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Recently a new di-gold(1) organometallic complex [1,3-(Ph;PAu),-C¢H,] (KF0101) has been
synthesised and found to exhibit cytotoxic activity in vitro. Subsequently it has been demonstrated that
KF0101 shows little or no cross-resistance against a number of the cisplatin resistant ovarian cancer cell
lines in vitro suggesting a different mode of action for the drug. In this study, syncrotron radiation
infrared microspectroscopy (SR-IRMS) has been used on drug treated single A2780 cells in order to
determine if this different mode of action can be identified spectroscopically. The aim of the study was
to establish: (i) if single cell SR-IRMS could be used to give insight into the cellular response on
treatment with different cytotoxic agents relative to non-treated cells (control) and (ii) that if the
cytotoxic drugs elicit a different biochemical response these responses could be distinguished from each
other. The most striking features obtained after Principal Componants Analysis (PCA) of Resonant
Mie Scattering (RMieS) corrected single cell spectra of drug treated ovarian A2780 cells are: (i) The
spectra obtained for the control are quite heterogeneous and several hundred spectra are required to
adequately define the nature of the control; (ii) after drug treatment at the IC50 level for 24 h with
cisplatin, KF0101, methotrexate, paclitaxel or 5-fluorouracil the cell spectra, as represented on a PCA
scores plot, generally concentrate in certain well defined areas of the control, there are however a small
number of spectra that fall outside of the area defined by the control; and (iii) a differentiation between
cell spectra obtained on treatment with different drugs is observed which fits well with different in vitro
cell culture behaviour and a flow cytometry cell cycle analysis of the contol and drug treated cells.
Inspection of the loading plots shows that PC1 is essentially the same for all plots and reflects changes in
cell biochemistry related to the cell cycle. PC2, however, on comparison of the control versus cisplatin
or cisplatin versus KF0101 is indicative of differences induced by drug treatment and has been termed
as cell cycle-plus behaviour. These data are shown to be consistent with that obtained using bench-top
IRMS by averaging a number of single cell spectra and carrying out a PCA, but SR-IRMS offers more
insight into how the drug is affecting the cell population. More importantly, this approach enables the
influence of the cell cycle on both the control and drug treated samples to be taken into consideration
when evaluating the drug—cell interaction.

1. Introduction

The application of vibrational spectroscopy aimed at detecting
disease in human cells started in the early 1990s' but was
hampered by the fact that the data was collected over an area of
several square millimetres and the samples being studied con-
tained inherent heterogeneity. With the development of both
infrared and Raman micro-spectroscopic methods, where data
are collected through a microscope, high quality images with
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high spectral and spatial resolution can be acquired. This gives
the necessary methodology for correlation between disease and
spectra to be attained.? A detailed account of these early develop-
ments is available,® as are a number of more recent reviews.?*>

SR-IRMS has been applied to the study of single cells.*® A
major limitation to the application of this technique is infrared
spectra from single cells often exhibit highly distorted baselines,
and derivative-like peak shapes of the strongest bands such as the
amide 1.77*° These distortions result in changes in apparent peak
intensity and position rendering a detailed interpretation of
biochemical changes in the cells unreliable. Consequently much
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effort has been put into understanding the origin of this distor-
tion?*?? and it is now known that the predominant cause is
Resonant Mie Scattering (RMieS).>* Recently a correction
algorithm has been developed that enables spectra to be
corrected for RMieS thus removing scattering effects and leaving
the absorption spectrum of the sample.?* Separating scattering
contributions from biochemical changes in spectra is particularly
important in the case of drug treated cells since, in addition to
a biochemical response, cytotoxic agents often change the
morphology of cells; for example, rounding of the cells which
results in a change in the scattering properties. The development
of the RMieS correction enables the effect of these changes in cell
morphology to be separated from the changes in biochemistry
paving the way for a biological interpretation of drug treated
single cell spectra.”

Despite the problems caused by scattering several attempts
have been made to study drug—cell interactions using FTIR. In
a recent report?® by Goormaghtigh ez al. the authors have shown
that prostate cancer PC3 cells, a line that has been extensively
studied by FTIR spectroscopy,'**’-*? when treated with ouabain,
a new potential antitumour drug, show signatures of activity
relating to a modification of cell lipids. Draux et al.® used both
bench top and SR-IRMS to study sub-lethal doses of Gemcita-
bine on the non-small cell lung cancer cell line Calu-1 and were
able to detect significant spectral differences between groups of
cells where cell proliferation was weakly, moderately and highly
inhibited. Importantly some of the changes observed in the
spectra e.g. increase in RNA bands were attributed to changes in
the cell cycle since Gemcitabine is known to cause cell accumu-
lation in the G1 phase. The SR-FTIR spectra, however, were the
average of 30 cells and thus information regarding the cell cycle
at the single cell level will have been lost. Other work relating
directly to the cell cycle has been described using both SR-
IRMS®!1¢ and bench-top IRMS.?*35 Significant changes in
spectra profile have been observed for each of the phases and
these must be taken into account in the analysis of drug treated
cells where the distribution of cells in each phase can change
dramatically.

Recently a new di-gold(1) organometallic complex [1,3-
(Ph3PAu),-C¢Hy)?® has been prepared Fig. 1, and found to show
little or no cross-resistance against cisplatin resistant cells in vitro,
indicating the complex acts either by a different mechanism or at
a different point in the cell cycle.

In this study SR-FTIR has been used to investigate the inter-
action of KF0101 and cisplatin with A2780 cells. For comparison
methotrexate, paclitaxel and 5-fluorouracil which operate via
different modes of action have also been investigated.’*
Specifically SR-IRMS has been used to see if: (i) Drug treated
A2780 cells could be distinguished from non-drug treated cells
(control); (ii) Drugs that operate by different mechanisms elicit
a different cellular response and can be distinguished from each
other; (iii) The spectral response observed is simply due to the cell

AuPPh;

AuPPh,

Fig. 1 Molecular structure of [1,3-(Ph;PAu),-CsH4] (KF0101).

cycle; and (iv) Data is consistent across different synchrotron
sources and with that obtained using bench-top IRMS.

2. Experimental
2.1 Sample preparation

Cisplatin, methotrexate, paclitaxel and S5-fluorouracil were
purchased from commercial sources and used without further
purification; 1,3-(Ph;PAu)-C¢H, was prepared in an analogous
manner previously described for 1,4-(Ph;PAu)-C¢H,.3¢

A2780 cells were seeded and grown directly on MirrIR slides in
six-well plates. When cell coverage had reached 70% coverage
they were drug treated with cisplatin (500 nM), KF0101 (50 nM),
methotrexate (20 pM), SFU (1000 nM) and paclitaxel (2000 nM)
(IC50) for 24 h. The cells were then fixed in formalin and washed
several times with PBS and air dried as previously described.'®
Each experiment was carried out in triplicate.

2.2 Flow cytometry

A2780 cells were grown in humidified incubator with 5% CO, at
37 °C in RPMI-1640 medium supplemented with 1% rL-Gluta-
mine and 10% FCS. For cell cycle analysis cells, in exponential
growth, were treated under the same conditions as for the SR-
IRMS (cisplatin (500 nM), KF0101 (50 nM), methotrexate
(20 uM), SFU (1000 nM), paclitaxel (2000 nM) for 24 h). The
cells were then detached by trypsinisation and fixed in ethanol
(70%). Cells were treated with RNAse (Sigma, 1 mg ml~', 30 min,
37 °C) and re-suspended in propidium iodide solution (Sigma,
50 pg ml~' in PBS). Analysis of DNA content was carried out on
a Partec Cyflow cytometer using the Partec cell cycle analysis
software.

2.3 FTIR measurements

Infrared spectra of individual cells were obtained at two different
synchrotron facilities. At the SRS, Daresbury laboratory,
infrared spectra were recorded on Station 11.1**** where
synchrotron light is directed into a Nicolet Nexus FTIR spec-
trometer coupled to a Nicolet Continupm XL Continupm IR
microscope fitted with 32x objective, mapping stage, and 50
micron MCT detector. Individual cells were selected using the
microscope and the aperture adjusted to the cell size (generally
15 x 15 pm). 30 spectra were recorded in turn from each repli-
cate. The spectra were acquired over 256 scans and 4 cm™!
resolution. At the Elettra Synchrotron Laboratory, Trieste, Italy
the data were collected using the infrared SISSI (Synchrotron
Infrared Source for Spectroscopy and Imaging) beamline.**
FTIR transflection spectra were collected using a Bruker Hype-
rion 3000 Vis-IR microscope equipped with a mid-band MCT
detector, coupled with a Bruker Vertex 70 interferometer. The
aperture was typically set to 15 x 15 pm and spectra recorded
using 512 scans, 8 cm™! resolution.

For comparison, the slides that had previously been analysed
at Daresbury and Elettra were re-analysed using a Varian FTS
7000 spectrometer coupled to a UMA 600 microscope and an
MCT detector. An aperture of approximately 100 x 100 um
(approximately 50 cells) was used and spectra recorded using 256
scans at 4 cm ' resolution.
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2.4 Data processing

All spectra were converted to comma separated values files (csv)
using the Omnic (Thermo Scientific) software prior to importing
into Matlab (Mathworks, Natick, MA, USA). Spectra display-
ing poor signal to noise and or significant absorptions due to
water vapour and CO, were rejected. The remaining spectra were
corrected using the Resonant Mie Scattering (RMieS) correction

Table 1 Cell distribution determined by flow cytometry

ICs 24 h Gl (%) S (%) G2M (%)
Control 56 26 18
KF0101 43 31 26
Cisplatin 53 7 40
Methotrexate 65 18 17
SFU 70 6 24
Paclitaxel 5 4 91

Absorbance

n n
1000 1500 2000 260 000 300 00
Wavenumber

(a)

Absorbance

‘Wavenumber

(b)

aslL L L

‘Wavenumber
(c)

Fig. 2 SR-IRMS spectra of singles cells of the untreated A2780 cell line
(a) Raw spectra; (b) after 1 iteration of RMieS; (c) after § iterations of
RMieS.

algorithm.** This algorithm uses an iterative procedure to
improve the correction and the data presented here are the result
of eight iterations. The corrected spectra were converted to first
derivative, the spectral range abridged to 9001800 cm™! prior to
vector normalisation and mean centring. The fingerprint region
900-1400 cm ' was then analysed using PCA analysis (Matlab).

3. Results and discussion
3.1 Flow cytometry

Table 1 shows the cell-cycle distribution of the A2780 cells
studied in this investigation determined by flow cytometry. It is
evident that treatment with different drugs affects the cell
distribution within the cell cycle. This data indicates that if
biochemical changes can be observed using SR-IRMS then
separation of the drug treated cells from the control and each
other using chemometric methods should be possible. There has
to be one caveat to this hyothesis: This investigation is looking at
single cells which remain ovarian A2780 cells even after treat-
ment with a drug and are likely to exhibit characteristics similar
to the control and so the drug treated cells may well be sub-sets of
the control (vide infra).

3.2 SR-IRMS

Fig. 2 (a) shows SR-FTIR spectra of individual cells of the A2780
cell line that have not been treated with any drug and represent
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Fig.4 PCA scores plots of the control cell spectra (red dots) and drug treated cell spectra (blue dots); (A) PC1 vs. PC2, (B) PC1 vs. PC3, (i) KF0101; (ii)

cisplatin; (iii) methotrexate; (iv) 5-FU; (v) taxol.

the control data. It is well documented that RMieS is a serious
problem when interpreting single cell infrared spectra?® and these

physical effects are clearly visible in these spectra.

To correct for these effects the RMieS algorithm was used

through eight iterations.?* Considering the control data, it can be
seen from Fig. 2 (b) that a single iteration removes the majority
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The control data were collected in six blocks of 30 spectra and
after correction were subjected to PCA together in the fingerprint
region 900-1400 cm~'. The data were analysed in this region as it

of the scattering effects and after eight iterations Fig. 2 (c)
essentially no scattering effects are discernable. The same is true
for all other spectral sets collected, see ESL.}
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was found that when analysing drug treated cells the greatest
spectral changes were observed in this region (vide infra). Each
individual set is represented by a different colour in Fig. 3. It is
evident that the control spectra are quite heterogeneous and
there is also heterogeneity between sets. Only the yellow data set
(set 2) spans the entire area defined by the control with other sets
being more concentrated into sub-areas. These data suggest that
due to the heterogeneity of the spectral characteristics of a single
cell population and since not every phase of the cycle is equally
populated (Table 1) a large number of data points are required to
adequately define the control. This observation is also consistent
with the flow cytometry data Table 1. Furthermore, the hetero-
geneity of cell populations has been described previously by
Diem et al. using bench top IRMS.!83* In their studies they were
able to clearly differentiate between cells in the G1 and G2
phases, but found that cells in the S phase were much more
heterogeneous and when combined with G1 and G2 spectra it
was difficult to maintain separation and a heterogeneous was
spread observed. The data presented here are consistent with that
observation.

SR-FTIR spectra of the single A2780 cells treated with one of
the drugs, KF0101, cisplatin, methotrexate, 5-FU and taxol
(paclitaxel) were initially compared to the control, and the
resulting PCA scores plots are shown in Fig. 4. The most striking
features in all cases are: (i) The treated cells are essentially defined
by specific areas of the control; and (ii) Very few of the treated
cells lie outside of the area defined by the control. This indicates
that the differences in the spectra are not due to the presence of
spectral features of the drug. The spectral characteristics of each
drug are significantly different from each other in the region
analysed and if separation purely due to drug were observed
separate clustering should be expected for treated cells and the
control along PCl. The analysis suggests otherwise and the
impact of the drug is being observed through biochemical
changes that manifest themselves in the IR spectra.

This becomes evident on inspection of the loading plots for the
control, control vs. cisplatin, control vs. KF0101, and KF0101 vs.
cisplatin, Fig. 5. The bands responsible for the differences in the
principal components are shown in Table 2.

The bands responsible for the separation of the control cells
along PCl can be assigned* to changes in deoxyribose
(1057 cm™'), phosphate (1079 c¢cm™'), C-O in protein and
carbohydrate (1155 cm™"), amide III and nucleic acid phosphate

Table 2 Bands responsible for each principal component

(1234 cm ') which are all negative and a broad positive region at
950 + 50 cm™! which is difficult to assign with any certainty.
Similar changes are seen in PC1 when the control is compared to
both cisplatin and KF0101. Since both cisplatin and KF0101
treated cells appear to be subsets of the control the implication is
that in these cases PC1 represents separation based upon where
the cell is in the cell cycle. PC1 shows almost the same band
pattern when KF0101 and cisplatin are compared save the most
intense negative band is at 1046 cm™' indicative of changes in
glycogen.*> Comparison of PC2 plots for cisplatin and KF0101
vs. the control and the control show the most significant differ-
ences are in cisplatin vs. control, a clear observation of cell cycle-
plus behaviour. There is a significant increase in bands assigned
to ribose (966, 1039 cm™') and phosphate (1079 cm™') and
decrease in intensity polysaccharides (1207 cm™'), amide III
(1307); whereas in PC2 comparing KF0101 vs. control with the
control, the differences from those that can be assigned purely to
the cell cycle are less obvious. The most significant positive peaks
are at phosphate (1227 cm™') and amide (IIT) (1305 cm™"), with
the most intense negative peaks at ribose (998 cm™') glycogen
(1026 cm™") and phosphate (1081 cm™"). Comparing KF0101 and
cisplatin on PC2 negative peaks for ribose (998 cm™), glycogen
(1023 cm™') and phosphate (1079 cm™') and positive peaks for
the amide IIT (1240 and 1301 cm™'). The same observations are
true in the respective PC3 plots: KF0101 is most similar to the
control and cisplatin shows clear cell cycle-plus behaviour. For
cisplatin a clear increase in glycogen (1028 cm™") with a signifi-
cant decrease in non-hydrogen bonded CH-OH (1175 cm™') and
phosphate (1268 cm™"), whereas the reverse is seen for KF0101
treated cells and is most comparable to that seen for the control.

It is known that cisplatin, methotrexate, 5-fluorouracil and
paclitaxel operate by different mechanisms and at different parts
of the cell cycle.’”*! The similarity of but subtly different nature
of the clustering of the cells treated with these drugs and the
clustering along PC1, which essentially represents the cell cycle,
fits with this fact, Fig. 4. An intriguing observation from these
data is there are a number of spectra that lie outside of the region
defined by the control. Thus, in addition to the drug inducing
a normal cell cycle response, a response out-side of the normal
control cell cycle may well be evident and again gives evidence for
cell cycle—plus behaviour. This is most evident for the KF0101
spectra, Fig. 4a(i) and b(i). There are several possible reasons for
this: (i) The control area is not completely defined (see earlier

PC1 Peak positions/cm™' PC2 Peak positions/cm™' PC3 Peak positions/cm™!
Control Pos: 910, 941, 977. Pos: 1221, 1379. Pos: 914, 1115, 1069, 1172, 1260.
Neg: 1057, 1079, 1155, 1176, 1234. Neg: 921, 999, 1030, 1083 Neg: 999, 1022
Control vs. cisplatin Pos: 910, 940, 976. Pos: 918, 964, 1039, 1079, 1150. Pos: 1028.
Neg: 1058, 1079, 1156, 1235. Negative: 1207, 1307, 1362. Neg: 912, 935, 1115, 1175, 1268.
1069, 1172, 1260.
Control vs. KF0101 Pos: 909, 943, 975. Pos: 1227, 1305, 1389. Pos: 910, 948, 1068, 1092, 1117,
1174, 1244.
Neg: 1054, 1235. Neg: 925, 998, 1026, 1081. Neg: 999, 1021, 1373.
Cisplatin vs. KF0101 Pos: 910, 942. Pos: 1240, 1301, 1350. Pos: 916, 941, 1069, 1093, 1115,
1176, 1254.
Neg: 1000, 1046, 1078, 1155, 1234, Neg: 920, 999, 1023, 1079. Neg: 1002, 1025.

1323.
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discussion); (ii) It is known that the A2780 cell line develops
resistance and inherently resistant cells may respond in an
abnormal biochemical way on treatment with the drugs and so
appear outside of the area defined by the control and (iii) The
drugs may induce necrosis rather than apoptosis and these
biochemical properties may not be adequately defined by the

control that was used.
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Comparison of KF0101 with each of the individual drugs is
shown in Fig. 6, and illustrates again that the effect of the drugs

on the cell biochemistry can be separated using PCA.

Similar scatter patterns are seen when KF0101 is compared
with two different drugs, for example cisplatin and SFU, Fig. 7.
Once again it is evident that the cells treated with different drugs
separate from each other on the basis of different biochemistry
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and are generally confined to specific parts of the control PCA
space indicating drug treatment affects the normal cell cycle
processes.

When all of the drugs are combined in one analysis the same
general observations are made, Fig. 8.

3.3 Benchtop IRMS

The same cell samples have been analysed using benchtop-IRMS
with a 100 x 100 p aperture (approx 50 cells) and the data
collected shows a clear sparation between the control and cells
treated with KF0101 and cisplatin, Fig. 9. So, is this consistent
with the SR-IRMS data?

The working hypothesis that cells in a different part of the cell
cycle give rise to a different spectral profile is key to the success of
this and related studies. One reason that a clear separation is
observed here is that the benchtop IRMS data looks at the
average spectrum of the cell poulation rather than at the spec-
trum for an individual cell and this can be shown in the following
way. Considering the data presented in Table 1 (flow cytometry)
the average control spectrum in this study should be made up of
the following spectral contributions: 56% G1, 26% S, and 18%
G2M; with that for KF0101:43% G1, 31% S, and 26% G2M; and
cisplatin: 53% G1, 7% S, and 40% G2M respectively. The average
cell spectrum for each group should therefore be different and
separable using chemometric methods. To test this view we
randomly selected 50 spectra from each data set (control,
KF0101 and cisplatin) and averaged each set of 50 spectra to
generate a single average spectrum for each data set. This process
was repeated 20 times for each data set. This generated 60
average spectra from the single cell data. These were then sub-
jected to the same PCA analysis as the single cell data. This
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process was repeated three times and the same result was
obtained on each occasion. Clear separation of both cisplation
and KF0101 from the control is observed affording a result that
is consistent with that obtained by benchtop-IRMS, Fig. 10.

It is clear therefore that benchtop IRMS gives an average
spectrum derived from the cell population made up from
a collection of single cells at different parts of the cell cycle,
whereas single cell spectra are representative of where the cell is
in the cell cycle. If single cell spectra are averaged and then
compared the data is analogous to that obtained in multicellular
work. This can be seen by comparing Fig. 3 (a) with Fig. 6 (ii).
From the distribution seen in Fig. 6 (ii) the average spectrum
defined by the control is going to be different from that defined
by KF0101 and or cisplatin. One should therefore expect tighter
more well defined clusters in multicellular work when compared
to single cell SR-IRMS data as the heterogeneity of the single cell
spectra is averaged. The SR-IRMS data also confirms that the
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separation seen on the multicellular work is not just due to
differences in drug spectra. It is now clear that using SR-IRMS to
study single cells offers an opportunity to gain greater insight
into what is going on at the cellular level when compared to
multicellular work, where subtle differences between similarly
treated cells are averaged. For example, PC1 in this SR-IRMS
study is shown to be essentially indicating where the cell sits
relative to the normal cell cycle and that differences in other
principal components are indicative of drug induced cell cycle-
plus behaviour. SR-IRMS studies therefore appear able to give
information on cell cycle perturbations relating to drug treat-
ment that may not be evident in multicellular work due to
spectral averaging.

Conclusions

In this study it has been shown that A2780 ovarian cells when
treated with a range of different drugs known to operate by
different mechanisms can be distinguished from each other and
untreated A2780 cells using SR-IRMS. The observed heteroge-
neity of the control spectra is due to cells being at different points
in the cell cycle and the differences in IR spectra exhibited by cells
at different points of the cycle. Therefore large number of single
cell control spectra are required to adequately define the control
and enable conclusions to be drawn about the impact of drug
treatment. The majority of spectra obtained from the drug
treated samples when analysed by PCA fall into certain areas of
the control PCA space, with the areas of concentration subtly
different for each drug which can be linked to how and where in
the cell cycle the drug of choice acts. The data is also consistent
with that obtained from benchtop IRMS, shown through aver-
aging of the single cell data. This study clearly shows that single
cell studies using SR-IRMS affords more detail about changing
cell biochemistry than can be obtained from multicellular work.
PCl1 is essentially the same in all comparisons and is indicative of
where the cell sits in the cell cycle. More subtle differences from
the control are observed in higher principal components and
these contain information on the impact of the drug on the cell’s
biochemistry: cell cycle-plus behaviour. A number of drug-
treated cell spectra are observed outside of the area defined by the
normal cell cycle. This further indicates that there may be addi-
tional cell cycle-plus information to be obtained.
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