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Abstract. Synchrotron radiation-based Fourier transform infrared
spectromicroscopy is a newly emerging analytical tool capable of
monitoring the biochemistry within an individual living mammalian
cell in real time. This unique technique provides infrared (IR) spectra,
hence chemical information, with high signal to noise at spatial reso-
lutions as fine as 3–10 mm. Mid-IR photons are too low in energy
(0.05–0.5 eV) to either break bonds or to cause ionization, and the
synchrotron IR beam has been shown to produce minimal sample
heating. However, an important question remains, ‘‘Does the intense
synchrotron beam induce any cytotoxic effects in living cells?’’ In this
work, we present the results from a series of standard biological assays
to evaluate any short- and/or long-term effects on cells exposed to the
synchrotron radiation-based infrared (SR-IR) beam. Cell viability was
tested using alcian blue dye exclusion and colony formation assays.
Cell-cycle progression was tested with bromodeoxyuridine (BrdU) up-
take during DNA synthesis. Cell metabolism was tested using a 3-[4,5-
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay. All
control, 5, 10, and 20 min SR-IR exposure tests (267 total and over
1000 controls) show no evidence of cytotoxic effects. Concurrent in-
frared spectra obtained with each experiment confirm no detectable
biochemical changes between control and exposed cells. © 2002 Soci-
ety of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1485299]

Keywords: synchrotron; infrared; spectromicroscopy; FTIR; cell viability; cytotoxic-
ity.
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1 Introduction
Recent progress in analytical instrumentation has enabled dr
matic advances in gene sequencing and protein identificatio
techniques. Using the information produced by these tech
niques, the attention of biomedical researchers is now increa
ingly focused on understanding how chemical species interac
in living organisms by the use of imaging techniques which
simultaneously provide both morphological and chemical in-
formation within cells and tissues. Today intensive research in
experimental biology, spectroscopy, and analytical instrumen
tation is seeking new ways to image chemical information
within living cells. For correct elucidation of the cellular
chemistry it is imperative to maintain the viability of the cell
during and after the collection of the chemical image. Most
imaging research has focused on the application of fluoresce
probes that locate and identify a specific chemical even
within the cell by the addition of a labeling compound. A
major concern is the viability of the cell and possible bio-
chemical changes as a result of the monitoring and imagin
process. To enhance viability by the reduction of bond break
ing and ionization during fluorescent measurements, two
photon excitation at longer wavelengths has been used t
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lower the toxic effects of potentially bond-breaking UV o
visible radiation on the sample.1–4 However, even this has
recently been linked to apoptosis-like death.3

In contrast to fluorescent labeling techniques, synchrot
radiation-based Fourier transform infrared~SR-FTIR! spec-
tromicroscopy has the ability to monitor the chemistry occ
ring within an individual living cell without the need for la
bels and with even lower photon energies. Infrared~IR!
spectroscopy is a sensitive analytical chemistry technique
studying biological systems. Many common biomolecul
such as nucleic acids, proteins, and lipids have character
and well-defined IR-active vibrational modes.5,6 Combining
IR spectroscopy with microscopy yields a powerful tool f
nondestructively probing bio systems on a small size sca7

With the recent addition of a synchrotron light source8–12 one
can now obtain diffraction-limited spot sizes with high sign
intensity in an IR microscope. This high brightness is of gr
advantage when measuring samples with a spatial resolu
near the diffraction limit of 3–10mm. The sample can be
small and/or heterogeneous, for example, individual livi
cells, microorganisms, and larger biological systems in wh
local biochemistry may have significant spatial variations. R
cent uses of synchrotron infrared spectromicroscopy incl
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Holman et al.
the examination of biological samples such as individual liv-
ing cells,13–19 tissue samples,20–23 microbe–chemical interac-
tions in environmental settings,24,25protein conformations,26,27

and plant–soil interactions.28

It is crucial to know if the synchrotron radiation-based
mid-infrared ~SR-IR! source causes any short- or long-term
effects on the living biological samples under study. Mid-
infrared photons are significantly lower in energy~0.05–0.5
eV! than the excitation sources used in fluorescence probe
including the newer two-photon techniques~photon energies
of approximately 1 eV!, implying that photoinduced effects
will be minimal. However, to be assured that the SR-IR beam
does not perturb living samples via other mechanisms, mor
detailed studies are required. SR-FTIR spectromicroscopy i
an excellent tool for monitoring the biochemistry taking place
within a cell. In all studies to date13–28 no changes have been
observed in the IR spectra during the exposure to the synchro
tron beam. This indicates no immediate changes in the overa
biochemical composition of the exposed cell~s!. Although
mid-IR photons are too low in energy to directly break bonds
or cause ionization, other effects from the SR-IR source ma
occur, including sample heating, drying, or other more subtle
interactions which could influence long-term metabolic and
other cellular physiological processes. We recently demon
strated that sample heating from the synchrotron IR beam i
minimal ~;0.5 °C!.29

The present paper presents the results ofin vitro studies to
determine if the SR-IR beam causes any detectable cytotox
effects on living cells. Two classes of cyctotoxic effects were
measured in this study:~1! immediate and/or short-term ef-
fects in cell viability, cell-cycle progression, cell metabolism,
and~2! long-term effects on the proliferative/metabolic capac-
ity of exposed cells. Four widely accepted cellular and mo-
lecular assays were selected to measure these potentially d
eterious effects on cells subjected to different doses of th
SR-IR beam. Finally, infrared spectra were also recorded fo
exposed and nonexposed cells, and were compared in detail
identify possible immediate chemical changes as a result o
exposure to the SR-IR beam.

2 Materials and Methods
2.1 Cells and Cell Synchronization
A human T-1 cell line from an established aneuploid cell line
derived from human tissue was used in this study.30 It was
selected partly because of its high plating efficiency~.90%!,
and partly because it has been previously used as a mod
biological system in studies of the effects of radiation and
oxygen on human cells.31–35 The T-1 cells were originally
obtained from Dr. G. W. Barensen of the Radiobiological In-
stitute of the Organization for Health Research, Rijswijk, The
Netherlands, in 1976. They were maintained in growth me
dium consisting of minimum essential medium with eagle’s
balanced salt solution supplemented with 15% fetal calf se
rum ~HyClone, Logan, Utah!, 1 mM L-glutamine, and pen
strep antibiotics atpH 7.4. All chemicals were from Gibco/
BRL unless noted. Cells were grown at 37 °C in a humidified
atmosphere of 5%CO2 and 95% air. Cells were subcultured
every 3–4 days.

Radiation effects on T-1 cells are cell-cycle dependent, an
are most damaging forG1 and mitotic phase cells because
418 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3
s

-
l

l-

o
f

l

their repair capacity is significantly less.32 Even within theG1
phase, the repair capacity has been reported to be neglig
during the earlyG1 phase, and improves as cells progress
the G1 /S boundary.32 In order to study a uniformG1-phase
cell population, T-1 cultures were grown to confluence to e
sure para synchronization. Immediately prior to each exp
ment cells were trypsinized from confluent culture
Fluorescence-activated cell sorting analysis demonstrated
85% of the cells in these cultures were synchronized
G0 /G1 phases. Cells were plated onto 60 mm petri dishes
density of13102 cells/dishfor the colony forming assay~see
below!, and 13105 cells/dish for all other assays. Gold
coated glass microscope slide pieces~0.25 cm2! were plated
with 100 mL of a 13105 cells/ml cell suspension for SR-
FTIR measurements and confirmation of other assays. C
were incubated in growth medium for 2 h~just long enough
for the cells to attach! in a 37 °C and 5%CO2 incubator
before they were subjected to the tests detailed below.

2.2 Synchrotron Infrared Facility
This work was performed at the infrared spectromicrosco
beamline 1.4.3 at the Advanced Light Source~ALS! in Ber-
keley, CA.10–12 The synchrotron light is used as an extern
source for a Nicolet 760 FTIR bench and Nic-Plan™ IR m
croscope with a computer-controlledx–y–z sample stage. The
synchrotron infrared beam can be easily switched on and
via automated optics inside the microscope which can be c
trolled manually or by software. The ALS storage ring pr
duces pulses of synchrotron light across a broad energy ra
from the far IR to the hard x-ray. The front-end optics
beamline 1.4.3@bare aluminum coated optics and a chemic
vapor deposition-grown diamond window# only pass photons
with energies,3 eV. The synchrotron light is then collimate
and sent into the FTIR bench where it passes through a
coated KBr beamsplitter. This beamsplitter only allows lig
between;400 and ;10 000 cm21 to continue on to the
sample. Within this spectral bandwidth, we have measured
average power of;1 mW at the focused sample positio
within the IR microscope. The ALS light pulses are 40 ps
duration with a 500 MHz repetition rate. Therefore, the pe
power at the sample is 50 times higher than the aver
power, or ;50 mW. Conventional tungsten thermal I
sources, for example, a Globar™ source, provide, as m
sured in our instrument, approximately one half of the to
average power over the same spectral bandwidth. The
chrotron infrared light is focused to a diffraction-limite
~3–10mm-diameter! spot, while the thermal light is focuse
into a spot of approximately 100mm in diameter. This results
in a brightness advantage of;150 for the synchrotron sourc
compared with the thermal source~1.331022 mW/mm2 for
the synchrotron versus8.631025 mW/mm2 for the thermal
source!.

A custom on-stage mini incubator was used to maintain
proper moisture and growth environment for the cells wh
allowing in situ FTIR spectromicroscopy measurements. T
mini incubator was temperature controlled via circulating w
ter from a water bath, and infrared transparentCaF2 windows
on the top cover were separately temperature controlled
avoid condensation. The location of the synchrotron infra
beam within the field of the microscope was fiducialized
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Synchrotron Infrared Spectromicroscopy
approximately 1mm by mapping a titanium on silicon cali-
bration target.36

2.3 Exposure of Individual Cells to the Synchrotron
Infrared Beam
Immediately prior to synchrotron infrared exposure, the
growth medium was replaced with fresh medium~100mL per
60 mm dish, or 1mL per glass slide piece inside the humidi-
fied on-stage mini incubator as described earlier!. Media plus
10 mM Hepes was added to keep the cells hydrated, and th
medium atpH 7.4 throughout the exposure duration.

Every exposure experiment was conducted at 37 °C an
lasted for less than 1 h. To ensure all test and control cell
used in this study were synchronized~they were initially para
synchronized!, we selected visually in the field of the infrared
microscope only those single cells that had the shape and si
typical of G1-phase T-1 human cells. The selected cells were
exposed to the focused synchrotron infrared beam for a spec
fied duration of 5, 10, or 20 min. These times were chosen to
greatly exceed the normal exposure time for data acquisitio
on an individual cell, typically between 20 s and 2 min. After
the allotted time had passed, the beam was switched off, an
the next test cell was located. Once completed, fresh growt
media were replaced on the dish and returned to the standa
37 °C and 5%CO2 incubator.

Both negative and positive control cells were also tested
Negative controls were nonexposed cells located in the sam
field of the petri dish or gold-coated slide pieces~internal
controls!, and therefore experienced the same handling. Pos
tive controls were cells that were either exposed to 70% eth
anol solution, or allowed to progressively dehydrate as a re
sult of evaporation of the growth medium at the edges of the
samples under study.

2.4 Alcian Blue Assay for Monitoring Short-Term
Effect on Cell Viability
The standard alcian blue dye-exclusion assay37 was used to
detect if a cell remained viable and had an intact membrane 6
12, and 24 h after exposure to the synchrotron infrared beam
Viable cells are impermeable to the alcian blue molecules
whereas moribund cells are stained dark blue because of th
breakdown in their membrane integrity.

This short-term assay relies on the active transport of al
cian blue molecules back out of the living cell using energy
derived from metabolism at the time of the assay. Test an
control cells were incubated for the specified times at 37 °C
and 5%CO2 with growth medium and then fixed with 3%
glutaraldehyde in Milliong’s buffer, and 0.3% alcian blue~as
stain! was added to give a final dye concentration of 0.03%
Glutaraldehyde fixation was chosen because it can best pr
serve structural features of the cell membrane.37 Individual
cells were then revisited with an optical microscope to deter
mine the presence~or absence! of blue color—blue indicates
cell death.

2.5 Colony-Forming Assay to Test Long-Term
Survival
In addition to the above dye exclusion method of short-term
toxicity, we used the standard colony-forming assay31 to look
for any potential effects of SR-IR beam on the long-term sur-
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vival and proliferation on T-1 cells. This assay began w
plating cells at a low density of;100 per 60-mm-diam petr
dish to ensure resulting colonies would not overlap. Test c
were again identified visually in the field of the IR microsco
according to their morphological characteristics including c
shape and cell size, and exposed by the synchrotron beam
the appropriate time of irradiation. The medium was replac
and the dishes were returned to the standard 37 °C and
CO2 incubator and allowed to grow for ten days.

Colony formation was determined by the following proc
dure. The cells were fixed and stained with 30% ethanol
0.2% methylene blue at room temperature for 1 h. The s
was then rinsed off, and the dishes were allowed to air d
The sites of exposed and control cells were revisited und
microscope, and the number of cells that had grown for
days after the test event was recorded. Any cell that develo
into a colony of at least 50 cells was considered to have m
tained reproductive integrity.31 Any colony of less than 50
cells was considered to suffer from cytotoxic effects from t
SR-IR beam. Resultant cell colonies from test and con
cells were photographed in an optical microscope using fi
ciary guides to relocate the original cells used for the SR
exposure. The reproductively proficient fraction of expos
and control cells were compared and the percent surviv
fraction was calculated.

2.6 BrdU Assay for the in situ Detection of
Immediate Cell-Cycle Progression Effects
We evaluated the effect of SR-IR beam exposure on the c
cycle progression by detecting when exposed and nonexp
T-1 cells reach their S phase~DNA synthesis! after the release
from confluence. The onset of DNA synthesis was detectein
situ with the two-antibody bromodeoxyuridine~BrdU! assay
according to the protocol~No. 1170 376! provided by Boe-
hringer Mannheim. This standard assay relies on pulse la
ing the test and control cells with a final concentration of
mM BrdU 1 h before the estimated onset of DNA synthes
BrdU, a thymidine analog, is known to be specifically inco
porated into DNA during DNA synthesis. A conventional tw
antibody method is used for identifying cells that have inc
porated BrdU.

In our experiment BrdU was added to the growth mediu
11 h after cell release and 10 h postinfrared exposure. T
were incubated for 1 h in the presence of 10mM BrdU ~pro-
tected from light!. Eleven hours plus 1 h BrdU incubation was
selected because previous studies of T-1 cell cycling indica
that T-1 cells are synthesizing DNA 12 h into the cell cycle33

We checked this timing by initiating BrdU uptake at 6, 12,
24 h after their release. We found indeed the majority~67%!
of our para-synchronized T-1 cells began synthesizing DNA
about 12 h postrelease, whereas less than 20% of cells b
synthesizing DNA at 6 and 24 h. Therefore, all the repor
BrdU assay results below were from tests with BrdU added
h after cell setup. After a 1 h incubation in the BrdU-
containing growth medium, cells were rinsed once with ph
phate buffer saline~PBS! without calcium and magnesium
and fixed with220 °C 70% ethanol. Dishes with fixed cells o
them were denatured by floating them on an 80 °C waterb
for 1 min in a fume hood with two mL of 70% formamide i
a 2X saline-sodium citrate buffer solution~Sigma! at 80 °C.
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 419
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Table 1 Summary showing the numbers of synchrotron IR exposure tests conducted on individual living
cells with each cytotoxicity assay. Neighboring nonexposed cells were used as negative controls. A total
of 267 SR-IR exposed cells were studied, with over 1000 control cells used.

Alcian
blue (AB)

assay

Colony
formation

assay
(CFA)

BrdU
assay

MTT
assay

Nonexposed controls >200 >180 >350 >300

5 min exposure 20 12 31 23

10 min exposure 19 12 21 23

20 min exposure 20 22 35 29
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Cells were then rinsed in PBS at room temperature, dehy
drated for 2 min with220 °C 70% ethanol followed by
220 °C 100% ethanol for 2 min, and dried.

After denaturing and alcohol dehydration, cells were rehy-
drated in 0.1% bovine serum albumin~BSA! blocking buffer
in PBS. The primary mouse anti-BrdU antibody~Boehringer-
Mannheim, Indianapolis, Indiana! was added at 1:20 in the
BSA blocking buffer, protected from light, and incubated for
1 h at room temperature. Cells were washed twice with PBS
and then incubated with the secondary antibody, Alexa 594
~red! ~Molecular Probe, Eugene, Oregon!, diluted 1:100 in
PBS for 1 h. Cells were counter stained with 0.25mg/mL
DNA-specific fluorochrome DAPI ~4,6-diamidino-2-
phenylindole, from Sigma! for 5 min at room temperature,
rinsed with PBS, and covered with Vectashield and a clean
microscope slide coverslip. Individual cells were examined
with a fluorescent microscope. Cells with red fluorescence in
their nuclei ~BrdU positive! were judged to be undergoing
DNA synthesis. Those without red fluorescence were BrdU
negative. The blue fluorescence of DAPI was used to identify
the location of DNA in both BrdU-positive and BrdU-
negative cells.

2.7 MTT Assay to Assess Immediate Metabolic
Activity Effects
The extent of cellular metabolic activity~or biological redox
reactions! in cells was detectedin situ with the modified
3-@4,5-Dimethylthiazol-2-yl#-2,5-diphenyltetrazolium bro-
mide ~MTT! technique according to the protocol~No. TOX-1,
7H258! provided with the assay kit~Sigma, St. Louis, Mis-
souri!. This modification of the protocol eliminated the use of
a UV/visible spectrometer because our study requires th
evaluation of individual cells.

The method relies on the ability of mitochondrial dehydro-
genases produced in living cells to reduce the yellowish solu
tion of tetrazolium salt ~3-@4,5-Dimethylthiazol-2-yl#-2,5-
diphenyltetrazolium bromide! to an insoluble purple
formazan. Test and control cells already subjected to 5, 10
and 20 min IR exposures were incubated for 2 h in medium
containing tetrazolium salts at a final concentration of 1
mg/mL without phenol red. Cells were then revisited with an
optical microscope. Cells that had a blue color were judged to
have active mitochondrial dehydrogenases that reduce tetr
medical Optics d July 2002 d Vol. 7 No. 3
,

-

zolium salt, and thus were metabolically active in this te
Cells that were not blue were considered metabolically in
tive.

2.8 SR-FTIR Spectromicroscopy to Look for Overall
Cellular Chemical Changes
We used SR-FTIR spectromicroscopy18 for detecting chemi-
cal vibrational mode changes in nonexposed controls an
cells exposed to the SR-IR beam. All SR-FTIR spectra w
recorded in the 4000–600 cm21 region as this mid-IR region
contains unique molecular absorption fingerprints for cellu
chemistry.38 Because theCaF2 window of the on-stage mini
incubator does not transmit IR below 800 cm21, some spectra
were acquired by removing theCaF2 windows from the mini
incubator such that data extending to 600 cm21 could be ex-
amined.

Every IR measurement consisted of 128 co-added spe
at a spectral resolution of 4 cm21. All spectra were obtained in
the double-pass transmission geometry and ratioed to a r
ence spectrum measured from a bare gold-coated slide,
absorbance values were computed. Residual water vapor
CO2 spectral features from imperfect purging of the spe
trometer and IR microscope were subtracted using an ap
priately scaled reference spectrum of air. The acquired spe
for the control and exposed cells were compared in detai
look for any spectral changes which could be caused by
exposure to the SR-IR beam.

3 Results and Discussion
Table 1 lists the number of individual cells tested by ea
cytotoxicity assay. Table 2 summarizes the analyzed result
these assays. For each biological assay we photographe
results for control and test cells that had been exposed to
SR-IR beam for 5, 10, or 20 min. Figures 1–4 show rep
sentative photographs for each assay. In no case did we fi
result differing with the representative ones shown in the fi
ures.

3.1 SR-IR Beam has no Short-Term Effect on Cell
Viability
Alcian blue assays were carried out as described above
shown in Figure 1, neither cells exposed to up to 20 min
synchrotron IR beam nor nearby nonexposed cells retai



Synchrotron Infrared Spectromicroscopy
Fig. 1 Photograph showing results from alcian blue assays of cells
exposed to the SR-IR beam for (a) 5 min, (b) and (c) 10 min, and (d) 20
min. Other cells in the field were not exposed and were used as
negative controls. No cells show retention of the blue dye demonstrat-
ing that no immediate cytotoxicity is observed.
Fig. 3 Photographs showing BrdU assay results for cells exposed to
the SR-IR beam for (a) 5 min, (b) 10 min, and (c) 20 min. Two other
cells in the field were unexposed and used as negative controls. In the
lower panel, the blue color indicates DNA and the red color indicates
BrdU incorporation during DNA synthesis. All test and control cells
show the same incorporation of BrdU into the DNA.
Fig. 2 Photographs showing typical results for colony forming from (a)
a negative control cell and (b) a test cell that had been exposed to the
SR-IR beam for 20 min. Both cells proliferated into similar sized colo-
nies after ten days.
Fig. 4 Photograph showing typical MTT assay results for control and
test cells that had been exposed to the SR-IR beam for (a) 5 min, (b) 10
min, and (c) 20 min. Other cells in the field were unexposed and are
used as controls. All test and control cells show the same blue color
indicating the same level of metabolic activity.
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 421
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Table 2 A summary of results from the cytotoxicity assays for SR-IR exposed cells compared to negative
and positive controls.

AB assay
(% of cells
excreting

dye)

CFA
(% of cells
forming
colonies)

BrdU
assay

(% of cells at
S phase)

MTT
assay

(% of cells
reducing

MTT)

Exposed cells 100 100 100 100

Nonexposed (negative)
controls

100 100 100 100

Killed (positive) controls 0 0 ¯ 0
f

-

-
-
t

o
-

fi

r

t
l
k

the
in-

on
pho-
20
lue
el-

res.
ells

the

his
lls.
the blue dye 6 h after exposure. This indicates that the SR-IR
beam did not produce detectable effects on the viability o
exposed cells. Other exposed cells remained free of stain 1
and 24 h after exposure indicating that their membranes still
remained intact. In contrast, dead positive control cells were
stained blue as expected, as their membranes had becom
permeable to the dye molecules.

3.2 Cells Survive and Continue to Proliferate Days
Post Exposure
While the aforementioned short-term test has revealed tha
cells were viable at the time of the alcian blue assay, the
long-term colony-forming assay demonstrates that the ex
posed cells also continue to proliferate into colonies. The ex
posed test cells and nearby nonexposed cells proliferated in
colonies of similar size~Figure 2!, well . 50 cells per colony
in ten days. The positive control cells, on the contrary, had
detached from the petri dish and disappeared from the field
Since none of the 46 SR-IR exposed test cells developed int
colonies with less than 50 cells, we interpret this as an indi
cation that SR-IR beam does not impact cell survival and
proliferative activities.

3.3 Exposure to SR-IR Does not Compromise
Cell-Cycle Progression
As described above the experiment was designed to speci
cally answer the question, ‘‘Do SR-IR beam exposed cells
progress into S phase at the same time as unexposed cont
cells?’’ Cell-cycle progression in exposed cells was monitored
by the incorporation of BrdU into newly synthesized DNA at
11 h after cell setup and 10 h post SR-IR exposure. Both
exposed cells and nonexposed controls had reached the DN
synthetic phase~S phase! of cell cycle at this 12 h observation
point. For example, the upper photo in Figure 3 shows an
image of 5, 10, or 20 min exposed cells and their neighboring
nonexposed controls. The lower photo in Figure 3 shows tha
all three exposed cells as well as the controls have incorpo
rated BrdU into the DNA, which is identified by the double
color labeling of red for BrdU and blue for DNA. The simi-
larities among the immunofluorescent staining of BrdU~and
DAPI! labeled cells indicate that the exposed cells are no
compromised in their ability to enter their S phase in the cel
cycle after exposure to the SR-IR beam. Furthermore, the lac
of detectable uptake of BrdU into DNA in exposed and con-
medical Optics d July 2002 d Vol. 7 No. 3
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trol cells at 6 or 24 h after their release demonstrates that
cell-cycle progression of SR-IR exposed cells remains un
terrupted.

3.4 ATP and NAD+-Associated Metabolic Activity is
not Impaired by the SR-IR Beam
The 2 h MTT assay was carried out as described above
exposed, negative, and positive controls. Representative
tos of the results are shown in Figure 4. Cells exposed for
min and nearby nonexposed controls show similar purple-b
stain. On the contrary, tetrazolium salt solution remained y
low in the killed ~positive! controls with no purple-blue stain
uptake. Results were identical for 5 and 10 min exposu
This implies that both the exposed and negative control c
produced mitochondrial dehydrogenases during the 2 h MTT
assay. Mitochondrial dehydrogenases are associated with
ubiquitous metabolic pathway of glycolysis39 that generates
the critical biomolecules of Adenosine triphosphate~ATP! and
Nicotinamide adenine dinucleotide(NAD1). These results
indicate that the SR-IR beam has negligible effects on t
important metabolic pathway which provides energy to ce

Fig. 5 Infrared spectra for a control cell (black line) and a cell exposed
to the SR-IR beam for 30 min (red line). The small intensity variation
between the two spectra is due to a slight difference in thickness
between the two cells. Otherwise, the spectra are very much the
same, indicating no overall change in biochemistry has occured.
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Synchrotron Infrared Spectromicroscopy
3.5 SR-FTIR Spectra Indicate no Changes in
Chemistry Inside Exposed Cells
Figure 5 shows spectra acquired for two nearby cells, on
nonexposed and one that was exposed to the SR-IR beam f
30 min prior to data acquisition. The IR spectra were acquired
using the synchrotron source for 70 s~128 co-added scans! as
described earlier. The measured signal to noise ratio of th
synchrotron IR spectra shown in Figure 5 is excellent, 1250:1
The two spectra are nearly identical with every peak position
reproduced exactly and only slight overall intensity variations
due to a small difference in the thickness of the two cells.
These results indicate that there are no chemical changes ha
pening in the cell upon exposure to the SR-IR beam. We als
performed IR measurements repeatedly on one living cell ev
ery 10 min for 30 min and the IR spectrum remained un-
changed to within 0.005 absorbance units across the entir
mid-IR spectral range. Longer exposure times can be teste
however the living cell continues growing through its cell
cycle, which results in other previously reported spectra
changes.19

In all five assays studied~alcian blue, colony formation,
BrdU, MTT, and SR-IR spectra! we found no detectable
changes between cells exposed for 5, 10, and 20 min to th
synchrotron infrared beam and nearby nonexposed control
Two hundred sixty seven individual cells were tested using
standard biochemical assays with zero tests showing any me
surable cytotoxic effects~counting statistics error is66.1%!,
with over 1000 control cells used. Additionally, infrared spec-
tra that are a measure of the overall biochemistry within a cel
were obtained from test and control cells, and showed no
spectral changes. These results show that the high-brightne
mid-IR synchrotron beam is not only nondestructive, but also
causes no effects on both the short- and long-term viability
proliferation, and metabolism within living human T-1 cells.
Although the present study has focused on only one estab
lished human cell line, we anticipate that these results will be
generally applicable to most, if not all, living biological sys-
tems.

The results reported here lay an important foundation fo
future biomedical and biological applications of synchrotron
infrared spectromicroscopy, which will complement other
biochemistry and microscopy techniques. SR-FTIR spectro
microscopy enables the successive monitoring of biochemica
changes in individual cells nondestructively without having to
treat cells with exogenous dyes, fluorescent labels, or stain
or to resort to destructive techniques. The noninvasive an
nondestructive nature of the technique allows each cell in
population to be studied sequentially over a period extendin
to hours or even days. By monitoring individual cells over
time it will be possible to detect the onset of disease and othe
cellular changes, and to probe the heterogeneity of respons
to various treatments or insults within a population of living
cells. The development of SR-FTIR spectromicroscopy will
result in a broadly applicable and powerful research too
available to the scientific community.
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