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Biochemical differences in tumorigenic
and nontumorigenic cells measured by Raman
and infrared spectroscopy

Judith R. Mourant Abstract. Both infrared and Raman spectroscopies have the potential
Kurt W. Short to noninvasively estimate the biochemical composition of mamma-
Susan Carpenter lian cells, although this cannot be unambiguously determined from
Nagapratima Kunapareddy analysis approaches such as peak assignment or multivariate classifi-
Leslie Coburn cation methods. We have developed a fitting routine that determines
Tamara M. Powers biochemical composition using basis spectra for the major types of
James P. Freyer biochemicals found in mammalian cells (protein, DNA, RNA, lipid
Los Alamos National Laboratory and glycogen), which is shown to be robust and reproducible. We
MS E535, Bioscience Division measured both infrared and Raman spectra of viable suspensions of

Los Alamos, New Mexico 87544 pairs of nontumorigenic and tumorigenic rat fibroblast cell lines. To

model in vivo conditions, we compared nonproliferating, nontumori-
genic cells to proliferating, tumorigenic cells. Reproducible differ-
ences in biochemical composition were found for both
nontumorigenic/tumorigenic cell models, using both spectroscopic
techniques. These included an increased fraction of protein and
nucleic acids in the tumorigenic cells, with a corresponding decrease
in lipid and glycogen fractions. Measurements of each cell type in
both the proliferating and nonproliferating states showed that prolif-
erative status was the major determinant of differences in vibrational
spectra, rather than tumorigenicity per se. The smallness of the spec-
tral changes associated with tumorgenicity may be due to the subtle
nature of the oncogenic change in this system (a single mutant onco-

gene). © 2005 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction and/or result in only qualitative statements' As noted by

Vibrational spectroscopy has the potential to detect and quan_other authors, as well as ourselves, there are discrepancies in
tify changes in biochemistry occurring during carcinogenesis, the literature regarding peak assignments and most peaks have
and several papers have reported differences in Raman ofcontributions  from  more than one  biochemical
Fourier transform infraredFTIR) spectra of cancerous and component:>!> Consequently, biochemical changes deter-
noncancerous cells/tissue. Primarily these papers have usednined by peak assignments are often merely speculative. Our
multivariate classification methods such as neural networks, goal in this work is to use a more robust biochemical analysis
cluster analysis, or principle component analysis combined of vibrational spectra to gain a fundamental understanding of
with linear discriminant analysis to distinguish cancerous and the biochemical changes accompanying carcinogenesis.
normal tissué ! Although such an approach can discrimi- Most cancers originate in the epithelium, which is com-
nate spectra from different tissues, these analysis methodsprised primarily of cells with very little interstitial structural
cannot provide detailed information regarding biochemical material. Consequently, one model for carcinogenesis would
changes. One of the major advantages of infrared and Ramarpe to measure cancerous and noncancerous epithelial cells.
spectroscopies is their ability to provide detailed biochemical |deally this model would use cancerous cells that were de-
information. Therefore, with multivariate analysis techniques, rjyed directly from the noncancerous cells, mimicking ian

one of the advantages of Raman and infrared spectroscopies igjyo setting. Such models are not readily available for epithe-
not realized. When attempts are made to identify biochemical ji5| celis. There are, however, such models for fibroblast cells,
changes, they frequently rely dtentative peak assignments and we have performed Raman and infrared spectroscopy on

cells from two such models. An additional advantage of using
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cells rather than tissue is that the biochemical changes in the2.2  Cell Counting and Cell Volume Analysis

cells can be isolated. An aliquot of each cell suspension was counted using an elec-
_ In this work we have used M1, MR1, Ratl, and Ratl-T1 yonjc particle counter equipped with a pulse-height analyzer
fibroblast cells. M1 and Ratl cells are immortal but not tum- (coylter Electronicsas described previoust.Briefly, a cell
origenic and were derived from rat embryo fibroblast cells: yo)yme distribution was obtained and gates were set to count
M1 by transfection of a mutamhy concogene and Ratl by an oy intact cells, excluding acellular debris. Three counts

unknown spontaneous event. MR1 and Rat1-T1 cells are tu-\yere taken for each sample and averaged to determine the
morigenic and were derived from M1 and Ratl cells, respec- goncentration of cells in the suspension. After counting, a cell
tively, by transfection of a mutantas oncogené: Vibra- volume distribution containing- 10* cellswas saved and pro-
tional spectra were obtained of all four cell lines from both gssed on a computer to obtain the mean volume of the cells
exponentially growing cell cultures and from cell cultures i the suspension. Absolute volumes were determined through
which had reached a plateau in growth. The reason for mea-caipration of the particle counter using five different sizes of
suring cells in different proliferative states is that cell prolif- polystyrene microspheré®uke Scientifi¢. Cell volume dis-
eration plays an important role in cancer initiation and pro- {ipytions measured before and after spectroscopy were com-

gression. It is well known that transformed cells have a higher pared to monitor for changes in the cell size distribution. No
proliferative index than the normal tissue from which they significant changes were found.

originated!* Therefore, as one model of cancer, we compare
exponentially growing MR1 cell cultures with M1 cell cul-

tures that have reached the plateau phase of growth. In th o o
other model, exponentially growing Rat1-T1 cell cultures are Determination of the cell cycle distribution was performed

compared with Ratl cell cultures that have reached a plateauSing row.cytorrgetri.c DNA content analysis as described in
of growth. detail previously® Briefly, an aliquot ofL(° cellswas fixed in

70% ethanol and refrigerated. Fixed samples were prepared
. for analysis by centrifuging the cells to a pel{&¢600 rpm for

2 Materials and Methods 10 min), decanting the ethanol and resuspending the cells in 1
2.1 Preparation of Cells mL of a DNA staining solution containing 5@g/mL pro-
pidium iodide (Sigma and 100 units/mL RNaséSigma in

Monolayer cultures were routinely maintained and subcul- o g . ) I
tured for up to 20 passagésumulative population doublings F'BS containing calcium and magnesiumVitrogen. Cells
remained in the staining solution overnight at 4 °C. DNA con-

120 as described in detail elsewhére? Briefly, cells were _ _
tent analysis was performed on a FACS CaliliBecton-

cultured as monolayers in standard tissue culture flasks using =’ X o
Dickenson flow cytometer using 488 nm excitation and fluo-

Dulbecco’s modified eagle’s mediutDMEM, Invitrogen) . ) . . .
containing 4.5 g/L D-glucose, 5%/v) fetal calf serum(Hy- rescence_collectlon with t_h(_e propidium iodide filter set. DNA
clone, 100 1U/mL penicillin, and 100ug/mL streptomycin content histograms containing greater ti#h cellswere col-

(Invitrogen referred to hereafter as complete medium. Cell 1€cted with coefficients of variation on tt®,-phase peak of

suspensions were obtained from monolayer cultures by treat- <>%- These histograms were analyzed for cell cycle distribu-

ment for 10 min with 0.25% trypsin in a phosphate buffer tion With the MODFIT LT program (Verity Software House
(pH 7.4) containing 1 mM EDTA and 25 mM HEPES, fol-  USing the debris and aggregate elimination options.

lowed by the addition of cold complete medium. Cell suspen- )

sions were passed twice through an 18 gauge needle, centri2-4 Collection of FTIR Data

fuged into a pelle{1500 rpm for 10 mip and the medium  The infrared spectra of cells in PBS were obtained in trans-
was removed. The cell pellet was resuspended in phosphatemission mode. The sample chamber consists of two rectangu-
buffered saling(PBS), centrifuged again to remove residual lar barium fluoride windows held in apposition with an oval-
medium, and PBS was added to obtain the final concentrationshaped 5Qsm-thick ring of Teflon between them. The upper
of 1x 1P to 2.5x 10° cells/mL used for infrared and Raman  window has a hole at the top for inserting the sample and a
measurements of M1 and MR1 cells. For Raman spectroscopyhole at the bottom for allowing air to escape while loading the
of Ratl and Rat-T1 cells, cell suspensions are prepared assample. A rubber gasket was placed over the upper window to
described except that after the second time supernatent is reseal the holes and to prevent the sample from leaking. Fibro-
moved and PBS is added, the cells are centrifuged into ablast cells were loaded into the Zfm-thick sample space
black, delron plastic cylinder 1 cm in diamexet cm in depth between the twdBaFl, windows by using a syringe to push

to obtain a cell pellet o2 —5x 108 cells/mL. Growth curve the cell suspension into the sample space. The infrared beam
experiments showed that monolayers of MR1 and Ratl-T1 spot was~1 cm in diameter and the spectra were obtained at
cells reached their growth plateau-a6x 10° cells/cnf, and 2 cm ! resolution with 200 scans per spectra. Collection time
3-5%x10° cells/cn?, respectively, while M1 and Ratl cells for a single spectrum on our Fourier transform infrared spec-
reached their growth plateau &t-2x 10° cells/cnf. Based trometer equipped with a DTGS detectdattson Cygnus-

on these data, exponentially growing cell suspensions were100) was 7 min. The cells were not on ice during the mea-
obtained from monolayer cultures harvested at a cell density surement, however, we have found that this amount of time at
of less than 1/3 of confluent cultures, while plateau-phase room temperature does not affect cell viabilityA typical
suspensions were obtained from monolayer cultures harvestedneasurement protocol consisted of taking two spectra of
after 2—3 days at confluence. The proliferative status of eachphosphate buffered salif®BS), two spectra of cells in PBS,

of these suspensions was confirmed by flow cytometric DNA two spectra of PBS, two spectra of cells in PBS, and two
content analysis as described below. spectra of PBS. All measurements were performed in the

e2.3 Cell Cycle Analysis and Proliferative Status
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Table 1 Number of samples measured. Cell cultures harvested in the exponential and plateau phase are
denoted by an e or a p after the cell name, respectively.

Ratle Ratlp Ratl-Tle Rat1-T1p Mle MTp MR1e MRTp

Raman 4 6 6 4 7 8 6 7
FTIR 3 11 11 4 9 7 6 7

same sample chamber, which meant reloading the samplesuprasil nuclear magnetic resonanl®MR) tubes(Wilmad/
chamber for each set of two measurements. The absorbance ofab Glas$ and the bottom of the tubes were placed in an ice
the cells is calculated according to Ed) wherel ;s ave iS water bath during data collection. For each experiment, two
the average of the intensity measured when cells were in thespectra were collected of the empty NMR tube, two spectra of
sample chamber anlggs e is the average of the PBS spec- the NMR tube containing the buffer, and ten spectra of the
tra. The number of samples measured are shown in Table 1. NMR tube containing the cell culture. The spectrum of the
tungsten source was smoothed using a 15-point boxcar func-

Absorbance —10g(! ceiis ave/ | PeS ave - (1) tion and divided by the manufacturer provided spectral irradi-
ance of the tungsten lamp to give the final spectrum used to
2.5 Description of the Raman Instrumentation correct for instrument response.

Excitation is provided by a 785 nm diode laser coupled via a  The data collection methods for the Ratl and Rat1-T1 cells
fiber-optic to a probe head containing a holographic grating to Were slightly different than for the M1 and MR1 measure-

eliminate Raman signals from the fibé¢aiser Optical Sys- ~ ments. The cells were measured in an open-faced, black, del-
tems. The excitation light was focused onto the sample using fon plastic sample chamber to eliminate the need to subtract

tered light is collected through the same lens and passedMeasured at a higher concentration to increase the signal-to-
through the probe head, where the excitation light was elimi- Noise ratio. Third, a tungsten lamp spectrum was recorded
nated with two notch filters. A fiber-optic cable connects the €Vvery time the grating was changed to facilitate a flat-field
probe head to a spectrograffioloSpec f1.8, Kaiser Optical ~ correction of the data. Flnally,_the temporal cosmic ray _fllter
System$ which has an additional notch filter. Dispersed Ra- Was used rather than the spatial cosmic ray filter to avoid the
man signal is detected using a deep depletion, back- Smoothing effect of the spatial filter and for better cosmic ray
illuminated liquid nitrogen cooled charged coupled device elimination. For measurement, the Ratl or Rat1-T1 cells were
(Princeton Instrumentsattached to the spectrograph. Two re- SPun into the 1 cm in diameter by 1 cm in depth sample
movable holographic gratings were used in the spectrograph.chamber which was then placed in an ice water bath. The
The first covered the low wavenumber spectral range 100 focus of the laser was lowered onto the top of the cell pellet
1900 cn1?, while the second covered the high wavenumber un_tll the S|gnal_|nten5|t)_/ was maX|m|ze(_1. Spectra were ac-
spectral range from 1780 to 3250 ¢ The spectral resolu- ~ duired for 20 min each in the low and high wavenumber re-

tion, defined as twice the spectral bandpést width at half gions. A spectrum of the empty sample chamber, and a spec-
maximum), was~6.2 and 5.0 cm', for the low and the high ~ trum of PBS in the empty sample chamber, were also pbtalned
wavenumber regions, respectively. on most days when cells were measured. The intensity of the

empty sample chamber spectrum was found to consist prima-
2.6 Collection of Raman Data rily of Raman scattering and fluorescence from the measure-

w. ment optics with practically no contribution from the sample
chamber itself.

The volume of sample measured was estimated to be 0.008
mm®. This estimate was based on a measurement of the beam
profile as well as measurements of different depths of cells
which were examined for Raman scattering from the sample
chamber under the cells. The number of cells in the 0.008
mm® volume is estimated to be 2000 using the measured av-
erage volume of a cell of 2000m?® and assuming 50% of the
volume is cells and 50% of the volume is interstitial space.

All data were collected with a laser power of 185—-200 m
This laser power is not expected to cause any significant in-
crease in sample temperature due to the extremely low ab-
sorption coefficent of cells at 785 nm. Assuming water is the
primary absorber at 785 nm, the absorption coefficient of our
samples is~0.025 cml. While tissues containing large
amounts of blood, such as liver, show significant heating, tis-
sues containing small amounts of blood undergo little or no
heating'® A measurement of a standard tungsten so(@e
tronic Laboratories In¢.was used to determine and correct
for the instrumental response. The number of cell samples
measured is given in Table 1. 2.6.1 Determination of biochemical component

During collection of data on M1 and MR1 cell suspen- spectra
sions, the spatial cosmic ray correction of the WinSpec/32
program(Princeton Instrumentsvas used at 100%. This cor-  Choice of biochemical components DNA: Calf thymus
rection had a slight smoothing effect on the data, equivalent to DNA (Sigma-Aldrich dissolved in TE buffe(10 mM TRIS-
about a five-point boxcar smooth. For a given experiment, HCI, 1 mM EDTA, pH 8) was measured. This source of DNA
collection times were normally 300 s per spectrum. The M1 was chosen, because it is highly polymerized like the DNA in
and MR1 cell suspensions were contained in 5-mm-diameter cells. Raman measurements were made at concentrations of
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10.9, 15.6, and 17.5 mg/mL, while all of the infrared measure- and concentrations of 10, 15, and 20 mg/mL were used for the
ments were made at a concentration of 10 mg/mL. infrared measurements.

RNA: Calf liver RNA (Sigma-Aldrich was measured in
TE buffer at concentrations of 40 and 42.7 mg/mL for the Data acquisition Multiple measurements of separate
Raman measurements and 10 and 40 mg/mL for the IR mea-S@mples were made on both the Raman spectrometer and the

surements. FTIR. The purpose of making multiple measurements was to
Lipid: Extract from liver cells was use@vanti Polar Lip- ~ assure that the data were repeatable. For the Raman measure-
ids). The composition is given by the manufacturer to be ments, reprodq0|blllty of the spectrgl mtgnsmes over a time
5%-—7% cholesterol, 42% phosphatidylcholiteC), 22%— span of weeks insured that the configuration used for the mea-
26% phosphatidylethanolamir®E), 8%—9% phosphatidyli- ~ Surements was stable and facilitated the extraction of absolute

nositol (P1), and 18%—22% other. This composition compares concentrations of biochemical components from the analysis
reasonably well with the known composition of lipids in fi- of the cell data. All Raman data were collected at a laser

broblasts: 9%—12% cholestefd142%—-51% PC, 14%-18% Power of 185-200 mW using the temporal cosmic ray filter.
PE, ~8% PI2° For measurement, the lipid was dissolved in a The amount of time data were collected varied depending on

buffer containing 10 mM TRIS-HCI, 100 mM NaCl, 20 mM the signal to noise being obtained. For example, more data
sodium azide at a concentration of 40 mg/mL. were collected on prot(_ein than on DNA because the fluores-
Protein: Protein was isolated using nondenaturing condi- C€nce background is higher for protein.
tions from previously frozen cells. For the initial extraction,
the cells were resuspended with tissue protein extraction re-
agent(TPER, Pierceat 1 mL of TPER for each 0.05 g of
cells. The protease inhibitofstock solution concentrations in
parenthesis aprotinin (1 mg/mL), phenylmethylsufonylfluo-
ride (10 mg/mb), leupeptin(1 mg/mL), and dithiothreitol(1
mol/L) were added at uL/mL TPER. The suspension was
sonicated at 4 °C for five 10 s periods with 20 s between each
sonication, using 7 W of output power from a sonic dismem-
brator(Fisher Scientifit. The sample was centrifuged at 6000
rpm for 25 min at 4 °C to remove cellular debris. RNd4e
mg/mL) and DNasg1 mg/mL) (both from bovine pancreas,
Sigma-Aldrich were added at 1@L/mL TPER to the super-
natant. The supernatant was allowed to sit at room tempera-
ture for 90—120 min after which it was run on a size exclusion
column (Biogel A 0.5 m gel, Bio-Rag at 4 °C equilibated
with 100 mM NaCl. Fractions were collected using an auto-

Analysis of component spectra Regions of the low wave-
number Raman spectra were simultaneously fit to a fifth order
polynomial plus a spectrum of the empty sample cell plus a
spectrum of the buffer. An example of a fit is shown in Fig. 1.
The regions of the spectrum chosen for the fit were regions in
which, based on the literature, no Raman bands were expected
from the biochemical being measured. The purpose of the
fifth order polynomial was to model the fluorescence. After
fitting, the contributions of the polynomial, the buffer, and the
empty cell spectra were subtracted from each component
spectrum. High wavenumber Raman spectra were also fit to a
fifth order polynomial, a spectrum of the empty sample cell
and a spectrum of the buffer, and these contributions were
subtracted from each component spectrum. The regions cho-
sen for the fit were regions where there did not appear to be
Raman bands due to the biochemical of interest. Before fitting
the Raman M1/MR1 data, the component spectra were

matic fraction collector. UV detection at 280 nm during col- , . : .
. smoothed with a 5-pt boxcar to simulate the spatial cosmic
lection showed three broad peaks. A Bradford aSsstyowed - . S .
. . ray filter used in acquiring the cell data. The analysis of the
the middle peak to be protein. IR spectroscopy suggested thatF . :

) ) . L TIR data was analagous to the analysis of the cell data given
the first and third peaks contained mostly lipid-like compo- by Eq. (1)
nents with no protein. The fractions from the middle peak yEA&.

L : ; To quantitatively analyze overlap between the component

were concentrated by ultrafiltration first using a 200 mL .

. - - spectra, normalized dot products were calculated. Let A and B
stirred cell and then a 10 mL stirred céMillipore). Further b He the index f ber. Th
concentration was done in an ultracentrifuge using Microcon € component spectra ante the index for wavenumber. The

- . . . - . normalized dot products were then calculated as

centrifugal filter devicegMillipore). During all concentration
steps, 10 000 molecular weight cutoff filters were used. Final
protein concentration was determined using a Bradford assay. 2 Ai)* B(i)/ 2 AZ(i) / E B2(i)
IR and Raman spectra were collected immediately after con-
centration, as we have found that the spectra change if thewhere the summations are over the range of wavenumbers
protein is allowed to sit for more than 12 h at 4 °C. For the fits used in the fitting procedures described below.
of Raman data, an average spectrum from four isolations of
protein was used. Two were of Ratl cells harvested in the ]
plateau phase of growth~19 mg/mb) and two were from  2:6.2 Analyzing the cell spectra
Ratl-T1 cells harvested in the exponential phase of growth Raman and FTIR spectra were each fit to a combination of the
(~26 mg/mb. No difference was found in the protein spectra biochemical components and baseline terms by minimizing
of the two cell types to within the signal to noise of our chi-squared. All of the data were fit using the Levenberg—
measurements. For the fits of infrared data on M1 and MR1 Marquardt methotf as implemented in Igor Pré/Navemet-
cells, a spectrum of protein extracted from MR1 cells in the rics) to minimize chi-squared. For the Raman data, fits were
plateau phase of growth was us@dmg/mb). done with several different starting conditions to assure that

Glycogen: Glycogen from bovine livefSigma-Aldrich the global minimum rather than a local minima was found.
was dissolved in eithepH 7 phosphate buffer or PBS. No  Additionally, all of the FTIR data on Ratl and Ratl-T1 cells
dependence of the spectra on buffer was found. Concentra-were also fit using a linear least squares routine. Results from
tions of 15 and 20 mg/mL were used for Raman spectroscopy this method were identicalto three signficant figurgsto
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Fig. 1 Example of a fit used for determining the contributions of the
buffer (PBS), the optics and empty sample cell, and fluorescence to a
spectrum of DNA. The black line is the spectrum of DNA, the red line
is a fit which is a linear combination of (1) a spectrum taken with the
sample cell empty, (2) a spectrum of phosphate buffered saline (PBS)
and (3) a fifth order polynomial (representing fluorescence). The fit

was performed only at the wavelengths that are shaded gray.
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Fig. 2 Raman spectra of biochemical components of cells. The low
wavenumber spectra (top) have been offset by multiples of 0.04 for
clarity. All spectra were scaled to a concentration of 20 mg/mL.
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Fig. 3 Infared component spectra. (The protein spectrum shown was
used for analysis of Rat1 and Rat1-T1 data. A different protein spec-
trum was used for M1 and MRT cells.) All spectra were scaled to a
concentration of 10 mg/mL. In the high wavenumber region only lipid
and protein spectra are shown, because no other components had
significant absorbance.
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those obtained using the Levenberg—Marquardt method toTable 2 Similarity of Raman component spectra as quantified by
minimize chi-squared, demonstrating that the Levenberg— calculation of dot products.
Marquardt method was finding the global minimum rather

than a local minimum. The concentrations of the components Protein Lipid RNA  DNA  Glycogen
were constrained to be greater than zero when doing the fits.
Raman spectra of cells, corrected for system response,Protfein 1.0 0.84 056 0.8 0.78

were fit to a linear combination of a fifth order polynomial,

the five biochemical basis spectra, a spectrum of PBS, and aL'p'd 10 037 040 0.67
spectrum of an empty sample cell. The fifth order polynomial grnA 1.0 0.87 0.58
was originally meant to represent the fluorescence, although it

also compensated for errors in estimating the baseline whenPNA 1.0 0.61

analyzing the component spectra. The spectra of PBS and arbchogen 10
empty sample cell were averages of multiple measurements '
made on separate days. It was assumed that the intensity of
the signal might change slightly between the low and high

wavenumber regions and that the fluorescence amplitudesprational spectroscopy demonstrates that exponential phase
might be different. These assumptions were made because thee|| cultures and plateau phase cell cultures contained very

sample was realigned after the grating was changed and beifferent distributions of cells in the stages of the cell cycle
cause during the measurement with the first grating there wasand quantitates the variability of the samples.

some fluorescence bleaching. There were 15 parameters in our
fits of Ratl and Ratl-T1 data; six for the polynomial, five for
the basis spectra, one for PBS, one for the empty sample cell,?"1
one for the ratio of fluorescence amplitudes in the low and Figures 2 and 3 show the component spectra used in analyz-
high wavenumber regions, and one for the ratio of the signal ing the Raman and IR data, respectively. These data show
amplitude between the low and high wavenumber regions. significant overlap between component spectra. A simple way
For the analysis of M1 and MR1 data one change was made into quantify this overlap is to treat the component spectra as
order to correct for some minor baseline artifacts. Separate vectors in wavenumber space and calculate the normalized
fourth order polynomials were used for the low and high dot product between the component spectra. If there is no
wavenumber regions instead of the single fifth order polyno- overlap of bands in the component spectra, the dot product
mial and ratio of fluorescence amplitudes used for the Ratl, will be 0. If the component spectra are identical the dot prod-
Rat1-T1 data. The spectral regions used in the fits were 450—uct will be one. In other words, the dot product increases from
1775 cmt, and 2600—3125 cnt, for the Ratl/Ratl-T1 data. O to 1 as the similarity of the spectra increases. Table 2 shows
For the M1/MR1 data, the lower wavenumber region was results for the Raman spectra. The greatest overlap is between
changed to 450—1750 crhbecause the signal to noise past RNA and DNA, with the next greatest overlap being between
1750 cm! was poor. The errors of the cell measurements protein and lipid. The overlap between lipid and protein is less
used in computing chi-squared were assumed to be propor-important because these components are present in large
tional to the square root of the intensity. quantities. The results for the IR component spectra are
Two spectral region$1011-1575 and 2800—2950 ¢y shown in Table 3. Again, the greatest overlap is between the
were chosen for fitting the FTIR data in order to avoid regions RNA and DNA spectra. However, there is less similarity in
where the high absorption peaks of water greatly decrease thghe IR lipid and protein spectra than in the corresponding
signal to noise. In these spectral regions, the absorbance ofRaman spectra. Given the large overlap between the spectra
PBS is below 2 OD’sfor our 50 um pathlength except from of RNA and DNA and the fact that, separately, RNA and DNA
1572 to 1575 cm® where it reaches a maximum of 2.06. Cell are relatively minor components, it is difficult to accurately
absorption spectra were normalized 16F° cells/mL. The determine their concentrations separately. Consequently, the
baseline terms include a spectrum of PBS and a linear poly- results of fits of component spectra to cell data are reported in
nomial for each spectral region. The errors used for the chi- terms of total nucleic acid§.e., RNA plus DNA.
squared fits were calculated from the standard deviation of
multiple cell spectra after normalizing the areas under each

Component Spectra

curve. Table 3 Similarity of infrared component spectra as quantified by
calculation of dot products.

3 Results Protein Lipid RNA DNA  Glycogen

Before presenting results of the Raman and IR measurements

on tumorigenic and nontumorigenic cells, results are first pre- protein 1.0 057 036 0.35 0.31

sented on component spectra, on the fitting method, and on an

analysis of the growth stage of the samples. The results of thelipid 1.0 047 0.48 037

analysis of the component spectra motivates some of the dat
presentation methods and provides background information
for the fitting method. The section on data fitting provides DNA 1.0 0.69
examples and some evaluation of the method. Finally, the
analysis of the growth stage of the cell samples used for vi-

1.0 0.95 0.66

Glycogen 1.0
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Fig. 4 Top two panels: Example of Raman data for exponentially
growing Rat1-T1 cells and the corresponding fit (very top). The aver-
age residual for all fits to Rat1-T1e cells is shown below the fit. Bottom
two panels: Same data, fit and residual in the high wavenumber
region.

Fig. 5 Top two panels: Infrared data for exponentially growing
Rat1-T1 cells and the corresponding fit (very top) and the average
residual for the fits to Rat1-TTe cells. Bottom two panels: Same data,
fit and residual in the high wavenumber region.
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Table 4 Percent of cells in G1, S, and G2 for cell suspensions measured by FTIR and Raman spectroscopy. The mean percent is followed by the
standard deviation in parentheses.

Rat1-T1
Raman FTIR
Exponential Plateau Exponential Plateau
Gl 50(2.¢) 84.4(5.3) 48.5(3.9) 84.4(5.4)
S 37.7(2.6) 8.4(3.9) 34.4(7 .4) 8.4(8.9)
G2 12.3(1.4) 7.3(2.0) 16.7(8.9) 7.3(1.9)
MR1
Raman FTIR
Exponential Plateau Exponential Plateau
Gl 49.2(10.0) 83.0(4.8) 48.8(8.1) 85.5(3.¢)
S 35.9(7.5) 9.9(5.4) 37.3(5.0) 10.1(3.3)
G2 15.7(5.3) 7.1(3.0) 13.8(3.9) 4.3(2.5)
Ratl
Raman FTIR
Exponential Plateau Exponential Plateau
Gl 50.7(2.7) 86.2(4.1) 52.1(0.2) 85.6(3.3)
S 35.0(4.3) 10.7(4.4) 33.1(2.7) 9.8(3.8)
G2 14.3(2.5) 3.8(1.7) 14.8(2.8) 5.3(1.9)
M1
Raman FTIR
Exponential Plateau Exponential Plateau
Gl 45.6(1.8) 80.0(6.9) 44(3.7) 81.9(8.9)
S 40.8(3.0) 11.0(6.7) 42.1(2.3) 11.0(7.0)
G2 14.2(2.2) 8.9(2.8) 13.8(3.3) 7.0(3.7)
3.2 Data Fits number region there is less fluorescence; the rising trend at

Figure 4 shows a typical Raman spectrum of Rat1-T1 cells the highest _Wavenumbers is due to Ra[nan scattering_ from
harvested in the exponential phase of growth as well as the fit Water. The fit shows a small peak at 916_6"“0t present in

to this spectrum and the average residual of fits to the Ratl-the data. This peak is due to a contribution from the sample
Tle data. The general decreasing slope of the data in the lowchamber to the protein spectrum. The residuals shown below

wavenumber region is due to fluorescence. In the high wave- the data plots are the average of the residuals of the fits to the
six individual measurements of Rat1-T1le cells. The nonran-
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Fig. 6 Percentage of various biochemicals in the nontumorigenic and Fig. 7 Percentage of various biochemicals in the nontumorigenic and
tumorigenic models. Plateau phase Rat1 cells (gray checkerboard) and tumorigenic models. Plateau phase M1 cells (gray checkerboard) and
exponential phase Rat1-T1 cells (solid gray). Data are means and stan- exponential phase MR1 cells (solid gray). Data are means and stan-
dard deviations for several independent measurements (see Table 1). dard deviations for several independent measurements (see Table 1).
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Table 5 ¢ Test results for the significance of differences in biochemi- 3.3 Cell Cycle Analysis

cal composition of the tumorigenic and nontumorigenic models. . . .
Cell cycle analysis of cell cultures in the exponential phase of

growth should yield a significarit.e., ~50%) fraction of cells

Ve':’JS] g;f] Ver’;’l\i ]/5\1 in the S and G2 phases of the cell cycle. Cell cycle analysis of
P P cell cultures which have reached a growth plateau should
Roman)  (nfrared)  Roman]  (infrared) have the majority of cells in G1. Therefore, cell cycle ana}IyS|s
was performed to assure that the cell cultures were in the
) o . . expected phase of growth when harvested. Table 4 shows the
Profein >99.5% n-s: >99.9% >99.5% mean and standard deviations for the percent of cells in G1, S,
Lipid >99.9%  >999%  >99.9%  >99.9% and G2 for the measured cell suspensions. Cell suspensions in
o 5 . . 5 the exponential phase of growth have about 50% of the cells
Nucleic acids >95.0%  >99.9%  >97.5%  >99.9% in G1, 35% in S, and 15% in G2. Cell suspensions in the
Glycogen 595.0% 599 9% 590 9% 599 9% plateau phase of growth have about 85% of the cells in G1,

10% in S, and 5% in G2.

3.4 Spectra of Tumorigenic and Nontumorigenic
Models

domness of the amplitudes of this residual indicates that thereAs models of cancerous versus normal cellular tissue,
is a systematic error, albeit a small one since the amplitude is Ratl-T1 cells harvested in the exponential phase of growth
small. The average residuals for the Ratlp, Ratl-T1p, and (Ratl-T1e cellswere compared to Ratl cells harvested in the
Ratle data all show the same general features as the residuéP'ateaU_ phase of grovx_/tERatlp cells and MR1 cells har-
shown in Fig. 4 such as the peaks near 1325, 1450, and 1700/€Sted in the exponential phase of grouiR1e cells were

cm™* and the dips at 900 and 2920 chThe average residu-  compared to M1 cells harvested in the plateau phase of
als of the fits to M1 and MR1 data also show some nonran- growth (M1p cells. Results of the biochemical analysis ob-

dom behavior(data not shown In the low wavenumber re- tained by fitting the Raman and FTIR data as described in the

gion, the residuals show the same peaks at 1325, 1450, andnethods section are shown in Figs. 6 and 7. The percentage of

1700 cm! along with an additional broad peak near 1000 phrotzir;f Is on ak\)/erage higherhin thﬁ tumorigenic; moltljerl], Véith
_ . . - . this difference being greater than the error bars for all the data
cm %, while the dip at 900 cm' is not present. In the high

. o . except the FTIR measurements of Ratlp and Ratl-T1le cells.
wavenumber region, there are no distinct peaks like the 2920 b b

Y _ The lipid content is clearly greater for the nontumorigenic
cm  one for the Ratl/Ratl-T1 data. One explanation for the ,qqe|g a5 there is no overlap of error bars. The nucleic acid

systematic errors in the fits is that there are systematic errors gntent is on average greater in the tumorigenic model, with
in the component spectra. With the exception of the broad oyeriapping error bars for the Raman data, but not for the
peak near 1000 crt, the peaks and dips in the residual spec- FT|R data. The differences in glycogen concentration are also
tra are at wavenumbers where Raman scattering from prOteinsignificant with no overlapping error bars. The nontumori-
is strong or on the edge of the amide | peak. Possibly the genic models have more glycogen than the tumorigenic mod-
spectra of protein used for the fits does not correspond exactlyels. |n addition to presenting means and standard deviations in
to the spectra of the protein vivo, due to the fact that it is Figs. 6 and 7, we have also performetests to assess the
difficult to extract membrane bound proteins and that the en- significance of the differences in the mean values of the
vironment for thein vitro measurements is different tham biochemical percentages. As shown in Table 5, the confidence
vivo conditions. levels for the differences in mean values of the concentrations
Figure 5 shows a typical infrared spectrum of Ratl-T1 of protein, lipid, nucleic acids, and glycogen are all greater
cells harvested in the exponential phase of growth as well asthan 95.0% except for the difference in protein concen-
the fit to these data and the average residual of fits to thetration for Ratl-Tle and Ratlp cells as measured by FTIR
Ratl-T1le data. The average residuals for the Ratlp, Ratl-T1pspectroscopy.
and Ratle data all show the same general features as the re-
sidual shown in Fig. 5 such as the peaks near 1530, 1220, and3.5 Source of the Differences Between the
the dips near 1100, 1070, and 2860 ¢mexcept that the  Tumorigenic and Nontumorigenic Models
Ratle residual does not have a dip near 1400’che M1 Figures 6 and 7 demonstrate that there are differences in the
and MRL1 residuals have similar amplltude§ and show some of yigchemical composition of the exponentially growing tum-
the same features, but there are some differences. There argyigenic cells and the plateau phase nontumorigenic cells.
dips at 1070 and 1100 crh and peaks near 1220 and 1530 These results raise the question of whether the differences are
cm ' as was true for the Ratl and Ratl-T1 data. There are que to intrinsic changes in the cells due to their tumorigenicity
also peaks near 1460 and 2850 ctrMany of these features,  or due to their proliferative phase. Comparisons of the same
such as those at 1400, 1460 and 1530 twan be attributed  cell line harvested in the exponential and plateau phase show
to protein, however, the dips near 1070 and 1100 tare results similar to those seen in Figs. 6 and 7. Figures 8, 9, 10
probably due to nucleic acids or lipids and the peak at 2850 and 11 compare the results of analyses of exponential and
cm ! is most likely lipid. There are probably small discrep- plateau cell spectra for Ratl-T1, MR1, Ratl, and M1 cells,
ancies between thi vitro and in vivo infrared spectra of  respectively. For the tumorigenic cells, the Raman data show
most of the components. a greater percent of protein in the exponential cells, but the
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Fig. 8 Comparison of the percentage of various biochemicals in pla-
teau and exponential phase Rat-T1 cell cultures. Plateau phase
Rat1-T1 cells (dark gray) and exponential phase Rat1-T1 cells (light
gray). Data are means and standard deviations for several indepen-
dent measurements (see Table 1).
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Fig. 10 Comparison of the percentage of various biochemicals in pla-
teau and exponential phase Rat1 cell cultures. Plateau phase Rat1
cells (gray checkerboard) and exponential phase Ratl cells (gray
slashes). Data are means and standard deviations for several indepen-
dent measurements (see Table 1).

FTIR data do not. For nontumorigenic cells, the protein per- shown in Figs. 12 and 13 with Fig. 12 showing results for
centage also appears to be higher in the exponential phasexponential cell cultures and Fig. 13 showing results for pla-
cells, although error bars overlap for the Raman data on Ratlteau phase cultures. The differences seen in the means for the
cells. Lipid percentage is clearly greater for the plateau phaseplateau phase culturé¢Big. 13, greater percentages of protein
cells, with no overlap of the error bars for either tumorigenic and nucleic acids in the tumorigenic cells, and greater lipid
or nontumorigenic cells. The percentage of nucleic acids ap- and glycogen percentages in the nontumorigenic cells, were
pears to be greater for the exponential phase cells, althoughalso observed in Fig. 6. However, for the exponential phase
all of the Raman data and the FTIR data on Ratl cells have cultures(Fig. 12, only the changes in nucleic acids appear.
overlapping error bars. Glycogen content appears to be greateThe results ot tests assessing the significance of differences
for plateau phase cells, although in half the cases the errorin the means are given in Tables 8 and 9. Very few of the
bars overlap. The results oftests of the significance of the differences in mean concentrations are significant, particularly
differences in the means of the percentages of biochemicalfor the exponential phase cells. Examination of the data, how-
components are shown Tables 6 and 7. Most of the significantever, indicates two biochemical component ratios that might
differences between the biochemical composition of the tum- differentiate the tumorigenic and nontumorigenic cells. The
origenic and nontumorigenic models are also found in Tables ratio of lipid to nucleic acid concentration was found to be
6 and 7. greater for the nontumorigenic cells for seven of the eight data
Comparison of tumorigenic Ratl-T1 cells and nontumori- sets.(The exception was the FTIR data on Mle and MR1e
genic Ratl cells harvested in the same growth phase arecells) t Tests on the difference in the mean values of this ratio
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Fig. 9 Comparison of the percentage of various biochemicals in pla- Fig. 11 Comparison of the percentage of various biochemicals in pla-

teau and exponential phase MR1 cell cultures. Plateau phase MR1
cells (dark gray) and exponential phase MR1 cells (light gray). Data
are means and standard deviations for several independent measure-
ments (see Table 1).

Journal of Biomedical Optics

031106-10

teau and exponential phase M1 cell cultures. Plateau phase M1 cells
(gray checkerboard) and exponential phase M1 cells (gray slashes).
Data are means and standard deviations for several independent mea-
surements (see Table 1).
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Table 6 ¢ Test results for exponential and plateau phase tumorigenic 100
cells. If the confidence level was less than 90%, it was considered not 5
significant (n.s.). 4
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Fig. 12 Comparison of the percentage of various biochemicals in

O ciyif nontumorigenic and tumorigenic exponential phase cell cultures. Ex-
were of greater than 90% significance for Raman data on ponential phase Ratl cells (gray slashes) and exponential phase

Ratle versus Ratl-T1le cells, on M1p versus MR1p cells, on Rat1-T1 cells (solid gray). Data are means and standard deviations for
Mle versus MR1e cells, and for FTIR data on M1p versus several independent measurements (see Table 1).

MR1p cells. The ratio of lipid to protein was found to be

consistently larger for the plateau phase nontumorigenic cells

than for the plateau phase tumorigenic cdllSests were of spectroscopy. The protein percentage, however, is always
greater than 90% significance for Raman and FTIR data on jower when measured by Raman scattering rather than FTIR
M1p versus MR1p cells and for FTIR data on Ratlp versus spectroscopy. Similarly there is a trend that the nucleic acid
Ratl-T1p. Therefore, we can conclude that there are somegnd glycogen percentages are lower for the Raman results
small differences between tumorigenic and nontumorigenic than for the FTIR results. The reason for these minor differ-
cells, particularly when they are compared in the plateau ences lies in the fact that the FTIR absorbance does not de-
phase of growth. In particular, both the lipid to nucleic acid pend on scattering properties of the samp|e due to the very
ratio and the lipid to protein ratio can differentiate M1 and short measurement pathlength, but the measured Raman in-
MR1 cells in the plateau phase of growth by either Raman or tensity does. To demonstrate that the Raman results depend on
FTIR spectroscopy. scattering properties, measurements were made of glycogen
Based on the results presented in the previous paragraphswith and without the addition of polystyrene spheres to in-
it is concluded that the differences in biochemical composi- crease scattering. The addition of the polystyrene spheres re-
tion seen between the tumorigenic and nontumorigenic mod- duced the amplitude of the Raman scattering from glycogen
els are primarily due to the difference in proliferative status. by about a factor of 2 for a reduced scattering coefficient of
1.0 cmi ! (glycogen concentration held constant at 20 mg/mL,
3.6 Comparison of FTIR and Raman Results data not shown With this information we can explain the
The previous two subsections of the results section demon-minor discrepancies between the FTIR and Raman results. Of

strate that Raman and FTIR spectroscopy give very similar
results for the changes in biochemical composition. However,

examination of the Raman and infrared results in 100
Figs. 6—13 demonstrates that the lipid concentration is always 5
greater as measured by Raman scattering compared to FTIF sol- Protein 4 ]
3
* 2
: 1
Table 7 t Test results for exponential and plateau phase nontumori- a 60 : . ﬁ
genic cells. If the confidence level was less than 90%, it was consid- ] i o
ered not significant (n.s.). & § FIR
§ 40 s =
Ratle Mle & e Lipid
versus Rat1p versus M1p 5 I Nucleic acids
20 -
(Raman) (Infrared) (Raman) (Infrared) b4 Glycogen
L 4
0 Lo 2 i e
Protein >90.0% >99.0% >99.5% >99.9% Raman FTIR Raman FTIR Raman FTIR Raman FTIR
Lipid >99.9% >99.9% >99.9% >99.9% Fig. 13 Comparison of the percentage of various biochemicals in
nontumorigenic and tumorigenic plateau phase cell cultures. Plateau
Nucleic acids n.s. >99.5% n.s. >99.5% 5 5 P P

phase Rat1 cells (gray checkerboard) and plateau phase Rat1-T1 cells
o o o (solid gray). Data are means and standard deviations for several inde-
Glycogen n-s: >99.5% >95.0% >99.9% pendent measurements (see Table 1).
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Table 8 ¢ Test results for tumorigenic and nontumorigenic cells har- 25
vested in the exponential phase of growth. If the confidence level was 1o
less than 90%, it was considered not significant (n.s.).*** The Rat1- Protein o ek i
T1e cells were found to have a lower percentage of protein than the o 20+ el b4 1 A
Ratle cells, unlikely all other cases where the tumorigenic cells had K e sk |
more protein. ® o 33
= — © 504 —
% 15 4 0.0 64 (m l
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b} bos. 1
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Fig. 14 Concentration of biochemicals in Rat1p (checkerboard) and
O, O,
Glycogen ns ns. >95.0% >99.9% Rat1-T1e (light gray) cells. The Raman data have been multiplied by a

factor of 2.

the biochemical components we measured, only the lipid

sample was turbid.e., scattering The cells were also turbid.  derestimate the amount of protein, nucleic acids, and glyco-
Therefore, the percentages of protein, nucleic acids, and gly-gen. Despite these differences in results for the two methods,
cogen were probably underestimated by the Raman spectrossome conclusions can be made regarding cell composition.

copy measurements. The amount of protein id0® cellsis, to within error bars, the

) ) ] same for Ratlp and Ratl-T1e cells. The amount of lipid and
3.7 Absolute Concentrations of Biochemical the amount of glycogen, however, is greater in the Ratlp
Components cells. There is also a trend that there is more nucleic acid in a

The results presented so far have all shown relative amountsRat1-T1e cell than a Ratlp cell. Some of these differences can
of biochemical components. FTIR, and, in some cases, Ramanbe partially accounted for by cell size; a Ratl-T1le cell is on
spectroscopy can also provide estimates of absolute amountsverage 184Lm? in volume, while a Rat1p cell is on average
of the different components. In order to use Raman spectros-2005 um® in volume. Therefore, some of the differences in
copy to determine absolute concentrations of biochemicals, lipid and glycogen amounts are due to cell size. The trend that
the intensity of the Raman spectra must be linearly propor- nucleic acid content is greater in the Rat1-T1e cells cannot be
tional to concentration. All of the Raman measurements of accounted for by a difference in cell size.

Ratl and Ratl-T1 cells and biochemical components were
made using the.same _measurem(_ent conflguratlgn. Measure-4 Discussion
ments of pure biochemicals were interspersed with the mea-

surements of cells over a period of months. During this time, OUr data show that both FTIR and Raman spectra measured

the measurements of biochemicals were found to be propor-On intact, viable cell samples can be well it to a linear com-
tional to concentration. Figure 14 shows the concentration of Pination of basis spectra comprising the major classes of bio-
biochemicals in plateau phase Rat1 cell cultures and exponen-chemical componentgprotein, nucleic acids, lipids and gly-
tial phase Ratl-T1 cell cultures. As expected, based on the€09en. To the best of our knowledge, the general idea of
discussion in the previous paragraph, the lipid results are fitting infrared spectra to a linear combination of biochemical

similar for the two methods, however, the Raman results un- Dasis spectra has not been previously implemented by other
research groups. However, the general idea of fitting Raman

spectra to a linear combination of biochemical basis spectra

Table 9 ¢ Test results for tumorigenic and nontumorigenic cells har- has been previously implemented to analiyesitu spectra of
vested in the plateau phase of gI‘OWth. If the confidence level was less human coronary arteriesl breast tissue, and brain tissue. The
than 90%, it was considered not significant (n.s.). coronary artery tissue were fit to a linear combination of 12
basis spectra including structural proteins, cholesterols and
Ratl-Tle MRTe lipids, and mineral componen&This biochemical model de-
versus Ratlp versus M1p scribed reasonably accurately a range of coronary artery mor-
phologies. In the study of breast tissue, spectra were fit to a
(Raman)  (Infrared)  (Raman)  (Infrared) combination of collagen, fat, cholesterol/necrosis, calcium hy-
droxyapatite, calcium oxalateB carotene, water, a cell
Protein n.s. >90.0%  >99.5% = >99.9% nucleus, and a cell cytoplasm spectrtftithe Raman study of

brain tissue used only four biochemical components, protein
(bovine serum albumin cholesterol, lipids, and water, to
Nucleic acids n.s. n.s. n.s. n.s. model spectra of white matter, gray matter, an astrocytoma,
and a meningeonT&.The residuals from the fits indicated that
while most of the intensity was accounted for when only these

Lipid n.s. n.s. >99.0% >99.9%

Glycogen n.s. >99.0%  >99.5%  >99.5%
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components were used, there was some intensity probably duecells were reported to be synchronized in the G1 growth
to other biochemical components. Both coronary artery, and phase. A cluster analysis of 111 high-signal-to-noise spectra
to a large extent breast tissue, can undergo fairly significant (out of 140 total spectjayielded complete separation of the
changes in morphology, e.g., a change in the amount of fatty spectra of the primary fibroblasts and the transformed malig-
tissue in the breast, and, therefore, many of the biologically nant fibroblasts. Heterogeneity of the spectra of the primary
relevant changes can be modeled without a detailed biochemi-fibroblasts was found to be larger than that of their trans-
cal analysis of the epithelial cells where most cancers begin. formed malignant counterparts. It was stated that growth
The work described in this paper aims to understand the morestages might be responsible for this higher heterogeneity, al-
subtle biochemical changes at the cellular level accompanyingthough no evidence for this was provided and the cells were
carcinogenesis and facilitate biochemical analysis of largely reported to be synchronized in G1. In conclusion, the papers
cellular tissues such as epitheliumvivo. on fibroblast cells and their MuSV transformed counterparts
The primary differences in relative biochemical composi- give the consistent result that there are differences between
tion between plateau phase nontumorigenic cells and expo-the spectra of the primary and transformed cells. However,
nential phase tumorigenic cells are greater protein and nucleicconflicting statements are made about whether any of the
acid content in the tumorigenic model and greater lipid and spectral differences are due to growth stage. Finally, infrared
glycogen content in the nontumorigenic model. These spectra of human skin fibroblasts and giant sarcoma cells
changes were the same for both the Rat1/Rat1-T1 system androm the same patient have been compare@nly insignifi-
the M1/MR1 system. The changes were found to primarily cant differences were found and the spectra of the cell lines
result from the change in proliferative status with only minor display only subtle differences as seen in Fig. 2 of Ref. 29.
contributions due to the change in intrinsic tumorigenicity. The authors state that their data supports the hypothesis that
The fact that cell spectra depend on cell proliferative status IR (micro)spectroscopy monitors the level of cell activity
has been previously reportét?®?’ Also, consistent with a  rather than signatures specific to cancer, although no cell
dependence on proliferative status, spectra of mammaliancycle or growth stage data are reported in the paper.
cells have been found to depend on cell cy&i&.In Ref. 29, Some of the biochemical changes reported in this paper are
the authors note that the observed spectral differences seen foexpected based on cell biochemistry. For example, proliferat-
the leukemia cells in different stages of the cell cycle are ing cells are expected to have more nucleic acids. Second, the
similar to those observed between normal and abnotosat greater ratio of glycogen to protein in cell cultures in the
vical) exfoliated cells. In addition, they state that it appears plateau growth phasé-igs. 10 and 1Lis consistent with a
that many of the differences between normal and abnormal report of glycogen/protein ratio increasing by three to fourfold
cells noted previously are due to differences in proliferative in cultured human malignant epithelial cells in the stationary
status. However, no data measuring the potential contribution (i.e., platealiphasé* and with a negative correlation between
of proliferative status to the differences previously noted for the ratio of glycogen to protein and proliferative index previ-
normal and abnormal exfoliated cells were presented. ously reported based on FTIR spectroscopy of human colorec-
The result that there is very little difference in the spectra tal cancer tissu& To further verify the change in glycogen
of tumorigenic and nontumorigenic cells may appear some- concentration, we have performed independent biochemical
what surprising in light of many papers reporting differences analyses of glycogen in all four cell lines. We found that for
in cancerous and noncancerous cells and tissdé3he tu- all four cell lines, there was little or no glycogen in the expo-
morigenic and nontumorigenic cells used in our model only nentially growing cultures and that plateau phase Ratl cells
differ by a single gene mutatiorn vivo there are generally  and plateau phase M1 cells contained the most glycodeta
many genetic changes and therefore the intrinsic differencesnot shown. These biochemical results are consistent with our
between normal and cancerous cells are larger. In addition tospectroscopy results.
the intrinsic change in tumorigenicity of the cells, there may A further indication that the spectroscopy results are cred-
be other changes ocurring in tissue; for example, a thickening ible is that the results obtained with infrared and Raman spec-
of the epithelium, changes in the stroma underlying the epi- troscopy are similar despite the fact that the sensitivity of
thelium, and differences in the proliferative status of the cells infrared and Raman spectroscopy to biochemical components
in the epithelium. differs and that the intrinsic errors of the two methods are
There have been at least four papers published examiningdifferent. Infrared and Raman spectra of a given component
tumorigenesis of fibroblast cells with somewhat conflicting differ because IR and Raman spectroscopy are sensitive to
results’®=32 Three of these papers report on fibroblast cells different vibrations. For example, in IR spectroscopy the
and their malignant counterparts transformed via infection of phosphate groups are the predominate absorbing groups of
a MuSV virus®'~2 Significant spectral differences between nucleic acids while the absorption of the nucleic acid bases is
mouse primary fibroblasts and their transformed malignant relatively weak. In contrast, the intensities of base vibrations
counterparts as well as between primary human fibroblastsand phosphate groups are similar in Raman spectra. Due to
and their transformed malignant counterparts were these differences in IR and Raman spectroscopy, the overlap
reported®*2 The contribution of proliferative status to the of spectral components is different for the two methods and
spectral differences was considered and it was concluded thattonsequently the ability of each method to quantitate the in-
the spectral differences appeared to not be due to differenceddividual biochemical components varies.
in replication rates of the celf.In a subsequent publicatith Qualitatively, sensitivity to a biochemical component is
by several of the same authors using the same spectroscopigreatest when that component has one or more strong bands in
techniques, primary rabbit fibroblasts were compared to their spectral regions that do not overlap with other components. In
MuSV transformed malignant counterparts. In this paper, the the low-frequency infrared region, protein and glycogen have
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strong absorption peaks where other components do not ab-different growth stages. Spectra of protein isolated from can-
sorb. In the high-frequency IR region, lipid has some strong cerous and noncancerous epithelial cells will need to be mea-
absorption bands with the only interfering component being sured to determine whether the protein spectra depend on the
some weak protein absorption. These facts are consistent withexact type and carcinogenicity of the cells. When the tissue
the results in Table 3 in that the dot products of protein, lipid, being measured has a thin epithelium compared to the depth
and glycogen with each other or with the nucleic acids are probed by Raman or infrared spectroscopy, spectra of struc-
relatively small. In contrast, there is strong overlap between tural tissue components and possibly hemoglobin will need to
the spectra of RNA and DNA and their dot product is near 1. be added to the model.
Therefore, infrared spectroscopy is expected to be particularly ~ The experimental models used in this paper, nonproliferat-
sensitive to lipid, glycogen and protein. In the low- ing, nontumorigenic cells and proliferating, tumorigenic cells,
wavenumber Raman spectra, relative peak intensities of thewere meant to mimic normal and cancerous tissue, respec-
components are similar and there is strong overlap of spectraltively. Our results indicate that Raman and IR spectroscopy
bands. Exceptions include the very sharp phenylalanine bandcan differentiate these conditions primarily because of the
at~1000 cm ! and some of the glycogen bands between 800 change in proliferative status. This affect of proliferation
and 1000 cm®. For the high-wavenumber region, all compo- needs to be taken into account in any use of vibrational spec-
nents contribute, with lipid being the most distinguishable troscopy for cancer diagnosis. There are diagnostically chal-
with a fairly sharp band near 2850 chthat only overlaps  lengingin vivo situations, such as hyperplastic and dysplastic
with the shoulder of a protein band. Dot products between the polyps in which proliferative status is increased in both con-
components are generally greater for the Raman spectra thardlitions. The results presented here indicate that when there is
the IR spectra and in particular the dot product between pro- only a small genetic change such asas mutation, differen-
tein and lipid is greater. Consequently, Raman spectroscopytiation will be difficult. However, in many cancers, there are
may not be as good as infrared spectroscopy for quantitatingmultiple mutations and IR and Raman spectroscopy may have
lipid and protein concentration. diagnostic potential in these situations. We are currently ex-
A weakness of both IR and Raman spectroscopy is the tending this approach to epithelial cell models.
difficulty in separately quantifying RNA and DNA using ei-
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