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Diagnosis of Cell Death by Means of Infrared Spectroscopy
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ABSTRACT Fourier transform infrared (FTIR) spectroscopy has been established as a fast spectroscopic method for biochem-
ical analysis of cells and tissues. In this research we aimed to investigate FTIR’s utility for identifying and characterizing different
modes of cell death, using leukemic cell lines as a model system. CCRF-CEM and U937 leukemia cells were treated with arabi-
noside and doxorubicin apoptosis inducers, as well as with potassium cyanide, saponin, freezing-thawing, and H2O2 necrosis
inducers. Cell death mode was determined by various gold standard biochemical methods in parallel with FTIR-microscope
measurements. Both cell death modes exhibit large spectral changes in lipid absorbance during apoptosis and necrosis;
however, these changes are similar and thus cannot be used to distinguish apoptosis from necrosis. In contrast to the above
confounding factor, our results reveal that apoptosis and necrosis can still be distinguished by the degree of DNA opaqueness
to infrared light. Moreover, these two cell death modes also can be differentiated by their infrared absorbance, which relates to the
secondary structure of total cellular protein. In light of these findings, we conclude that, because of its capacity to monitor multiple
biomolecular parameters, FTIR spectroscopy enables unambiguous and easy analysis of cell death modes and may be useful for
biochemical and medical applications.
doi: 10.1016/j.bpj.2009.07.026
INTRODUCTION

Apoptosis is the process by which cells self-destruct without

evoking an inflammatory response, and is characterized by

nuclear and cytoplasmic shrinkage, chromatin condensation,

internucleosomal DNA cleavage, and plasma membrane

blebbing (1,2). Apoptosis occurs as part of various normal

and pathological processes, and can be triggered by chemo-

therapeutic drugs (3,4). In contrast, necrosis results from

severe stress, physicochemical injury, osmotic imbalance,

or energy deprivation, and is associated with pathologies

such as inflammatory diseases, ischemia, hypoxia, and oxida-

tive stress (5–7). Recent research indicates that necrosis is

a programmed and controlled cell death rather than merely

an uncontrolled process (5,6). Death via necrosis is character-

ized by the loss of plasma membrane integrity, cell swelling,

and DNA degradation, and is associated with inflammatory

responses (5). Human disease progression and response to

treatment are often indicated by the degree and type of cell

death that occurs (8,9). Therefore, a rapid and simple method

of identifying the cell death mode is urgently required to

improve clinical diagnoses.

At present, assays such as Annexin V, TdT-mediated

deoxyuridine triphosphate nick end labeling, and caspase

activity are used as gold standards for differentiating modes

of cell death. However, most of these methods are expensive,

complicated, and time-consuming, and cannot independently

determine the type of cell death with high certainty. The

uncertainty stems from the limited capacity of each assay

to measure only a single biochemical parameter, which
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might be common to several death modes, such as plasma

membrane permeability common to late apoptosis and

necrosis (9). An additional limitation of these current

methods is that they require fixation and thus cannot be

used for in vivo analysis. Therefore, a simple diagnostic

method is needed that does not involve sample processing

and can monitor the numerous biochemical changes that

take place during cell death.

Fourier transform infrared (FTIR) spectroscopy is

emerging as a promising clinical diagnostic method because

it enables general biochemical changes in samples to be

monitored without the need for reagents or complicated

sample handling (10,11). However, the applicability of

FTIR spectroscopy to assaying cell death mode is controver-

sial. FTIR methods have been used to study apoptosis, as well

as cell cycle, differentiation, and proliferation of different cell

lines and tissues (10–17), but many questions remain con-

cerning the interpretation of IR data. Liu et al. (13), Gasparri

and Muzio (14), and others (15–17) have reported contradic-

tory results concerning apoptosis in different systems. In the

research presented here, we use leukemic cell lines as a model

system to resolve the controversy regarding FTIR spectro-

scopic analysis of apoptosis, and apply this method to study

necrotic cell death.

MATERIALS AND METHODS

Cell culture and treatments

Human leukemic cell lines U937 and CCRF-CEM were cultured as described

previously (18). U937 and CCRF-CEM cells were incubated with Ara-C

(Hospira Australia Proprietary Ltd., Melbourne, Australia) or doxorubicin

(Teva Pharmaceutical, Netanya, Israel) for 24 h and 48 h, respectively,

to induce apoptosis. To induce necrosis, U937 cells were subjected to
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a freeze-thaw procedure (19) or treated for 10 min with 0.2 mg/mL saponin

(19) or incubated with KCN (Sigma, St. Louis, MO) in glucose-free RPMI

medium for 7 h. CCRF-CEM cells were induced to undergo apoptosis and

necrosis by treatment with H2O2 (Sigma) for 7 h.

Cell viability was assessed by diluting an aliquot of cell suspension with

the same volume of 0.4% trypan blue solution (Sigma). A lactate dehydro-

genase (LDH) release assay (Promega, Madison, WI) was performed

according to the manufacturer’s instructions.

Subcellular fractionation

Treated and control U937 cells were harvested and washed twice with cold

phosphate-buffered saline. Nuclei were purified as described previously (see

Gardella et al. (21)). The nuclear pellet was resuspended in 50 mL ice-cold

buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA,

1 mM DTT, 1 mM PMSF) (20). The mixture was vigorously rocked at 4�C
for 15 min on a shaking platform; then 5 mL of 10% NP40 was added and the

nuclear extract was centrifuged for 5 min at 14,000 g. The supernatant was

frozen in aliquots at �80�C. The protein content of the nuclear and

cytoplasmic extracts was determined by a colorimetric Lowry method

(Bio-Rad, Munchen, Germany).

Western blot

Immunoblotting was conducted using various primary antibodies specific

for HMBG1, caspase 8, actin, and lamin (Santa Cruz Biotechnology, Santa

Cruz, CA) as described previously (21).

Fluorescent microscopy

Ethidium bromide (EB; Sigma) and acridine orange (AO; Sigma) staining

was performed as described previously (22). Briefly, cultured cells were

centrifuged at 650 g for 10 min and stained with AO and EB with a final

concentration of 0.05 mg/mL. The death mode for each cell type was eval-

uated with the use of a fluorescent microscope.

FTIR microspectroscopy

For FTIR microspectroscopy (FTIR-MSP), 1 mL of control or treated cells

was washed twice with saline (0.9% NaCl) and resuspended in 5 mL fresh

saline. Then 1.5 mL of the washed cells were deposited on a zinc selenide

(ZnSe) slide to form approximately a monolayer of cells and then air-dried

for 15 min under laminar flow to remove water. Measurements were

performed using an FTIR microscope IR scope 2 as previously described

(23).

The spectra were baseline-corrected using a polynomial rubberband with

64 points (OPUS software; Bruker Optik GmbH, Ettlingen, Germany) and

vector-normalized in the 700–4000 cm�1 region. To obtain precise absor-

bance values at a given wavenumber with minimal background interference,

the second derivative spectra were used to determine concentrations of

biomolecules of interest. This method is highly susceptible to changes in

the full width at half-maximum (FWHM) of the IR bands. However, in

the case of biological samples, all cells from the same type are composed

of similar basic components, which give relatively broad bands. Thus, it is

possible to neglect the changes in the bands’ FWHM (24).

Statistical analysis

Data are presented as the mean 5 SE derived from at least three independent

experiments. Statistical analysis was performed using Student’s t-test;

p-values < 0.05 were considered significant. Linear regressions were done

by the least-squares method, and a data analysis package (Origin; MicroCal,

Northampton, MA) was used to compare series of data.
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RESULTS

To better understand the spectral changes that occur during

chemotherapy of leukemia patients, we chose cultured

leukemia cells treated with cytotoxic drugs as our model

system. Cell death mode was analyzed by classical as well

as spectroscopic methods to enable characterization of spec-

tral fingerprints for apoptotic versus necrotic cell death.

IR spectral characterization of leukemia cells
undergoing apoptosis

Human promonocytic leukemia U937 cells were treated for

48 h with Ara-C, an inducer of apoptosis. The mode of

cell death was determined classically by EB and AO staining

patterns observed using fluorescence microscopy (Fig. 1).

Living cells have normal-shaped nuclei and the chromatin

appears green (Fig. 1 a). Early apoptotic cells exhibit

shrunken nuclei and condensed chromatin that appears green

(Fig. 1 b). In contrast, late apoptotic cells display condensed,

fragmented nuclei, and the chromatin therein is brightly

stained with EB and thus appears orange (Fig. 1 c). Necrotic

cells exhibit a normal shape but the chromatin is stained with

EB, which makes the nuclei appear orange (Fig. 1 d). In

parallel, control untreated and treated U937 cells were sub-

jected to IR spectral analysis (Fig. 2).

Certain absorbance bands relate to specific macromole-

cules as follows: the region 3000–2830 cm�1 reflects

symmetric and antisymmetric stretching of the CH3 and CH2

groups of proteins and lipids; the region 1800–1500 cm�1

relates to amide 1 and amide 2, often an indicator of

the secondary structure of proteins; and the region 1150–

750 cm�1 reflects a variety of vibrations due to proteins,

carbohydrates, lipids, and nucleic acids (Fig. 2 a) (10,12).

To optimize accuracy when interpreting spectral data, we

analyzed the second derivative of the vector-normalized

spectra as presented in Fig. 2 b. When the second derivative

spectral patterns of untreated control and apoptotic cells are

compared, the following features can be easily discerned as

characteristic of apoptosis: an increase in lipid absorbance at

2852 cm�1 and 2923 cm�1 (symmetric and antisymmetric

stretching of CH2, respectively) and a decrease in DNA

absorbance at 966 cm�1 (due to C-C/C-O stretching of

deoxyribose-ribose vibration) and 780 cm�1 (sugar-phos-

phate vibrations) (13,14,25,26).

Having identified specific spectral features associated with

apoptotic cells, we wished to determine how the spectra

change during ongoing apoptosis. To look at different stages

of apoptosis, we treated U937 cells with various concentra-

tions of Ara-C (0.01–10 mM) for 24 and 48 h. The percentage

of apoptotic cells and the stages of apoptosis were evaluated

by trypan blue (TB) staining (data not shown) as well as AO

and EB fluorescence staining (Fig. 3, a and b), and, in

parallel, samples were subjected to IR spectral analysis

(Fig. 3, c–h). Treatment with 0.1 mM or 0.5 mM Ara-C

induces early stages of apoptosis, which are characterized
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FIGURE 1 Evaluation of cell death mode by AO and EB

staining. U937 cells were cultured for 48 h with different

concentrations of Ara-C. The cells were stained with EB

and AO and observed using fluorescence microscopy. (a)

Living cells have normal-shaped nuclei with green chro-

matin. (b) Early apoptotic cells have shrunken nuclei

with condensed green chromatin. (c) Late apoptotic cells

have condensed and fragmented nuclei containing orange

chromatin. (d) Necrotic cells have normal-shaped nuclei

containing orange chromatin.
by condensed chromatin and intact plasma membrane.

Higher concentrations induce both early and late apoptosis,

the latter indicated by disrupted plasma membrane, with

~35% of each stage detectable at 24 h (Fig. 3 a). After treat-

ment with 10 mM Ara-C for 48 h, the proportion of apoptotic

cells reaches 70% (Fig. 3 b). The percentage of necrotic cells
was not significantly increased following Ara-C treatment.

Analysis of the FTIR spectra reveals that lipid absorbance

(at 2852 cm�1, mainly corresponding to lipids) increases

by 35% and 60% after 24 h and 48 h, respectively. In line

with our aforementioned data, these increases correlate

well with the percentage increases in apoptotic cells
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FIGURE 2 FTIR-MSP spectra of apoptotic U937 cells.

U937 cells treated with 10 mM Ara-C for 48 h and control

untreated cells were subjected to FTIR spectroscopic anal-

ysis. (a) Representative IR absorbance spectra of U937

cells after baseline correction and min-max normalization.

Each spectrum represents the average of five measurements

at different sites for each sample. The main absorbance

bands used in data analysis are marked. (b) Second deriva-

tive extended spectra of U937 cells after baseline correction

and vector normalization.
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FIGURE 3 FTIR-MSP spectra of U937 cells undergoing

apoptosis. U937 cells were treated with Ara-C (0.01–

10 mM) for 24 h (left panels) and 48 h (right panels).

(a and b) The percentage of live, apoptotic, and necrotic

cells was determined by AO and EB staining. (c–h) Rela-

tive absorbance values, derived from FTIR-MSP analysis

of untreated versus treated U937 cells, for (c and d) lipids

at 2852 cm�1, (e and f) DNA quantified at 970 cm�1 and

780 cm�1, and (g and h) proteins at 1627 cm�1 (b-sheet).

Values plotted are the mean 5 SE derived from three inde-

pendent experiments.
(R2¼ 0.93 for 24 h and R2¼ 0.95 for 48 h treatment, respec-

tively). DNA absorbance at 966 cm�1 decreases up to 15%

and 35% following Ara-C treatment (10 mM) for 24 h and

48 h, respectively. A similar pattern is observed for absor-

bance at 780 cm�1. The correlation of the decrease in DNA

absorbance and apoptotic cell percentage is R2 ¼ 0.83 for

24 h and R2¼ 0.95 for 48 h. In addition, there are distinctive

spectral changes in another region of interest, the amide I at

~1654 cm�1, which corresponds to the secondary structure

of proteins (Fig. 3, g and h). Specifically, the amide I band

comprises several major absorption bands, such as 1654 cm�1,

1639 cm�1 and 1627 cm�1, due to a-helix, random coil, and

parallel b-strand structures, respectively (27). After 24 h, the
Biophysical Journal 97(7) 2107–2114
amount of b-structure increases at low Ara-C concentrations

(0.01 mM), but it increases dramatically at higher concentra-

tions (1–10 mM) by>60% (Fig. 3 g). After 48 h of treatment,

the amount of b-structure increases even further: at 10 mM

there is ~200% more than observed in control untreated cells

(Fig. 3 h). Of note, these spectral changes related to b-struc-

ture indicate a gradual progression of biochemical change

rather than a biochemical process with distinct early and

late stages.

We performed similar experiments using human

T-lymphoblastic leukemia CCRF-CEM cells and doxoru-

bicin, another cytotoxic drug that induces apoptosis, and

generated comparable data (not shown).
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IR spectral characterization of necrotic cells

Necrosis of U937 cells was induced by two different

methods: freeze-thawing or treatment with 0.2 mg/mL

saponin, a reagent known to induce gently membrane perme-

abilization. TB staining was the classical method employed

to evaluate the proportion of necrotic cells, which after either

treatment was >95%. Once again, in parallel, samples were

subjected to FTIR spectral analysis, and the second deriva-

tive spectral patterns from treated and untreated cells were

compared (Fig. 4, a and b). After induction of necrosis by

saponin or freeze-thawing, there were increases in lipid

absorbance at 2852 cm�1 and 2923 cm�1, as well as

increases in DNA absorbance at 966 cm�1 and 780 cm�1.

To look at the spectral changes that occur during necrotic

cell death, we exposed U937 cells for 7 h to various concen-

trations of potassium cyanide (KCN), which is a common

necrosis inducer in glucose-free conditions (28). Cell

viability and the type of death were determined classically

by AO and EB staining, as well as by TB staining (Fig. 5,

a and b, respectively). In addition, we assayed LDH release

and caspase activity to validate the cell death mode (data not

shown) as well as the release of high-mobility group B1

(HMGB-1) from the nucleus (Fig. 5 c). The latter is a marker

for necrosis, since this protein is known to be involved in

chromatin conformation and is released from the nucleus

during necrotic cell death. Examination of the second deriv-

ative IR spectral patterns reveals that KCN treatment results

in increased absorbance due to lipids, with a ~67% increase

at high concentrations relative to control untreated cells

(Fig. 5 d). Similarly, DNA absorbance increases by 56%
(Fig. 5 e), but notably reaches a plateau after 10 mM. The cor-

relation of lipids and DNA absorbance with the percentage of

necrotic cells was R2 ¼ 0.92 and R2 ¼ 0.91, respectively.

Additionally, in general, KCN treatment appears to reduce

the random coil structure content of proteins, as indicated

by reduced absorption at 1639 cm�1, although this trend is

not seen at 5 mM (Fig. 5 f).

Apoptotic/necrotic cell death inducer

Next, we took advantage of a treatment known to induce both

modes of cell death in a concentration-dependent manner (18)

to investigate whether FTIR spectra do indeed reflect differ-

entially apoptosis versus necrosis. Human T-lymphoblastic

leukemia CCRF-CEM cells were incubated with various

concentrations of H2O2 for 7 h. Cell viability and death

mode were determined classically by TB, AO, and EB stain-

ing. At low H2O2 concentrations, early-stage apoptotic cells

and a few necrotic cells are evident, whereas at higher

concentrations necrotic cells predominate (Fig. 6 a). Of

importance, the FTIR spectral patterns mirror the induction

of cell death and, in particular, the H2O2 concentration-

dependent switch from apoptosis to necrosis (Fig. 6, b–d).

Increased lipid absorption at 2852 cm�1, a marker common

to both cell death modes, is detectable at all concentrations

tested, as expected. Notably, there is a plateau around 1 mM,

but at higher concentrations there are further increases in lipid

absorption relative to control untreated cells. DNA absor-

bance at 966 cm�1 decreases slightly at low H2O2 concentra-

tions (~0.1 mM), which is in line with our earlier finding that

decreased DNA absorbance is associated with apoptosis. But
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FIGURE 4 FTIR-MSP spectra of necrotic cells. (a)

Untreated U937 cells and treated with 0.2 mg/mL saponin

for 10 min and (b) subjected to freeze-thawing. Second

derivative IR spectra after baseline correction and vector

normalization are shown.
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FIGURE 5 FTIR-MSP spectra of U937 cells undergoing

necrosis. Cells were treated with KCN (0–15 mM) for 7 h.

The percentage of live, apoptotic, and necrotic cells was

determined by (a) AO and EB staining, (b) TB staining,

and (c) HMGB1 release. (d–f) Relative absorbance values,

derived from FTIR-MSP analysis of untreated versus

treated U937 cells, for (d) lipids at 2852 cm�1, (e) DNA

at 966 cm�1, and (f) proteins at 1639 cm�1 (random

coil). Values plotted are the mean 5 SE derived from three

independent experiments.
then at higher H2O2 concentrations, in accord with the

switch from apoptosis to necrosis, DNA absorbance increases

(Fig. 6 c). Finally, parallel to the increasing proportions of

necrotic cells at higher H2O2 concentrations, the random

coil structure content of proteins becomes lower, as indicated

by the reduced absorbance at 1639 cm�1 in the Amide I

region (Fig. 6 d).

DISCUSSION

In this work, we demonstrate that the FTIR-MSP spectral

pattern of dying leukemia cells reflects their cell death

mode (necrosis versus apoptosis). Changes in three IR

biomarkers characterize apoptosis: 1), an increase in lipid

absorbance (Fig. 3, c and d); 2), a decrease in DNA absor-

bance (Fig. 3, e and f); and 3), an increase in the b-secondary

structure of total cellular protein (Fig. 3, g and h). Similarly,

during necrosis there are characteristic changes in three IR

biomarkers. Similarly to apoptosis, an increase in lipid

absorbance is seen (Figs. 4, a and b, 5 d, and 6 b), but in

contrast to apoptosis, a dramatic increase in DNA absor-

bance (Figs. 4, a and b, 5 e, and 6 c) and a decrease in the

random coil structure of proteins (Figs. 5 f and 6 d) are

also observed.
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Many, though not all (14,16), earlier studies reported

increased lipid-related methylene absorbance after treatment

with various apoptosis inducers, as observed in our experi-

ments (13,15,17). At this time, the specific biochemical

process responsible for these lipid-related IR spectral

changes is unknown. Membrane changes associated with

apoptosis, such as phosphatidylserine exposure, membrane

blebbing, and vesicle formation (2), could explain the

increased methylene absorbance. However, we find that

increased lipid-related methylene absorbance is also charac-

teristic of the IR spectral patterns of necrotic cells. Mem-

brane changes typical of necrotic cells include swelling of

cellular organelles and loss of plasma membrane integrity.

Since apoptosis and necrosis do not involve similar macro

membrane changes, one possibility is that the increased lipid

absorbance observed during each process is caused by unre-

lated membrane events. Alternatively, it is possible there is

a more subtle process occurring at the membrane shared

by both cell death modes that underlies the common lipid

absorbance changes, perhaps signaling via ceramide, FAS,

or other death domain receptors (28–31).

Lipid absorbance does not distinguish apoptosis from

necrosis; however, other spectral features do characterize

the cell death mode. DNA absorbance appears to be
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FIGURE 6 FTIR-MSP spectra of CCRF-CEM cells

undergoing cell death induced by an apoptosis/necrosis-

inducing agent. Cells were treated with various concentra-

tions of H2O2 for 7 h. (a) The percentage of live, apoptotic,

and necrotic cells was determined by AO and EB staining.

(b–d) Relative absorbance values, derived from FTIR-MSP

analysis of untreated versus treated CCRF-CEM cells, for

(b) lipids at 2852 cm�1, (c) DNA at 966 cm�1, and (d)

proteins at 1639 cm�1 (random coil). Values plotted are

the mean 5 SE derived from at least three independent

experiments.
a uniquely useful parameter for discerning the death mode

since it decreases during apoptosis, as reported here and

previously (13,14), and, in contrast, increases during

necrosis as reported here for the first time, to our knowledge.

Various explanations have been proposed as to why apo-

ptotic DNA absorbs less IR, i.e., becomes opaque, despite

DNA degradation during apoptosis. Primarily, this opacity

is attributed to the condensation of DNA that occurs during

apoptosis (32,33). More specifically, the opaque nature of

apoptotic chromatin is likely due to its tight association

with HMGB-1, which masks the chromatin from neigh-

boring cells and prevents activation of the inflammatory

response (34). In contrast, during necrosis the DNA is

degraded but not compacted, which accords with our obser-

vation that necrotic DNA absorbs more IR, i.e., becomes less

opaque (35).

Previous investigators encountered the phenomenon of a

decline in DNA absorbance during the cell cycle and hypoth-

esized that it resulted from DNA opaqueness or ‘‘non-Beer-

Lambert absorption’’ due to the high density of DNA in the

nucleus (32,33,36). However, this hypothesis remains to be

validated (37). Furthermore, it is not yet clear what the

DNA’s opaqueness degree is.

Our results regarding apoptosis and necrosis identification

may partly solve this enigma. In necrotic cell death, the DNA

is completely unwound, and thus we may assume that 100%

of the DNA is visible to IR at this stage. We observed an

increase of ~65% in DNA absorbance in necrosis relativel

to the control. Therefore, the degree of opaqueness of

DNA in its native state is only ~61%. This can be further

validated by the ~16% decrease in absorption after DNA

condensation that is observed in apoptotic cell death. Thus,

by these experiments we can confirm the ‘‘non-Beer-
Lambert absorption’’ theory. This confirmation may raise

further important questions for future research regarding

the possibility of opaqueness of other dense biomolecules

such as lipids (or lipid rafts) and proteins.

Our study reveals that the capacity of FTIR spectroscopy

to monitor global changes in protein secondary structure is

also useful for identifying cell death mode, as apoptosis

and necrosis appear to affect protein structures differentially.

The significant increase of up to 75% in b-sheet structures

associated with apoptosis reported here corroborates one

earlier study (35) but contradicts another (13). The conflict-

ing data could be due to the use of different model systems or

cell death inducers, or may reflect the existence of alternative

apoptosis pathways. In contrast, during necrosis we observe

a decrease in the random coil structure of total protein.

Reductions in random coil structure are seen after both

KCN and H2O2 treatments, but to different extents (Figs. 5 f
and 6 d) despite similar levels of necrosis (Figs. 5 a and 6 a).

This quantitative difference may be related to the dissimilar

target and action of each agent (28,29).

In summary, our data show that FTIR spectroscopy can

distinguish cell death mode based on changes in DNA con-

formation and protein secondary structure. Furthermore,

given these results, we propose a solution for a fundamental

issue regarding IR opaqueness of DNA, which has further

implications for other biomolecules. Since FTIR spectros-

copy provides distinctive biochemical information and

requires minimal sample handling and no reagents, it may

provide a promising new tool to monitor cell death in the

clinic.
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