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Fourier Transform Infrared (FTIR) spectroscopy of Attenuated Total Reflection (ATR) and luminescence
microscopy methods were applied to study oxidation kinetics for biomolecular components of eukaryotic
HelLa cancer cells caused by photogenerated charges in TiO,. It was shown, that organic matter of cells
is mineralized on porous film of TiO, nanoparticles in such a way that TiO, surface does not show HeLa

cell residues. Basic precursor organic groups Amide I, Amide Il and phosphate are oxidized with different
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rates. Amide II is oxidizing with the highest rate, it is followed by Amide I, and phosphate is the most
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1. Introduction

Photocatalytic inactivation of eukaryotic cells placed on TiO,
was studied previously on several occasions [1-8], but the pro-
cess mechanism leading to photocatalytic destruction of animal
cells still remains to be an object of thorough investigation.
Investigations in this area are important for medicine, ecology,
pharmaceutics, food industry, perfumery and for human health.
The purpose of this work is to study photocatalytic destruction of
HelLa line cancer cells with the use of nanocrystalline TiO, using
method of Fourier Transform Infrared spectroscopy of Multiple
Attenuated Total Reflection (FTIR-MATR). FTIR-MATR spectroscopy
is used to resolve absorption bands of various biomacromolecules
and products of photocatalytic oxidation. So, this approach allows
us to identify the oxidation kinetics of separate cellular molecules
and to determine important features of the mechanism of photo-
catalytic destruction of an animal cell located on mesoporous film
of titanium dioxide.

2. Materials and methods
2.1. Materials

TiO, Hombifine N (320m?2/g, 100% anatase) produced by
Sachtleben Chemie GmbH was used as photocatalyst in all experi-
ments.
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Investigations were carried on for cancer cells of epithelioid
carcinoma of human cervix uteri, HeLasubline. Culture conditions:
DMEM medium, 10% fetal bovine serum, 37 °C, and 5% CO,.

2.2. Preparation of mesoporous TiO films

TiO, Hombifine N powder was used to prepare acidic aqueous
suspension with TiO, content of 100 g/1. Using spreading rod, this
suspension was uniformly applied to Superfrost Plus Heinz Herenz
high adhesive capacity microscope specimen glass. The films were
air dried for 1.5 h. Detailed structure of porous TiO, films was stud-
ied using Carl Zeiss Supra 25 scanning electron microscope.

2.3. Irradiation methods

Samples were irradiated in Axio Imager A1 optical microscope
with HBO 103 W/2 OSRAM high-pressure mercury lamp and Carl
Zeiss interference filter (Filter Set No. 02) with transmission maxi-
mum at A =365 nm. Luminous flux was determined using Aktakom
ATT-1515 UV-radiometer, and it was about 210 mW/cm?2. Samples
were irradiated in air with the protection of HelLa cells from dry-
ing out in physiological saline. At the same time, the samples were
photographed using compact digital camera of Canon G10 micro-
scope.

2.4. Control experiments

Porous Al, 03 films were prepared using plasmachemical ultra-
fine Al03 (Fspec. =72.7 m?/g, d=20.8 nm, § + y phases), produced in
microwave discharge air plasma in the same manner as TiO,-films.
They were used in control experiments instead of TiO5.
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Fig. 1. Normalized FTIR-MATR spectra of HelLa cells on TiO; films after differ-
ent times of light irradiation using HBO 103 W/2. Spectra of dry samples. Bands
in the spectral region 1800-800cm~'. The integral absorbance in the region of
1800-800 cm~"! was used as the normalization factor. Exposure time: 0 (1), 3 (2), 4
(3),6(4),8(5),14(6),20(7),60(8), and 100 (9) min, (10) original TiO,,

2.5. FTIR-MATR spectroscopy

Infrared spectra were determined using Perkin Elmer Spectrum
100 spectrometer with UATR add-on (Ge/KBr beam splitter). Spec-
trum data were accumulated using 10 scans with 4 cm~! resolution
in the range of 4000-675 cm~!. Fourier deconvolution and second
derivative of spectra were used to identify and evaluate FTIR-MATR
spectral peaks. Fourier deconvolution and subtraction of spec-
tra were performed using software package Peak Fit v4.12. Peak
profiles were described using adjustable Gaussian or Lorentzian
function in Wave Metrics Igor Pro v6.1.1 program. Peaks position
error was limited by reproducibility of sample preparation and
mechanical contact between the sample and UATR crystal.

2.6. Preparation of samples for FTIR-MATR spectroscopy

HelLa cells applied onto porous TiO, films in form of aqueous
suspension with the concentration of 3 x 106 cells/ml. To provide
reproducibility of measurements, porous TiO, films with uniform
layer of HeLa cells were cut into separate parts. These TiO, parts
were exposed to UV-A radiation for different time intervals. Films
of plasmachemical ultrafine Al,03 powder not featuring photocat-
alytic activity were used for control experiments.

Samples for fluorescence microscopy were prepared in a similar
manner with the addition of 0.05 ml ethidium bromide of 10 mg/ml
concentration into the Hela cell suspension being applied, thus
DNA of nonviable cells became purple colored. Discoloration of cells
was used to plot a plasma membrane destruction curve.

3. Results and discussion
3.1. FTIR-MATR spectra of HeLa cells on TiO, Hombifine N films

FTIR-MATR spectra of HeLa cells on TiO,, films are shown in Fig. 1.
Spectral band assignment is given in Table 1.

3.2. Spectrum of pure TiO, film
This spectrum shows the following characteristic properties:

steep shoulder up to 1000cm~!, caused by TiO, lattice vibra-
tions, 1640 cm~! band of approximately 100 cm~! width, caused

Table 1
Assignment of the FTIR-MATR bands of HelLa cells deposited on TiO, porous film
[9-13].

cm™! Assignment cm~! Assignment

3281 Amide A 1395 -COO~ str.

3072 Amide B 1233 Amide I1I

2965 va(CH3) 1160 v(C-0) ring

2920 va(CH2) 1113 v(C-0)

2876 vs(CH3) 1085 vs(PO>-)

1652 Amide | 1060 P-OR ester

1541 Amide II 1034 8(C-OH) of carbohydrates
1452 82(CH3) 967 C-N stretching asymmetric

by water adsorbed on TiO, surface, broad peak in the area of
3600-2800 cm~! with maximum at 3263 cm~! -O-H vibrations of
adsorbed water [9].

Evolution of FTIR-MATR spectra associated with destruction
of HelLa cells and caused by photocatalytic oxidation of cellular
molecules on TiO,, is shown in Fig. 1 in spectral region of charac-
teristic IR-bands. Spectra in Fig. 1 were normalized to provide the
comparison of changes by one and the same scale, for this purpose
spectra in the range of 800-1800 cm~! were divided by the value of
spectral integral, calculated for this spectral range. Spectral integral
is calculated as

I(v)=/ S(vv)dv

where S(v) - FTIR-MATR spectrum recorded by the device.

Spectra in Fig. 1 show significant changes in spectrum profile
of original shape of HeLa cell bands already in 3 min after starting
the UV-irradiation. Asymmetric methyl protein group bands near
1452 cm~! and C-0 modes of C-OH serine, threonine and tyrosine
groups in cell proteins near 1160 cm~1! [10] disappear. Weak bands
at 1113, 1034 and 967 cm~! disappear as well. Phosphor-ester
peak P-OR near 1060 cm~! is drastically smoothed and decreased.
This gives evidence of the quick destruction of HeLa cell mem-
brane, since phosphor-ester peak is created largely due to strong
absorption in external phospholipid bilayer [11]. Amide bands, II
- 1541 cm~! and Il - 1233cm~!, disappear after 8 min of UV-
irradiation. At the same time, a broad band of -C-OH valence
vibrations appears at 1190-1120cm™!, and this is indicative of
the increased concentration of hydroxyl groups. Amide I peak at
1652 cm™!, for the most part caused by macromolecular compo-
nents of HeLa cell nucleus [11], is smoothed rather quickly, but
remains to be one of the most appreciable peaks. Approximately
100 min of UV-irradiation on TiO, is required for its full disappear-
ance.

Fig. 2 shows FTIR-MATR spectra of HeLa cells on TiO, films,
obtained by the deconvolution of experimental FTIR-MATR spectra.
Deconvolution made it possible to resolve separate peaks in Amide
I band near 1652cm~': at 1655cm~! and two secondary peaks
at 1685 and 1636cm~!, which correspond to different structural
conformations of protein macromolecules [12]. As the diagram
shows, relative intensities of three Amide I peaks at 1685, 1655
and 1636 cm™!, as well as intensities of two Amide Il peaks at 1545
and 1519 cm! are decreased already after 5 min of UV-irradiation.
This shows that secondary protein structures in HeLa cells are
changed under the influence of photocatalytic oxidation. At the
second, peaks in the range of 1160-950 cm~! were resolved. They
pertain mainly to carbohydrate and oligosaccharide bands (1156,
1131, 1111, 1029, and 1006 cm~') [10], phosphate bands PO,
(1085cm~1) [12] and phosphor-ester band (1060cm~1). These
band shapes are drastically changed after 5min of irradiation,
which implies, most probably, the destruction of cellular plasma
membrane, occurring during photocatalysis.
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Fig. 2. Fourier deconvoluted spectra of HeLa cells from 1800 to 950 cm~"! after dif-
ferent irradiation times on the TiO; films interface. Exposure time: 0 (1), 5 (2), 15
(3),30(4), 60 (5), and 100 (6) min. Deconvolution parameters: FWHM =21.945 and
a frequency filter data F=67% with a linear basis.

For comparison, Fig. 3 shows also the results of control experi-
ments, where HeLa cell suspension was applied onto porous Al,03
film. FTIR-MATR spectrum of this system does not show signifi-
cant changes after 100 min of UV-irradiation. Only small deviations
appear in the shape of Amide I and Amide II bands. Inspection
results conclusively establish photocatalytic nature of the oxida-
tion of HeLa cell substrates on the surface of nanocrystalline TiO,
and minor change of cell spectrum under UV-A-irradiation on Al, 03
film.

3.3. Kinetics of FTIR-MATR spectra of HeLa cells during
photocatalytic oxidation

Decrease in integral intensity of FTIR-MATR spectral bands
implies mineralization of organic matter on the TiO, surface dur-
ing photocatalysis. The kinetics of integral absorption is only a
rough approximation for the evaluation of the amount of organic
matter on the TiO,, because the molar absorption coefficients are
different for various intermediate products of photocatalytic oxida-
tion. Nevertheless, the integral absorption in broad spectral region
is proportional to the sum of organic matter assuming that the
integral of IR transitions oscillators’ strengths remains approxi-
mately constant. Value of spectral integral was calculated in the
range of 1800-950 cm~. Kinetics of integral absorption of HeLa
cells is shown in Fig. 4. Experimental data can be approximated
by exponential curve, which describes the decomposition kinetics
of organic matter of HeLa cells. The curve does not show the sur-
vival kinetics since it is obvious that all cells loose their viability
shortly after starting irradiation because of UV-induced damages;
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Fig. 3. Fourier deconvoluted spectra of HeLa cells from 1800 to 950 cm~"! after dif-
ferent irradiation times on the Al, 05 films interface. Exposure time: 0 (1), 20 (2), 40
(3), and 100 (4) min. Deconvolution parameters: FWHM =21.945 and a frequency
filter data F=67% with a linear basis.
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Fig. 4. Kinetics of FTIR-MATR spectra of HeLa cells in the range of 1800-950 cm™!
during photocatalytic oxidation on the TiO, surface.

and all cells die during irradiation on both Al,03 and TiO, films.
The kinetics observed demonstrates the photocatalytic destruc-
tion of cellular substances in all cells, both alive at the beginning
of experiment and killed in the course of irradiation. Decomposi-
tion rate constant equals to (9.3+0.1) x 10~2 min~!. After 30 min
of UV-irradiation, the integral of absorption spectrum is less than
10% of initial FTIR-MATR spectrum. This is indicative of low resis-
tance of macromolecular components of eukaryotic HeLa cell to
photocatalytic oxidation.

As it was noted above, increase in intermediate destruction
products bands is observed simultaneously with decrease in origi-
nal bands in the HeLa spectrum. Because of overlapping of various
bands, accurate resolution into separate peaks is impossible when
unconstrained minimization procedures are used. Nevertheless,
it is possible to derive an approximate evaluation of the integral
absorption of the separate bands as a function of reaction time.

Fig. 5 shows the dynamics of integral absorption variation in the
peaks Amide I at 1700-1586cm~1, Amide II at 1580-1478 cm™!
and in the phosphate PO,~ band at 1135-1010cm~!. These
spectral bands present two components a high degradation
rate and a slower one. Quick stage lasts for about 10 min
and is likely to be associated with the destruction of plasma
membrane of Hela cells. Exponential-function approximation
gives decomposition rate constants: (12.6+0.1) x 10~2 min~! for

0 20 40 60 80 100
Time, min

Fig. 5. Kinetics of the decay ratio of the absorbance areas. 1 - phosphate PO, ~ band
region 1135-1010cm~1, 2 — Amide I band region 1700-1586cm~"', and 3 - Amide
Il band region 1580-1478 cm~! of Hela cells.
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Amide I band, (13.3+1.2)x 102 min~! for Amide II band and
(48+0.2)x102min~! for PO,~ band. Amide II band disap-
pears with the highest rate, which is indicative of the quick
destruction of NH-bonds in HeLa cell proteins. Second slow
stage lasts for 10-40min for Amide II band with the con-
stant equal to (8.041.1)x 10~2min~!. For Amide I and PO~
bands, it lasts for 10-60min, with constants, correspondingly
(3.4+0.2) x 102 min~! and (3.7 +0.6) x 10~2 min~.

Oxidation rate of macromolecules including Amide I, Amide
Il and PO,~ bands qualitatively correlates with bond energies in
accordance with Semenov/Polanyi theory: the highest oxidation
rate has N-H bond (348 kJ/mol), other bonds require more energy
for breaking: 653 kJ/mol for (=0 and 419kJ/mol to break away
phosphate. Besides, it should be taken into account, that kinetic
absorption curve of phosphate band 1135-1010cm™! is distorted
by slowing-down in the interval of 30-40 min, due to the overlap-
ping of absorption bands of intermediate products of photocatalytic
oxidation [13].

3.4. Loss of plasma membrane integrity of HeLa cells at
photocatalysis

Plasma membrane integrity can be demonstrated with use of
membrane impermeable compounds that do not enter cells with
intact membrane. As a marker of plasma membrane integrity, we
used DNA intercalating agent ethidium bromide that binds to DNA
of cells with damaged plasma membrane and does not stain DNA
in intact cells. As it is seen on Fig. 6, under UV-A irradiation on the
surface of mesoporous TiO, photocatalyst films cells loose their
membrane integrity very quickly compared to Al,03 films. Ultra-
violet as such induces cell death, but this cellular response is the
well-known process of programmed cell death (apoptosis)in which
it takes at least several hours to cause notable cell membrane per-
meabilisation, as it was demonstrated in experiments with UV

404 %
] N

Number of integrity cells, %

Medel: Hill
Equation: y=Vmax"x*n/(k*n+x"n)
R*2 = 0.99855
Vmax 98.39774 +0.85254
20 k 65.47951 +0.58994
n -4.99477 +0.17501
0 T T T T p T g T L T i 1|+ ; H T
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Fig. 6. Integrity of HeLa cells on the Al;05 (1) and TiO; (2) films interface at UV-A
irradiation. Experimental data are approximated by generalized Hill functions.

irradiation at doses close to used in our work [20,21]. Unlike slow
cellular response on UV-A irradiation Al,03 films, photocatalyti-
cally created peroxy radicals on TiO, films cause fast destruction of
plasma membrane of cells.

Point of interest in curve 2 presented in Fig. 6 is the presence of
two phases of cell protection states. The first phase lasting for about
405, as noted in the literature [ 14], is associated with operation lev-
els of life sustaining systems. Drastic fall of living HeLa cells’ fraction
after 40 s means a drastic change of host defenses-transition into a
new state resulting in host death in accordance with the theory of
oxidative stress [14-16]. Experimental data are well approximated
by generalized Hill functions frequently used for simulating of bac-
terial cell metabolism and for construction of universal “electronic

Fig. 7. Photomicrographs of HeLa cells before and during UV-A irradiation on the TiO, surface. Exposure time: (a) original TiO,, (b) HeLa cells on the TiO, surface 0 min, (c)

5min, (d) 30 min, (e) 60 min, and (f) 100 min.
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Fig. 8. Hela cells’ luminescence saturation of RGB spectrum blue channel versus
UV-irradiation time on the TiO, surface.

cell” [17]:
Xﬂ

f(x)=d- Vmax, dZW,

where f(x) is logistic function, d is fraction of occupied sites,
Vmax is maximum amount f(x), x is time, k is apparent dissociation
constant, and n is the Hill coefficient.

Hela cells on the surface of mesoporous TiO, films loose their
membrane integrity in the first 1-2 min after starting UV-A irra-
diation. At a later time, only photocatalytic destruction of organic
matter of dead cells and self-cleaning of photocatalyst surface take
place.

3.5. Mineralization of killed HeLa cells at photocatalysis

For the confirmation of surface self-cleaning, photomicrographs
of HelLa cells before and during UV-A irradiation are presented in
Fig. 7. Under irradiation with 365 nm wavelength light, HeLa cells
have intensive blue color, associated with proteins composing its
basis, reduced pyridine nucleotides (NADH and NADPH) and oxi-
dated flavoproteins (flavine mononucleotide and flavine adenine
dinucleotide) [18,19]. In the same manner as in the case of FTIR-
MATR spectra of HeLa cells noticeable changes occur already after
5min from starting irradiation (Fig. 7b and c). After 100 min of
photocatalytic oxidation of dead cells, nanocrystalline TiO, practi-
cally completely destroys HeLa cells, and the photocatalyst surface
recovers its original appearance (Fig. 7f and a). Fig. 8 shows the
saturation of RGB spectrum blue channel versus UV-irradiation
time behavior. In color theory, saturation is intensity of certain
tone that is the degree of visual difference between chromatic
color and achromatic (grey) color of equal brightness. Variation
of HeLa cells’ luminescence saturation can be approximated by
exponential curve. According to general idea, curve and the satura-
tion should be proportional to the total sum of organic matter. On

this assumption, calculated decomposition rate constant equals to
(3.3+£0.2) x 102 min~!, which is slightly below the rate constant
((9.3+£0.1) x 1072 min~1), calculated based on integral absorption
in FTIR-MATR spectra of HeLa cells for the region of 1800-950 cm~!.
At the same time, fluorescence microscopy confirms FTIR-MATR
data on deep photocatalytic oxidation of HeLa cancer cells on the
surface of nanocrystalline titanium dioxide.

4. Conclusions

By means of Fourier Transform Infrared spectroscopy and fluo-
rescence microscopy methods it was shown that organic matter of
eukaryotic HeLa cells is photocatalytically oxidated on the surface
of porous TiO, film under irradiation by light with A =365 nm and
luminous flux density about 210 mW/cm?2. The surface of nanocrys-
talline TiO, photocatalyst can degrade cancer cells intermediate
products at long-term UV irradiation. Photocatalytic oxidation of
basic organic groups Amide I, Amide Il and phosphate on TiO; sur-
face occurs at different rates. Amide II is being oxidized with the
highest rate, it is followed by Amide I, and phosphate is the most
resistant to photocatalytic oxidation.
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