbjected to any NGEeatment were compared
to those of fully differentiated NG#eated cells Kigure 8A), a number of differences between the
two cell types were observefirst, the NGRreated cells showed a higher relative absorbance of the
peaks asociated with lipid (280@B000 cm?) and phospholipid (1734 ¢, indicating an increase in
the lipidto-protein ratio.The authors also noted that the methylene,j@dnds increased much more
than those of the methyl (GHgroups.The most significanthanges, however, were observed in the
fingerprint region in which the characteristic vibrations of phosphate groups and carbohydrates are
found. Phosphorylation was found to cause a dramatic increase in intensity of the bands at
~1237,1151, 1080, 1036ra 970 990 cm™. In particular, the bands at 1237 and 1080 cmscribed
to the P@ asymmetric and symmetric stretching modes, and bands fforto®90 cm® to PQ7,
showed significant increase and were attributed to phosphorylation of protein aibty@iss DNA.

Figure 8. (A) Comparison of IR absorption spectra of contrddlu¢) and
NGFtreated fed) PC12 cellsand(B,C) Time absorbance of bands in the fingerprint region
from shortterm B) and longterm (C) NGFtreatments.(Reprinted with permission
from [78]. Copyright2012 American Chemical Socigty



