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Abstract

In this paper, it was reported for the first time that the combination of the electroporation and the conjugation of the TiO, nanoparticles with the
monoclonal antibody could improve the photokilling selectivity and efficiency of photoexcited TiO, on cancer cells in the photodynamic therapy
(PDT) because the conjugation of the TiO, nanoparticles with monoclonal antibodies could increase the photokilling selectivity of TiO,
nanoparticles to cancer cells and the electroporation could accelerate the delivery speed of the TiO, nanoparticles to cancer cells. It was observed
that using this combination method, 100% human LoVo cancer cells were photokilled within 90 min, while only 39% of the normal cells were
killed under the irradiation of the ultraviolet (UV) light (365 nm). Furthermore, the combination method may be used to photokill various kinds of

caner cells only if the antibody conjugated on the TiO, nanoparticles is changed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The TiO, nanoparticles are novel photo-effecting material
with the band gap of 3.23 eV for anatase and 3.06 eV for rutile
polymorph of TiO,, respectively. Under the irradiation of UV
light with the energy higher than that of the band gap of TiO,,
i.e. the light wavelength shorter than 385 and 400 nm for
anatase and rutile polymorphs, respectively, the electrons in the
valence band of TiO, can be excited to the conduction band,
creating the pairs of photo-induced electron and hole [1]. These
photo-induced electrons and holes present the strong reduction
and oxidation properties. In the aqueous environment, the
photo-induced holes can react with hydroxyl ions or water to
form powerful oxidizing radicals, such as hydroxyl radicals OH
and perhydroxyl radicals HO;[2], which can destroy the
structure of various organic molecules [3—6].
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The application of TiO, nanoparticles in life science is
attracting more and more attention since the first report of
photocatalytic disinfection by Matsunaga et al. in 1985 [7]. In
recent years, TiO, nanoparticles were applied in the field of
phototherapy of malignant cells, and have been regarded as the
potential photosensitizing agents for photodynamic therapy
(PDT) due to their unique phototoxic effect upon the irradiation
[2,8—12]. However, the TiO, nanoparticles still have some
drawbacks in the clinical use, such as insufficient selectivity and
low efficiency resulted from lack of cell-specific accumulation
of TiO, on cancer cells. In addition, a relatively high
concentration of TiO, nanoparticles is needed (commonly
higher than 50 pg/mL). Hence, it is necessary to modify TiO,
nanoparticles with some biomolecules that can specifically bind
with cancer cells for improving selectivity and efficiency.

Recently, the high affinity and specificity of antibodies to
antigens have been used to improve the performance of PDT
agents [13]. For example, the monoclonal antibodies have been
conjugated with some porphyrin-based photosensitizes to
improve the specificity of PDT agents [14]. However, the
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conjugation of TiO, nanoparticles with monoclonal antibodies
has not been reported. In this study, we firstly conjugated TiO,
nanoparticles with a specific antibody against the carcinoem-
bryonic antigen [15] (CEA) of human LoVo cancer cells, which
is useful for target accumulation of TiO, nanoparticles on LoVo
cancer cells. Furthermore, we utilized electroporation to
improve the delivery of antibody—TiO, bioconjugates into the
cancer cells. Electroporation [16—19] is an important bioengi-
neering technique that has been used to deliver genes or
anticancer drugs into the cytoplasm through the micropores on
the cell membrane produced through electric stimulation and
have been successfully utilized in photodynamic therapy. In
contrast to previous work, our combination method has higher
cell-specificity and efficiency for photokilling cancer cells
owing to the highly specific reaction between the antibody in
antibody—TiO, conjugates and the antigen on cancer cells,
which facilitated the selective accumulation of TiO, nanopar-
ticles on cancer cells, and the electroporation procedure
obviously increased the efficiency for photokilling LoVo cancer
cells.

2. Materials and methods
2.1. Chemicals

TiO, (p-25, 75% anatase, 25% rutile; average diameter 25 nm,
Degussa, Germany), the purified anti-CEA monoclonal antibody,
Clone F6 (Everlong biotechnology Co. Ltd., Hangzhou, China),
Fluorescein isothiocyanate (FITC, Sigma Co., USA), trypsin—
EDTA (Invitrogen Co., USA), LoVo cells and TE353.sk cells
(ATCC), MTT [3-(4, 5-dimethylthiazol-2-y1)-2, 5-diphenyltetra-
zolium bromide] kits (Beyotime Co. Ltd., Nantong, China),
Ham’s F12 medium (PAA laboratories, Australia) added with
50 pg/mL penicillin and 15% fetal calf serum (FCS), DMEM
medium containing 15% FCS, L-glutamine and 50 pg/ml
penicillin (Invitrogen Co., USA) were used as received. All
other chemical reagents were of analytical grade. All solutions
were prepared with Milli-Q water (Millipore).

2.2. Cell line

CEA-expressing cell line, LoVo (908 ng CEA per 10° cells)
and none-CEA-expressing cell line, TE353.sk, were employed to
investigate the selective cellular uptake of antibody-conjugated
TiO, nanoparticles. LoVo cells were grown in vitro in Ham’s F12
medium in a humidified incubator with 5% CO, at 37 °C. TE353.
sk cells were cultured in vitro in the DMEM medium.

2.3. Synthesis of FITC-antibody-TiO,

The TiO, nanoparticles were ultrasonically dispersed in the
phosphate buffer solution (pH 6.5) to produce the TiO,
suspension after they were grinded in the rotating agate mortar
with a small amount of ethanol at 450 r/min for 10 h.
Subsequently, the TiO, suspension was filtrated through a
0.45 um dialyzer after it was sterilized using an autoclave. Due
to the aggregation of the TiO, nanoparticles, they could not be

completely sonically dispersed during sterilization. The quan-
tity of the TiO, nanoparticles in the suspension was assessed
using an Inductively Coupled Argon Plasma-Atomic Emission
Spectrometer (ICP-AES, IRIS Intrepid, USA). The average size
and the morphology of the TiO, nanoparticles were measured
with a Transmission Electron Microscopy (TEM, JEOL
JEM2011, Japan). The fluorescence emission spectra were
recorded using a Cary Eclipse Fluorescence Spectrophotometer
(VARIAN, USA). The UV-Vis absorption spectra were
recorded using an Ultraviolet—Visible Spectrophotometer (UV,
8453, Agilent, USA).

The anti-CEA antibody was dialyzed in the carbonate buffer
solution (pH 9.5) overnight. 1 mg FITC was dissolved in 1 mL
dimethyl sulfoxide (DMSO) to obtain the FITC-DMSO
solution. Then, after 20 pnL. FITC-DMSO solution was added
into 1 mL 2 mg/mL anti-CEA antibody, the mixture solution
was incubated at 4 °C overnight and dialyzed in the phosphate
buffer solution (PBS, pH 7.4) for 16 h. The FITC-labeled
monoclonal antibody (FITC-antibody) solution obtained was
added into the above pH-adjusted TiO, suspension with the
ratio of 800 pL antibody solution with 1 mg TiO, nanoparticles
in a sterilized tube. The suspension was gently stirred at the
room temperature for 1 h, followed by the incubation at 4 °C for
5 days. Finally, the conjugation of FITC-antibody and TiO,
nanoparticles (FITC-antibody—TiO,) was obtained by centri-
fuging the solution at a rate of 10000 r/min for 30 min at 4 °C.
The precipitate was washed with phosphate buffer solution for
three times. The FITC-antibody—TiO, conjugate was stored at
4 °C before use. The antibody-modified TiO, (antibody—TiO,)
conjugate was prepared with the similar method.

2.4. Modification of antibody—TiO, conjugates on cancer cell

The binding of the FITC-antibody—TiO, conjugate with the
incubated LoVo cancer cells or TE353.sk normal cells was
examined with the immunofluorescence tests. 5 x 10* cells/mL
LoVo cancer cells or TE353.sk normal cells were trypsinized
and suspended in a low serum medium (0.05% FCS). The cells
were incubated with 100 uL FITC-antibody—TiO, conjugate for
30 min and then were centrifuged at 1100 r/min for 6 min. The
precipitated cells were suspended again in 0.3 mL phosphate
buffer solution. The optical and fluorescence microscopic
images of LoVo cancer cells and TE353.sk normal cells after
the incubation with FITC-antibody—TiO, conjugates were
recorded using a confocal laser scanning microscope (LEICA
TCS NT, Japan). The excitation light (490 nm) was from a
solid-state diode-pumped laser. A long-pass filter (515 nm) was
used as emission filter for measuring the fluorescent images of
samples.

2.5. Electoporation

Firstly, 5x10* cells/mL LoVo cancer cells or TE353.sk
normal cells were trypsinized, centrifuged and suspended in the
culture medium. Then, 500 pL cell suspension was added into
the electroporation device with a pair of flat stainless steel
electrodes with 4 mm distance between two electrodes. After
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the incubation of cells with 100 pL FITC-antibody—TiO,
conjugate for 30 min, the electroporation process was carried
out with the rectangular electric pulses with voltage of 500 V/
cm, 100 ps duration time for 8 times with a generated Gene
Pulser Xcell (Bio-RAD, USA).

2.6. Cytotoxicity test

The photokilling effect on LoVo cancer cells in different
conditions was tested as follows. Firstly, LoVo cells were
trypsinized and suspended in culture medium at a concentration
of 5x10* cells/mL. Secondly, 2 mL cell suspension was added
to the sterile dish. The cells adhered onto the dish wall after 24 h
incubation. Thirdly, the culture medium was replaced by 1 mL
antibody—TiO, suspension and 1 mL fresh culture medium for
each dish. After incubation for 24 h, these adhered cells were
washed twice with sterile phosphate buffer solution (pH 7.4).
Finally, it was placed under the irradiation of UV lights with the
intensities of 4 mW/cm? at wavelength of 4,,,,=253.7 nm for a
certain time. The photokilling experiment was also carried out
under the irradiation of UV lights with the intensities of
1.8 mW/cm? at wavelength of Amax=2365 nm. The photokilling
efficiency for TE353.sk normal cells was similarly evaluated. In
the cytotoxicity experiment, it is important to spray the cells as
evenly as possible.

The cell viability in the culture medium was determined by
MTT assay [12] using thiazoyl blue as dye and recorded with a
BIO-RAD M-450 microplate reader. In the MTT assay, the
absorbance of formazan produced in the cleavage of MTT by
dehydrogenases in living cells at 570 nm was linearly
proportional to the number of the living cells. Briefly, 250 pL
of MTT solution was added into the culture dish and incubated at
37 °C for 4 h. Then, 2 mL DMSO was added into each well and
mixed thoroughly to dissolve all formazan. After continuing the
incubation for a few minutes at 37 °C to ensure that formazan
was completely dissolved. 300 puL solutions were dispensed into
the wells of 96-well plates. The plates were evaluated
spectrophotometrically at 570 nm and the absorbance, [4]; was
obtained. The survival fraction could be calculated according to
[A]¢/[A];, where [A4]; is the optical absorbance of the untreated

Fig. 1. TEM image of TiO, nanoparticles.
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Fig. 2. UV—vis absorption spectra of (a) TiO, suspension; (b) antibody solution;
(c) anti-CEA antibody coated TiO, suspension.

cells. 4-fold replicates were carried out per drug and dose and
each experiment was repeated three times with S.D.=+4% for
each determination. The variation region and the average value
of the resulting data are presented in the resulting diagrams.

3. Results and discussion
3.1. Cancer cells modified by antibody—nano-TiO, conjugates

The TEM image of TiO, particles is presented in Fig. 1. As
can be seen, most of the TiO, particles were spherical or square-
shaped with the particle size of 15-35 nm.

The conjugation of the FITC-antibody—TiO, nanoparticles
was checked by UV—Vis absorption spectrum and fluorescence
emission spectra. Fig. 2 shows the UV—Vis absorption spectra
of the TiO, suspension, antibody solution and antibody—TiO,
suspension. It can be observed a broad absorption peak at about
390 nm in the spectrum of the TiO, suspension (Fig. 2, curve a)
and an absorption peak at 280 nm in the spectrum of the
antibody solution (Fig. 2, curve b). In the spectrum of antibody—
TiO, suspension, two absorption peaks are located at 360 and
285 nm (Fig. 2, Curve c). It indicated that in the spectrum of
antibody—TiO, suspension, the absorption peak of TiO, shits
from 390 to 360 nm and the absorption peak of antibody shifts
from 280 to 285 nm. This demonstrated that antibody has been
immobilized on the surface of TiO, nanoparticles.

Fig. 3 shows the fluorescence emission spectra of the
suspension of TiO, nanoparticles, the FITC-antibody solution
and the suspension of FITC-antibody—TiO, conjugate. It was
observed from Fig. 3 that the TiO, nanoparticles have no
fluorescence emission when excited at 490 nm (Fig. 3, Curve a)
and the FITC-antibody exhibits a fluorescence emission peak at
about 515 nm (Fig. 3, Curve b). For FITC-antibody—TiO,
conjugate suspension, a broader and weaker peak appears at
about 510 nm (Fig. 3, Curve c), reflecting the existence of
antibody on the TiO, nanoparticles. The shift in the peak
position is not large because the fluorescence peak is due to
FITC. This may illustrate that not FITC, but the antibody is
attached to the surface of the TiO, nanoparticles.
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Fig. 3. The fluorescence emission spectra of (a) the suspension of the TiO,
nanoparticles; (b) the FITC-labeled antibody solution; (c) the suspension of
FITC-antibody-TiO, conjugate. Wavelength of the excitation light: 490 nm.
The concentration of TiO: 3.12 pg/mL.

Fig. 4 displays the optical and fluorescence microscopic
images of the LoVo cancer cells and TE353.sk normal cells after
the incubation in the culture medium. It was observed from Fig. 4
that after the incubation in the culture medium containing the
FITC-antibody—TiO, conjugate for 30 minutes, LoVo cancer
cells clearly exhibit the green fluorescence light (Fig. 4A), but
TE353.sk normal cells do not show any fluorescence (Fig. 4B),

(A)

(a) (b)
(B)

Fig. 4. (a) The optical and (b) fluorescence microscopic images of (A) LoVo
cancer cells and (B) TE353.sk normal cells after the incubation in the culture
medium containing 3.12 pg/mL FITC-antibody—TiO, conjugates for 30 min.

Fig. 5. The fluorescence microscopic image of the LoVo cancer cells after the
incubation in the culture medium containing 3.12 pg/mL FITC-antibody—TiO,
conjugate and then the electroporation with the electric pulses at 500 V/cm for
100 ps.

indicating that the FITC-antibody—TiO, conjugate has attached to
the LoVo cancer cells, but does not attach to the TE353.sk cells
due to the specific reaction between antibody in the FITC-
antibody—TiO, bioconjugates and antigen of the LoVo cancer
cells. This illustrated that the FITC-antibody—TiO, conjugate
possesses good selectivity.

Fig. 5 shows the fluorescence microscopic image of the
LoVo cancer cells, which were firstly incubated in the medium
containing FITC-antibody—TiO, conjugates for 30 min and then
were suffered an electroporation treatment with voltage of
500 V/cm for 100 ps. It can be seen from Fig. 5 that the LoVo
cancer cells shows much brighter green fluorescence light than
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Fig. 6. The plots of the surviving fraction of (A) the LoVo cells and (B) the
TE353.sk cells vs the concentration of the FITC-antibody—TiO, conjugate after
the LoVo cells and the TE353.sk cells in culture medium were treated for 24 h in
the dark, respectively.
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Fig. 7. The plots of the surviving fraction of the LoVo cells vs the irradiation
time under the UV light after the LoVo cells were treated with (a) the UV light
alone, (b) the incubation in the culture medium containing 3.12 pg/mL TiO,
nanoparticles; (c) the incubation in culture medium containing 3.12 pg/mL
antibody—TiO, conjugate, (d) the electroporation with 8 electric pulses at 500 V/
cm for 100 ps; (e) the treatment with the procedures of (b) and (d); (f) the
treatment with the procedures of (c) and (d). Light wavelength: 253.7 nm, light
intensity: 4 mW/cm®.

that in Fig. 4A. This suggested that after the electroporation, the
amount of the FITC-antibody—TiO, conjugate entered into the
LoVo cancer cells is larger than that without the electroporation
because the electroporation can produce the micropores on the
cell membrane.

3.2. Photokilling efficiency on LoVo cells by various treatments

Fig. 6 shows the plots of the surviving fraction of the LoVo
cells and the TE353.sk cells vs the concentration of the
antibody-TiO» conjugate after the LoVo cells and the TE353.sk
cells were treated with different amounts of antibody—TiO,
suspension for 24 h in the dark, respectively. The surviving
fractions of the Lo Vo cells and the TE353.sk cells are almost the
same. They are larger than 90% when the concentration of TiO,
was in the range of 0-400 pg/mL. The result confirms that the
FITC-antibody—TiO, conjugate are not toxic for both the LoVo
cancer cells and the TE353.sk normal cells without the
irradiation. The results are consistent with that in the previous
reports [8,11,12].

Fig. 7 displays the plots of the surviving fraction of the LoVo
cells vs the irradiation time under the UV light after the LoVo
cells were treated under the different conditions. It was found
from Fig. 7 that when the LoVo cell in the culture medium is
only irradiated with the UV light and no any TiO, nanoparticles
in the culture medium, the surviving fraction of LoVo cells at
30 min is 84% (Fig. 7, curve a). The surviving fraction of LoVo
cells at 30 min is 75% when the Lo Vo cell in the culture medium
is irradiated with the UV light and 3.12 pg/mL TiO,
nanoparticles exist in the culture medium (Fig. 7, curve b),
indicating that the TiO, nanoparticles is helpful for killing the
LoVo cells. If the TiO, nanoparticles are replaced with the

antibody—TiO, conjugate, the surviving fraction at 30 min is
decreased to 67% (Fig. 7, curve c). After the electroporation is
used and then the culture medium is irradiated with the UV
light, the surviving fraction of LoVo cells at 30 min is 69%
(Fig. 7, curve d), which is similar to that of only adding the
antibody-TiO, conjugate, illustrating that the electroporation
would also affect the surviving fraction of LoVo cells. The
surviving fraction can be further reduced to 56% (Fig. 7,
curve ¢) when the TiO, nanoparticles, the electroporation and
the UV irradiation are used together. The most effective
approach to kill the LoVo cells was observed when the
antibody—TiO, conjugate, the electroporation, and the UV
irradiation are combined together. Under the above conditions,
the LoVo cancer cells would be completely killed after the
irradiation for 30 min and the surviving fraction becomes 0%
(Fig. 7, Curve f), which is 56% lower than that in Fig. 7,
Curve e. Firstly, all the above results illustrated that the
antibody—TiO, conjugate is more effective for killing the LoVo
cancer cells because the antibody—TiO, conjugate can be
accumulated on the membrane of the LoVo cells due to the
specific reaction between antibody in the antibody—TiO,
conjugate and antigen on the cell membrane. Secondly, the
electroporation can promote the delivery of the antibody—TiO,
conjugate into cells, so that the efficiency of killing the LoVo
cells would be increased. Finally, it should be noticed that the
concentration of antibody—TiO, conjugate is only as low as
3.12 pg/mL, while the concentration of the TiO, nanoparticles
is as high as 50 pg/mL for completely killing the cancer cells
when the TiO, nanoparticles was used and the electroporation
technique is not applied [9].

Fig. 8 compares the surviving fractions of the LoVo cancer
cells and TE353.sk normal cells under the identical conditions.
It can be observed from Fig. 8 that after 90 min, only 39%
TE353.sk cells are killed and all the LoVo cells are killed. This
illustrated that as expected, the antibody—TiO, conjugate
possesses the high cell-specificity and thus, the efficiency for
photokilling LoVo cancer cells is high.
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Fig. 8. The plots of the surviving fraction vs the irradiation time under the UV
light with the wavelength of 365 nm and intensity of 1.8 mW/cm? for (a) the
LoVo cells and (b) the TE353.sk cells in the presence of the antibody—TiO,
conjugate and after the electroporation treatment.
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4. Conclusions

In summary, in this paper, a novel method combined the
antibody—TiO, conjugate with the electroporation was sug-
gested. This method showed a high efficiency and cell-
specificity for photokilling LoVo cancer cells in the case of
using very low concentration of antibody—TiO, bioconjugate
(3.12 pg/mL). This new method also has the advantage that it
might be used to kill various kinds of caner cells with changing
the type of antibody. This approach may be used to produce
targeted cytotoxicity and explored as a novel photodynamic
therapy for cancers in the future.
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