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Abstract

Infrared (IR) spectroscopy of biological cells is a growing area of research,
with many papers focusing on differences between the spectra of cancerous
and noncancerous cells. Much of this research has been performed using
a monolayer of dehydrated cells. We posit that the use of monolayers can
introduce artefacts that lead to an apparent but inaccurate measurement of
differences between cancerous and noncancerous cells. Additionally, the use
of dried cells complicates the extraction of biochemical information from
the IR spectra. We demonstrate that using suspensions of viable cells in
aqueous suspension reduces measurement artefacts and facilitates determining
the concentration of the major biochemical components via a linear least-
squares fit of the component spectra to the spectrum of the cells.

1. Introduction

Many of the reported measurements of infrared (IR) spectra have been performed on dried
cells (Boydston-White et al 1999, Ramesh et al 2001, Cohenford and Rigas 1998). The IR
spectra of dried cells may differ from the IR spectra of cells in their natural aqueous state since
the spectra of many of the known biochemical components of cells change with hydration
level. The IR spectra of proteins have been shown to change dramatically after dehydration
(Dong et al 1996, Pevsner and Diem 2001a, Prestrelski et al 1993, Jackson and Mantsch 1995,
van de Weert et al 2001). Absorption bands can shift and change in amplitude as a function
of hydration. The spectra of nucleic acids also depend on hydration status. As RNA and
DNA are hydrated, the phosphate absorption bands narrow (Pevsner and Diem 2001b) and the
conformation of DNA can be altered (Kim et al 1997).

In addition to spectral artefacts caused by dehydration of the sample, another potential
source of spectral distortions is inhomogeneity of the sample. As presented in the results
section, the absorption spectrum of a material can differ depending on whether the sample
is homogeneous or heterogeneous. Three potential causes of sample inhomogeneity are
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described below: a nonuniform distribution of cells on a substrate; differences in the height
of different portions of cells on a substrate; and inhomegeneity of biochemical components
within cells.

Many IR absorbance measurements of cells have been performed with 50-100 pum
diameter beams on monolayers which may not be uniform. The manner in which cells attach
in monolayer culture depends on the individual type of cell and the cells may not uniformly
cover the substrate. In particular, cancerous cells may have unusual attachment patterns.
The difference in growth between non-tumourigenic M1 fibroblasts and their tumourigenic
T24Ha-ras-(co)-transfected counterpart, MR1 fibroblast cells, provides an example of the
diversity of how cells grow. When M1 cells grow to confluence, they completely cover the
surface. MR1 cells, however, will not completely cover the surface, there are always void areas.
The cells will begin to detach and grow on top of each other before completely covering the
surface. A second example of the differences in morphology upon oncogenic transformation
is the difference between MDCK epithelial cells and their ras-transformed counterpart, RS
cells (Hoh and Schoenenberger 1994). MDCK cells form homogeneous monolayers, while
RS cells spread out and often extend processes.

Surface height variations are more pronounced for RS cells than for MDCK cells and
are another source of inhomogeneity in cell monolayers. When cells grow on a slide, they
typically spread out and form a thin layer only a few pum thick (Domke et al 2000). The
nucleus, however, does not spread out as thinly as the cytoplasm. For example, the periphery
of RS cells may be only 200 nm thick while the nuclei are sometimes more than 5 um
thick (Hoh and Schoenenberger 1994). Consequently, DNA, which is found primarily in the
nucleus, is only found over a fraction of the surface.

Another possible cause of sample inhomogeneity is a nonuniform distortion of
biochemicals within the nucleus or the cytoplasm. Because most of this heterogeneity is
significantly below the diffraction limit of IR light, these effects are not expected to be
significant. Nonetheless, relatively large, dense patches of chromatin could, in principle, cause
an artefact in the absorption measurement by blocking light from passing in some locations, as
suggested by Diem and co-workers (Boydston-White et al 1999). The DNA absorption would
then appear artificially low because in some places there would be no DNA while in a few
locations the light would be completely blocked. The organization and packing of the DNA
depends strongly on the cell cycle (EI-Alfy 1998). At the beginning of the synthesis phase
of the cell cycle (S-phase), heterochromatin (a condensed, transcriptionally inactive fibrous
complex of DNA and histone proteins) lines the nuclear envelope and the nucleoli are evident.
As synthesis progresses, threads and aggregates of DNA become apparent and the nucleoli
become more prominent. Aggregates of DNA are present during G2. At mitosis, the DNA
condenses into chromosomes and the cell divides. In the G1 phase after cell division, the
DNA decondenses. Therefore, it is only during part of mitosis that condensed chromosomes
form micron-sized structures of dense DNA. Since mitosis is a small fraction of the cell cycle,
for example, 15 min out of 12—14 h, only about 1-2% of the cells may be in a state in which
the DNA is so dense that wavelengths of light absorbed by DNA cannot penetrate through
a cell.

One reason for making IR spectroscopic measurements rather than using a different
spectroscopic technique that might also be able to differentiate cancerous and noncancerous
cells is that IR spectroscopy can provide biochemical information. In principle, IR
spectroscopy can provide quantitative information on the biochemical composition of the
cells, because different compounds have distinct spectra. There are four primary biochemical
constituents of cells: DNA, RNA, protein and the phospholipids. Sugars such as glycogen
can also be a significant constituent. An open question is how well a linear combination



FTIR spectroscopy 245

of these components measured in vitro can reproduce the IR spectrum of cells. If it is
reproduced well, then IR spectroscopy has good potential to noninvasively provide biochemical
information.

2. Materials and methods

2.1. Cell lines

The non-tumourigenic rat fibroblast cell line, M1, and its highly tumourigenic counterpart,
MRI1, were derived by first myc-transfecting Fisher 344 rat embryo fibroblasts to obtain the M1
cell line and then by transfection with the point-mutated T24Ha-ras-oncogene to obtain the
MR cell line (Kunz-Schughart ez al 1995). AT3.1 cells are androgen-independent malignant
rat prostate carcinoma cells kindly supplied by Dr Rinker-Schaeffer of the University of
Chicago (Tennant et al 2000).

2.2. Preparation of viable cell suspensions

Cells were cultured as monolayers in standard tissue culture flasks using Dulbecco’s modified
eagle’s medium (INVITROGEN) containing 4.5 g 1=! D-glucose 5% (v/v) foetal calf serum
(HYCLONE), 100 IU ml~! penicillin and 100 g ml~! streptomyocin, referred to as complete
medium hereafter. Cell suspensions were obtained from monolayer cultures by treatment for
10 min with 0.25% trypsin in Dulbecco’s phosphate buffered saline (PBS, INVITROGEN) with
1 mM EDTA at pH 7.4. The cell suspensions were prepared by the addition of cold complete
medium, passage twice through an 18 gauge needle, then centrifuged to form a pellet and
resuspended in PBS at 1 x 108to 3 x 108 cells ml~. To verify the concentration and determine
cell volumes, an aliquot of each cell suspension was counted using an electronic particle counter
interfaced to a pulse-height analyser (Coulter Electronics). During the counting, a cell-volume
distribution was acquired and used to estimate cell diameters.

2.3. Transmission IR measurement

The IR spectra were obtained in transmission mode. The sample cell consisted of two
rectangular barium fluoride windows held in apposition with an oval-shaped 50 pum thick
ring of teflon between them. The top window had two holes, one at the top and one at the
bottom, for loading the sample. A rubber gasket was placed over the top window to seal
the holes and prevent the sample from leaking out. The fibroblast cells were loaded into the
50 pm thick sample space between two BaFl, windows by using a syringe through one of
the holes in the top window to push the cell suspension into the sample space while a needle
in the other hole allowed air to escape during the loading process. The IR beam spot was
~1 cm in diameter and the spectra were obtained at 2 cm™! resolution with 200 scans taken
per spectrum. Collection time for a single spectrum on our Fourier transform IR spectrometer
(FTIR, Mattson Cygnus-100) was 7 min. The cells were not on ice during the measurement,
however we have found that this amount of time at room temperature does not affect the
viability of the cells (Omberg ef al 2002). A typical measurement protocol consisted of taking
two spectra of PBS, two spectra of cells, two spectra of PBS, two spectra of cells and two
spectra of PBS. The absorption of the cells is calculated as shown in equation (1) where I.ejis_ave
is the average of the intensity measured when cells were in the sample chamber and Ipgg_yye 1S
the average of the spectra of PBS. At very low signal levels, the calculated absorption will be
slightly distorted. For our instrument and measurement conditions, we found that there was
significant signal between 940 and 1565 cm~!, and between 2800 and 2940 cm~! such that
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there was no distortion. The only baseline correction performed was adding or subtracting a
constant.

I
Absorbance = —log (M) . (1)
IPBS_ave

For the measurement of dried cells, a thin layer of hydrated cells was placed on a BaFl,
window. The window was then placed in a refrigerator and the cells dried out over a period of
several hours. The sample cell was then assembled (the dried cells were inside the ring-shaped
spacer) and IR absorption measurements were performed. The number of dried cells in the
light path of the FTIR is expected to be much higher than for the corresponding case of cells
in aqueous medium. The reference for these measurements is an empty cell.

2.4. Measurement of biochemical components

The expected major biochemical components of cells were measured in aqueous media.
Type I, ‘highly-polymerized’ calf thymus DNA (Sigma, D-1501), was dissolved in TE buffer
(pH 8.02, 10 mM Tris, 1 mM EDTA) at a concentration of 10 mg ml~ L. Similarly, calf liver
RNA (Sigma, D-1501) was dissolved in TE buffer at a concentration of 10 mg ml~'. Glycogen
(Sigma, G-0885) was measured at 10 mg ml~! in pH 7 phosphate buffer. Liver lipid extract in
chloroform was obtained from Avanti (cat. no 181108). Chloroform was removed by blowing
argon over the sample in a fume hood. The sample was then dissolved in a buffer consisting of
0.01 M, pH 7.3 Tris, 0.1 M NaCl and 0.02 M sodium azide. The total concentration of lipids
was 25 mg ml~".

In order to obtain a spectrum of protein that represents the protein components of
the cells, we measured protein isolated from the cells. Cells on which IR absorbance
measurements were completed were centrifuged to a pellet, frozen and stored until the
protein was needed. For the initial extraction, the cells were resuspended with tissue
protein extraction reagent (TPER) (Pierce product no 78510) and protease inhibitors.
The masses per ml of TPER were 0.05 g of cells, 1 ug of apotinin, 10 pg of
pheylmethylsulfonylfluoride and 1 ug of leupeptin. One millimolar dithiothreitol (DTT)
was also used. The suspension was sonicated for three 10 s periods and subsequently
centrifuged for 10 min at 4 °C. The supernatant was then run on an equilibrated size
exclusion column (Biogel A 0.5) to purify the protein. The column was prepared by
washing three times with 150 mM NaCl and the protein was run with 150 mM NaCl and
1 mM DTT at pH 7.5. Three fractions were collected and concentrated by ultrafiltration using
a 200 ml stirred cell (Amicon, PM-30 10000 MW filter), and the concentration of protein in
each fraction determined by Bradford assay. The first fraction contained a large amount of
cell debris. The second fraction contained a large amount of protein (~7 mg ml~') without
cell debris. The molecular weight of the proteins in this fraction ranged from 10 to 100 kD.
The third fraction did not contain sufficient protein to perform IR measurements.

In order to obtain the absorption of each biochemical component, the component dissolved
in buffer and the buffer alone were measured. The absorbance was then calculated via an
equation analagous to equation (1).

2.5. Fitting the measured IR spectra of cells to a linear sum of the biochemical components

The measured IR spectra were fit to a linear sum of the measured IR spectra (lipid, RNA,
DNA, protein, glycogen and PBS) and baseline spectra such that the square of the difference
between the absorbance measurement and the fit was minimized. The baseline spectra were
a constant and a linear term for the low frequency part of the spectrum, and a constant and
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a linear term for the high frequency part of the spectrum. The minimization was performed
using a linear least-squares method which utilized singular value decomposition in order to
avoid singularities which can occur when several combinations of the basis functions fit the
data almost equally well (Press et al 1997).

2.6. Computation of the effects of sample heterogeneity on the FTIR spectra of cells

For a given uniform concentration of a biochemical compound, the measured absorption on a
standard transmission FTIR will be

A=¢eM)CL (2)

where ¢()) is the molar extinction coefficient, C is the concentration and L is the pathlength.
When the concentration is uniformly cut in half, the absorption becomes e(A\)CL/2. If
instead of cutting the concentration in half, the coverage of the surface is reduced to 50%, the
absorption becomes

—eCL
A= —log (%) . 3)

Equations (2) and (3) can be used to estimate the spectral changes likely to occur when cells
are not uniformly distributed on a substrate.

In the case of a suspension of cells in a thin transmission FTIR cell, the calculation of
sample heterogeneity is more difficult. For our calculations, we examined 20 um x 20 pum X
50 pwm volumes, i.e., volumes that had a cross-sectional area to the IR beam of 20 um x
20 um. The volume of cells in each voxel was calculated using Monte Carlo methods.
The location of each cell in the sample was chosen by sampling three uniform distributions,
each representing one dimension. If the cell physically overlapped with another cell, new
coordinates were chosen. After all the cells were placed, the volume fraction of cells in each
voxel was computed. If only part of a cell was in the voxel, then only the volume fraction of
the cell in the voxel was counted. The cells were assumed to have a diameter of 14 xm based
on measured volume distributions of M1 and MR1 cells.

2.7. Measurement of Raman spectra

Excitation was provided by a 785 nm diode laser (Invictus NIR Laser, Kaiser Optical Systems).
Light was delivered and collected from the sample using fibre optics (Mark II filtered probe
head, Kaiser Optical Systems) onto which a 16 mm diameter f/0.7 aspheric condenser lens
was attached. Light collection was performed through the same lens. The collected light
was dispersed by a spectrograph with a holographic grating (Holospec F1.8i, Kaiser Optical
Systems) with a 100 pm slit and collected by a liquid-nitrogen-cooled, deep-depletion, back-
illuminated CCD camera (Spec-10:100BR, Princeton Instruments). The aqueous sample was
placed in an NMR tube for measurement. The dried samples were dried in a refrigerator on a
MgFl, window and subsequently measured.

For analysis, the fluorescence from the optics, and, in the case of the hydrated cells, the
NMR tube and the phosphate buffer were subtracted from the spectra. Residual background
fluorescence from the cells was then subtracted by picking regions of the spectrum which did
not show obvious Raman peaks and fitting a cubic spline through these regions.
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Figure 1. FTIR absorption spectra of MR1 fibroblast cells in aqueous media. Spectra are shown
from 950 to 1575 cm™! (a) and from 2800 to 2950 cm~! (b). The cell concentration was about
3 x 108 cells mI~! and the measurement pathlength was 50 zm. No baseline correction has been

performed.

0.25 T 0.12

ol @ ool ® |
—_ [a)
3  0.08
p 0.15 - 3
2 S 0.06
8 010+ 4 £
_‘2 § 0.04
<< 0.05 - — 0.02

L L L L L 0.00 1 |
1000 1200 1400 2800 2850 2900 2950

Wavenumber (1/cm) Wavenumber (1/cm)

Figure 2. IR absorbance spectra of epithelial and fibroblast cells. Solid line: MR1 fibroblast cells.
Thick dashed line: AT3.1 epithelial cells. The spectra have been scaled so that the absorbance at
the 1400 cm~! peak is the same.

3. Results

3.1. FTIR measurements and analysis of FTIR measurements of hydrated cells

The absorption spectra of MR1 fibroblast cells in aqueous solution are shown in figure 1. The
spectra generally resemble the spectra published for monolayers of cells (Boydston-White
et al 1999, Ramesh et al 2001) with the exception that amide I is not shown. Absorption
between 1575 and 1710 cm™~! cannot be measured because strong water absorption prevents
light from reaching the detector. These results demonstrate that spectra with good signal to
noise can be obtained from mammalian cells in an aqueous environment.

In addition to measuring the absorption of fibroblast cells in aqueous suspension, we have
also measured the absorption spectra of epithelial cells. Figure 2 compares the spectra of
AT3.1 epithelial cells to the spectra of MR1 fibroblast cells. Despite the large differences
in biological function, the spectra are very similar. The differences in the 2800-2950 cm™!
region are primarily due to baseline artefacts as this region is highly susceptible to such
artefacts due to the rapidly changing water absorption as a function of wavelength in this
region.
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Figure 3. Comparison of the IR spectra of M1 cells in aqueous media compared to the spectra of
the same cells after they have been dried. Solid line: dried cells. Dashed line: cells in aqueous
media. The spectra of the dried cells was divided by a factor of 4.

3.2. Comparison of absorbance measurements of hydrated and dried fibroblast cells

FTIR spectra of M1 fibroblast cells harvested in the exponential phase of growth were measured
at a concentration of 1.9 x 108 cells ml~!. The cells were then allowed to dry in the refrigerator
and re-measured. Figure 3 shows a comparison of the spectra of dried cells versus the spectra
of viable cells in aqueous media. There are several noticeable differences. The phosphate
absorption bands of RNA and DNA between 1050 and 1150 cm ™" are not as well defined for
the dried cells. The shape and position of the absorption band near 1225 cm~! changed when
the cells were dried. Amide II has a reduced intensity relative to the other absorption bands
and it is shifted to shorter wavenumbers for the spectra of dried cells. This change in position
of amide II indicates that the secondary structure of proteins is altered when the cells are dried.
Very similar results to those obtained for M1 cells were also obtained for MR1 fibroblast cells
harvested in the plateau phase of growth.

The change in biochemical spectra was verified using Raman scattering. Figure 4(a)
shows the Raman spectra of MR1 cells both in aqueous solution and dried. There are striking
differences which can be attributed to changes in both the nucleic acids and the proteins.
First, there are significant changes in the amide I region of the spectra as shown in more
detail in figure 4(b). The shape of the amide I peak changes. In the spectrum of cells in
solution, the peak at 1671 cm™! is due to B-sheet structures, the peak at 1648 cm~! due to
a-helix structures and the peak centred near 1660 cm™! likely represents a mixture of a-helix,
B-turn and undefined structures (Spiro and Garber 1977, Williams and Dunker 1981). These
peaks are clearly above the noise as evidenced by the difference in intensity at 1667.8 and
1671.4 cm™!, being 0.038 % 0.017 for the 10 spectra of hydrated spectra of cells. Drying the
cells results in a more symmetric amide I peak with no shoulders, centred near 1656 cm™!.
This suggests either a change in protein secondary structure and/or a change in the hydrogen
bonding in the cell proteins due to loss of water. Changes in amide I position and shape have
been observed before in studies where dried and hydrated proteins and peptides are compared
(Yu et al 1972, Hruby et al 1978). The interpretation of these earlier results was difficult and
in some instances it was argued that changes in the water absorption underlying the amide
I absorption were responsible for the change. The changes described in this paper between
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Figure 4. (a) Raman spectra of hydrated and dried MR cells in the plateau phase of growth. The
thin black line is the average of 10 spectra of aqueous cells. The standard deviations are shown
in grey. The thick black line is a measurement of the dried cells. The spectra were normalized to
have the same integrated intensity from 1442 to 1449 cm~'. (b) Expanded view of the amide I
region in (a).

the hydrated and dried cells cannot be duplicated by subtracting from the hydrated spectrum
differing amounts of the water peak which occurs near the same position as the amide I peak.

Some other examples of Raman spectral changes upon drying the cells are intensity
decreases of peaks at 786 and 1276 cm~!. Nucleic acids have a very strong absorption band at
786 cm~! (Small and Peticolas 1971). Neither proteins nor lipids have a strong absorption at
this frequency. Therefore, the decrease in intensity at 786 cm ! indicates a change in the nucleic
acid conformation. The peak at 1276 cm™! can be assigned to amide III a-helix structures
(Spiro and Garber 1977, Williams and Dunker 1981, Parker 1983), indicating, again, changes
in protein structure and/or environment.

3.3. Distortions of the spectra due to a nonuniform sample

As described in the introduction, some types of cells will not form a uniform monolayer of
cells in culture. In order to understand how the FTIR spectra of a uniform layer of cells differs
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Figure 5. (a) and (b) The effect of inhomegeneity of biochemical components on FTIR
absorption measurements. The transmission spectrum of a sample with homogeneous biochemical
components was assumed to be given by the thick solid line. The absorption spectrum in the case
that the sample only covered half the area interrogated by the IR beam was then calculated as
described in the text and is shown as the thin solid line. The spectrum is distorted at the amide II
absorption. The distortion of the IR spectrum due to the inhomogeneity of an aqueous sample in
our FTIR sample cell is shown as the thin dashed line. Again there is some distortion at the amide
II absorption. (c) and (d) Difference in the apparent absorption when the sample is homogeneous
or inhomogenous. Solid line—when the sample only covers half the surface area. Dashed line—an
aqueous sample with a concentration of 10% cells m1~!.

from a nonuniform layer of the same cells, model calculations were performed. A theoretical
spectrum of a uniform layer of cells is given by the thick solid black curve in figure 5(a).
The measured absorption in the case that 50% of the slide is covered by void areas can be
calculated using equation (3) and the original spectrum. We assume that the volume of cells
stays constant. Distortion of the spectrum is given by the thin solid line in figures 5(a) and (b).
The difference between the theoretical spectrum and the spectrum of 50% coverage is shown
in figures 5(c) and (d) by the solid line. The relative intensity of amide II is reduced when
coverage of the surface is incomplete. Consequently, peak ratios change, the ratio of the peak
of amide II at 1549 cm ™' to the phosphate peak at 1086 cm ™! changes from 2.47 to 2.38.
When cells are measured in aqueous suspension, as for our transmission measurements
shown in figure 1, the cell suspension is still not uniform. In order to model this situation,
the sample cell volume was divided into volume elements of 20 um x 20 um x 50 pm.
The 50 um dimension is along the direction of transmission through the sample cell. The
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number of cells in each of these voxels was then calculated assuming a cell concentration of
108 cells m1~!. As shown in figure 6, the number of cells per voxel varies from 0 to ~5 with the
majority of voxels containing two to three cells. Based on this distribution, the distortion of
the absorbance spectrum was calculated and is shown in figures 5(a) and (b) by the thin dashed
line. The difference between the theoretical spectrum and the spectrum of aqueous cells is
shown in figures 5(c) and (d) by the dashed line. The error for the aqueous measurements is
less than for the 50% monolayer measurements.

3.4. Distortions of the measurements due to displacement of PBS

The absorbance of the cells is calculated according to equation (1). This equation is not
strictly correct if the solid components of the cells displace some of the PBS. The absorbance
described in equation (1) is given by equation (4), where Apps is the absorbance spectra of the
PBS, A is the true absorbance spectra of the cells and fpgs is the fractional change in the
volume of PBS, i.e., if the cells displaced 1% of the volume of PBS, then fpgs = 0.01.

A = — fpsApss + Acells- 4)

Based on our measurements of the absorption of PBS, it only takes a very small displacement
of PBS (1-2%) to cause a distortion in the measured spectrum. Using specific volumes for the
cell constituents and estimates of their concentration, we found that at our cell concentration
about 1.6% of the PBS volume is displaced by solids.

3.5. Linear combination of the primary biochemical components

In order to understand the biochemical composition of the cells, we measured spectra of the
expected biochemical components of the biological cells. IR spectra of lipid, RNA, DNA and
protein are shown in figures 7(a) and (b). RNA and DNA do not absorb between 2800 and
2950 cm™!, therefore they are not shown in figure 7(b). The protein was isolated from MR1
cells harvested in the plateau phase of growth. In addition to these spectra, a spectrum of
glycogen which absorbs between 1000 and 1200 cm™! was also used but was found to play
a very minor role and PBS was also used to fit the measured cell spectrum for the reasons
discussed above. Both the low frequency (930-1575 cm™') and the high frequency region
(28002950 cm™") were fit simultaneously and the result of a linear least squares fit of the
component spectra to the measured absorption spectra of aqueous MR1 cells harvested in the
exponential phase of growth is shown in figure 8(a). The fit reproduces the major features of
the MR1 cells absorption spectra. There are, however, a few discrepancies, as can be seen
by examining the residuals plotted in figure 8(b). For example, the amide II band is shifted.
There are also differences between the fit and the measured data between 1100 and 1200 cm~!.
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Figure 7. (a) Spectra of the major biochemical components of cells absorbing between 930 and
1585 em~!: (1) lipid; (2) RNA; (3) protein and (4) DNA. (b) Spectra of the major biochemical
components of cells absorbing between 2800 and 2950 cm™!: (1) lipid; (2) protein.

4. Discussion

Figure 1 demonstrates that high quality IR absorption spectra can be obtained of
mammalian cells in aqueous suspension. Figure 2 demonstrates that spectra of fibroblast
and epithelial cells are very similar. Given the extremely different function of these two types
of eukaryotic cells, this result is somewhat surprising. This result indicates that the gross
biochemical composition of eukaryotic cells may not vary greatly. Therefore, great care must
be taken in order to accurately measure absorbances so that any small differences that may
exist can be found.

Drying of cells introduces artefacts as compared to the spectra of cells in aqueous
suspension. Both the Raman and the IR spectra indicate that there are changes in the nucleic
acids as well as in the conformation of the proteins. The argument might be made that
measuring dried cells is acceptable as long as the cells are always dried. However, this may
not be the case. The relative humidity of the laboratory where the cells are measured may
affect the measurements such that absorbance spectra from different laboratories or at different
times cannot be compared. In principle, humidity can be controlled with an appropriate sample
cell, although this may increase the cost and complexity of the experiment. Even if humidity
is accurately controlled, the dehydration of a sample can complicate the biochemical analysis
of a sample. In order to biochemically analyse a complex sample, such as a biological
cell, spectra are needed of isolated components in an environment that mimics the internal
environment of cells. Therefore, isolated components (i.e., RNA, DNA, phospholipid and
protein) must be measured at the same level of hydration as is found in the dehydrated
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Figure 8. (a) Linear least-squares fit of the spectra of MR1 cells to the major biochemical
components of the cell. The data are shown as a solid line. The fit is the dashed line. (b) Residuals
from a linear least squares fit of the spectra of MR1 cells to the major biochemical components of
the cell.

samples. These requirements complicate the determination of biochemical composition from
dehydrated samples. A final important point is that the long-term goal of this work is to
develop tools for optical diagnosis of cancer in humans. This endeavour will obviously
involve measuring vibrational spectra under hydrated conditions, so differences observed
between malignant and normal cells using dried samples may well have little relevance to
cancer diagnosis.

Another source of spectral distortion can be nonuniformity of the sample. The results of
two calculations were presented, which illustrate the magnitude of the problem. Samples that
are inhomogeneous will have an apparent decrease in absorbance of the strongest absorption
bands. The distortion for amide I would be even greater than the distortion shown for amide
II since amide I absorption is greater than that of amide II. The distortions due to localization
of DNA, RNA and phospholipid are not expected to be nearly as significant as the distortions
of the spectra due to localization and heterogeneity of the distribution of the protein within the
sample because the absorption of protein varies much more strongly across the spectrum.

Aside from differences in the homogeneity of the sample, there are other potential
differences in samples of cancerous and noncancerous cells that can lead to ascribing a
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difference in the IR spectra of the samples to an intrinsic difference between the cancerous and
noncancerous cells when there is no such difference. Several groups have reported that the IR
spectra of cells depend on the cell cycle (Boydston-White et al 1999, Holman et al 2000). In
culture, different types of cells grow differently. Consequently, one cell type grown for four
days may still be dividing while another cell type kept under the same conditions could be
growth arrested. Dividing cells will have a different cell cycle distribution and consequently
a different IR spectrum than the cells that are growth arrested. Therefore, even when there is
no intrinsic biochemical difference in the cells, a difference in how the cells grow may appear
as a difference in the FTIR spectra of the cells.

One possibility for decreasing and possibly eliminating errors due to the nonuniformity
of the sample would be to measure a multicellular membrane (Wilson and Hics 1999,
Cowan et al 1996). A multicellular membrane is a three-dimensional cell model system
consisting of multiple layers of cells growing on top of a porous membrane. The cells are
packed tightly on top of each other instead of being round, as they are in suspension. For
a thickness of ten or more cell layers, the biochemical composition across the cells should
be nearly uniform. This thickness should not cause an absorbance that is great enough to
block light from reaching the detector. Based on our measurements of fibroblast cells in
figure 1 and the results in figure 6, the absorption at amide II will be less than 0.75 OD.
Multicellular membranes are very similar to the structure of tissues in vivo in terms of cell
growth, morphology, and the ratio of intra- to extracellular space.

Figure 8 demonstrates that spectra of mammalian cells can very nearly be described
by a linear superposition of the spectra of the biochemical components that constitute the
cell. Future work is needed to determine the cause of the differences between the fit and the
measured data. One potential concern is that the proteins which are isolated from the cells
may not accurately represent the variety of proteins found in the cells. We have found that
there is some variation in our absorbance results for protein extractions from different types
of cells. Other possibilities for the discrepancies between the fits and the data are that not
all the important biological components were included or that the spectra of the biochemical
components are different when measured in extractions than in their natural environment.
The last possibility is illustrated by our finding that the spectra of DNA broken up into crude
oligonucleotides (Sigma, D3159) are quite different from the spectra of mostly double-stranded
DNA.

Figure 7 illustrates that the absorption bands of the biochemical components of the cells
frequently overlap. Therefore, using peak ratios as measurements of the ratio of biochemical
components may be misleading. For example, the ratio of absorbance at 1121 cm™' to
absorbance at 1020 cm~! has been used as an index for cellular RNA/DNA (Ramesh et al
2001). However, phospholipids also absorb at 1020 cm~!. Therefore the ratio may give
erroneous results. From a fit such as the one in figure 8, the concentration of biochemical
components can be determined. The results of the fit in figure 8 are that a cell suspension of
108 MR1 cells per ml in the exponential phase of growth has concentrations of lipid, protein,
RNA, DNA and glycogen of 3.4 mg ml~!, 10.3 mg ml~!, 4.03 mg ml~!, 0.62 mg ml~! and
0.4 mg ml~!, respectively, and that the volume of PBS displaced by the cells is about 1.2% of
the volume of a pure PBS sample. The displacement of PBS determined from the fit can be
compared with a calculation of the volumes of the solid components which can be determined
by multiplying the concentration of each component by its specific volume. Using estimates
of the specific volumes from the literature (Hianik e al 1998, Sophianopoulos et al 1962,
Durchschlag and Zipper 1997), we find that 1.6% of the sample is taken up by solids. Fitting
a linear combination of basis spectra to the spectra of cells is much more accurate than using
peak ratios since overlapping absorbances are accounted for. With the exception of amide II,
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none of the absorption bands is due to a single biochemical component. Therefore, simple peak
ratios cannot be used to determine the ratio of biochemical constituents. The accuracy of using
a linear least-squares fit to determine the concentration of biochemical components should
be tested by comparison with other methods of measuring the concentration of biochemical
components.

5. Conclusions

There are significant differences between the vibrational spectra of hydrated and dried
mammalian cells. In addition to drying, other aspects of sample preparation can alter the
measured spectrum. Samples that are inhomogeneous will have an apparent decrease in
absorbance of the strongest absorption bands. Furthermore, the IR spectra are expected to
depend on whether the cells are in the plateau or exponential phase of growth when they are
measured. Spectral artefacts due to drying and sample inhomogeneity can be completely or
partially alleviated by measuring aqueous samples. In particular, ‘multicellular membranes’
could provide an excellent measurement system. Accurate measurements of vibrational spectra
may provide a method for assaying cell biochemistry without the need to fix or stain the cells.
The IR spectrum of a cell can be closely reproduced with a linear combination of DNA, RNA,
phospholipid, glycogen and protein spectra.
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