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Abstract: Biologically and chemically modified nanoparticles are gaining much attention as a new tool in
cancer detection and treatment. Herein, we demonstrate that an alizarin red S (ARS) dye coating on TiO,
nanoparticles enables visible light activation of the nanoparticles leading to degradation of neighboring
biological structures through localized production of reactive oxygen species. Successful coating of nanoparti-
cles with dye is demonstrated through sedimentation, spectrophotometry, and gel electrophoresis techniques.
Using gel electrophoresis, we demonstrate that visible light activation of dye-TiO, nanoparticles leads to
degradation of plasmid DNA in vitro. Alterations in integrity and distribution of nuclear membrane associated
proteins were detected via fluorescence confocal microscopy in HeLa cells exposed to perinuclear localized
ARS-TiO; nanoparticles that were photoactivated with visible light. This study expands upon previous studies
that indicated dye coatings on TiO, nanoparticles can serve to enhance imaging, by clearly showing that dye
coatings on TiO, nanoparticles can also enhance the photoreactivity of TiO, nanoparticles by allowing visible
light activation. The findings of our study suggest a therapeutic application of dye-coated TiO, nanoparticles in
cancer research; however, at the same time they may reveal limitations on the use of dye assisted visualization of
TiO, nanoparticles in live-cell imaging.
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INTRODUCTION

Titanium dioxide (TiO,) nanoparticles are being investi-
gated as a promising new tool for cancer detection and
treatment, due to their corner defects that enable surface
conjugation of multiple ligands and specific targeting of the
nanoparticles (Rajh et al., 2002; Paunesku et al., 2003, 2007,
2008; Brown et al., 2008; Wu, 2008; Thurn et al., 2009,
2011). In this regard, TiO, nanoparticles can also be acti-
vated when excited with ultraviolet (UV) light in excess of
3.2 eV to produce reactive oxygen species that are capable of
inducing damage to neighboring biological agents (Park
et al., 2008; Thevenot et al., 2008; Tsuang et al., 2008).
However, exposure of biological samples to UV light is less
than optimal as this source is a well-documented mutagen.
The fluorescent dye, alizarin red S (ARS), has been shown to
conjugate successfully to TiO, nanoparticles and enhance
visualization of these nanoparticles both in vitro and in situ
(Brown et al., 2008; Thurn et al., 2009). At the same time,
conjugation of this dye lowers the band gap required for
activation of TiO, nanoparticles and enhances the produc-
tion of reactive oxygen species (Liu et al., 2000; Rajh et al.,
2002). Consequently, coating TiO, nanoparticles with fluo-
rescent dyes such as ARS promises to enable activation of
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TiO, nanoparticles with a lower intensity visible light source
(instead of mutagen-inducing UV light), thus broadening
their use in biological applications.

The findings of the current study demonstrate that upon
exposure to lower intensity visible light (versus UV light),
dye coated-TiO, nanoparticles can be activated and degrade
neighboring biological structures. We demonstrate that visi-
ble light activation of ARS-coated TiO, nanoparticles leads
to degradation of plasmid DNA in vitro as witnessed through
changes in plasmid conformation detected via gel electropho-
resis. Additionally, through two-dimensional (2D) and three-
dimensional (3D) fluorescence confocal microscopy, we show
that perinuclear localized ARS-TiO, nanoparticles induce
DNA condensation in HeLa cells. Visible light activation of
these same dye-coated TiO, nanoparticles results in en-
larged nuclei along with alterations in integrity and distribu-
tion of two different nuclear membrane associated proteins
(emerin and lamin B1).

The findings presented in this study reveal a therapeu-
tic application of dye-coated TiO, nanoparticles in cancer
research that does not depend upon mutagen-inducing UV
light activation, but rather enables lower intensity, visible
light activation. At the same time, the results also suggest
limitations on the use of dye assisted visualization of TiO,
nanoparticles in live-cell imaging due to their enhanced
visible light activation and ability to degrade neighboring
biological structures.
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Figure 1. TEM images depict the approximately 6 nm TiO, nano-
particles used in the study. Scale bar = 20 nm.

MATERIALS AND METHODS

Preparation of Titanium Dioxide Nanoparticles
and Characterization by Transmission
Electron Microscopy

For the synthesis of 6 nm TiO, nanoparticles, TiCl, was
used as the reaction agent, and cetyltrimethyl ammonium
bromide (CTAB) was used as the dispersant. All agents were
purchased from Guoyao Ltd (China) as analytical pure
grade and deionized water was used as solvent. Before the
experiment, 0.1 M TiCl, in 20% HCI solution was first
prepared and stored at —20°C. The synthesis of TiO, nano-
particles was carried out using a magnetic stirrer and the
reaction temperature was about 4°C, which was controlled
in an ice bath. First, 10 mL of 0.1 M TiCl, solution was
gradually dropped into 200 mL of deionized water under
vigorous stirring, and the reaction was maintained for ap-
proximately 4 h. Then 10 mL of 0.5 mM CTAB was dropped
into the solution, and the solution was continuously stirred
magnetically for approximately 1 h. Finally, the product was
purified by dialyzing the TiO, colloids in deionized water
five times, and the powder of TiO, nanoparticles was pre-
pared by freezing out using a freeze drier. The morphology
of TiO, nanoparticles was characterized with a Tecnai F20
(FEI Company, Hillsboro, OR, USA) transmission electron
microscope (TEM). The TEM sample was prepared by drop-
ping the TiO, nanoparticles dispersed in water onto a
carbon-coated copper grid. Figures la and 1b show TEM
images of TiO, nanoparticles under different magnifica-
tions. It can be seen that the TiO, nanoparticles were well
dispersible and of single crystal size of approximately 6 nm.

Assessing Dye Coating of Nanoparticles

Six nanometer TiO, nanoparticles were synthesized and
characterized through the methods described above. The
interaction of two dyes, ARS (Sigma, St. Louis, MO, USA)
and orange G (Sigma), with TiO, nanoparticles was investi-
gated through four different methods: sedimentation, spec-
tral light absorbance, spectral fluorescence emission, and
polyacrylamide gel electrophoresis. Sedimentation assays
were performed by incubating each respective dye and TiO,
nanoparticles, centrifuging samples at 0.2 ¢ for 3 min, then
imaging with a Canon Powershot 7.1 Megapixel A620 digi-
tal camera. Shifts in spectral light absorbance and spectral
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fluorescence emission between dyes and dye-coated TiO,
nanoparticle samples were measured with a NanoDrop 2000
UV-Vis spectrophotometer as described previously (Thurn
et al., 2009) and NanoDrop 3300 Fluorospectrometer, respec-
tively (Thermo Fisher Scientific, Waltham, MA, USA). Sta-
bility between dye-TiO, nanoconjugates was assessed by
running samples through a 16% polyacrylamide gel for 2 h
as described previously (Brown et al., 2008).

Effect of Visible and UV Light Photoactivation of
Dye-TiO, Nanoconjugates on Plasmid DNA

The effect of visible light activated ARS-coated TiO, nanopar-
ticles was assessed by illuminating plasmid containing sam-
ples with a Fiber-Lite MI-150 High Intensity Fiber Optic EKE
150 W 21 V Halogen Light llluminator (Dolan-Jenner Indus-
tries, Boxborough, MA, USA) for 10 min. The effect of UV
light on activated ARS-coated TiO, nanoparticles was as-
sessed by illuminating plasmid containing samples with a
390 nm 13 W UV light source (Bayco, Wylie, TX, USA). All
samples were then run on a 1.25% agarose gel at 60 V for 4 h,
stained with GelStar (Lonza, Mapleton, IL, USA), and im-
aged on a Kodak Gel Logic 2200 Imaging System (Kodak,
Rochester, NY, USA).

Cell Culture, Fixing and Staining, and Confocal
Microscopy

HeLa cells were grown on #1 glass coverslips to approxi-
mately 20% confluence and then exposed to ARS-coated
TiO, nanoparticles or appropriate controls overnight. Respec-
tive samples were either exposed to no light or light with a
Fiber-Lite MI-150 High Intensity Fiber Optic 150W Halo-
gen Light Illuminator for 10 min. All samples were fixed in
3.6% formaldehyde (Fisher Scientific, Waltham, MA, USA)
and permeabilized in 0.2% Triton-100x (Fisher Scientific)
for 10 min. Cells were then stained with either a mouse
monoclonal to emerin primary antibody (Abcam, Cam-
bridge, MA, USA) followed by an Alexa488 goat anti-mouse
IgG (H + L) secondary antibody (Invitrogen, Grand Island,
NY, USA) or a chicken polyclonal to lamin B1 primary anti-
body (Abcam) followed by an Alexa488 goat anti-chicken
IgG (H + L) secondary antibody (Invitrogen). All samples
were then stained with Hoechst 33342 (Sigma) and cover-
slips were mounted in P-phenylenediamine containing
mounting media. Samples were imaged on an Olympus IX81-
UCB Spinning Disc Confocal Microscope (Olympus, Center
Valley, PA, USA) using a 100 W mercury burner (Ushio,
Tokyo, Japan), Brightline filters for DAPL, FITC, and TEXAS
RED (Semrock, Rochester, NY, USA), and an ORCA-ER-
1394 high-resolution digital camera (Hamamatsu, Japan).
All images are presented as 1 um optical slice fluorescence
overlays in either two or three dimensions.

RESULTS

Fluorescent Dye Coating of TiO, Nanoparticles
Approximately six nanometer diameter titanium dioxide
(TiO,) nanoparticles were used throughout this investiga-
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tion (Figs. 1a, 1b). To demonstrate the successful coating of
TiO, nanoparticles with the fluorescent dye, ARS, we uti-
lized established techniques such as sedimentation, spectro-
photometry, and polyacrylamide gel electrophoresis (Brown
et al., 2008; Thurn et al., 2009) and also incorporated an
additional assay to measure variations in fluorescence spec-
tral emission of samples. In the sedimentation assay, test
tubes containing either (1) dH,0, (2) ARS, (3) TiO, nano-
particles, or (4) ARS-coated TiO, nanoparticles were pre-
pared. Upon centrifugation of these samples at 0.2 g, TiO,
nanoparticles sedimented out of solution and formed a
white pellet on the test tube bottom (Fig. 2a, tube 3),
whereas free ARS dye did not sediment under the same
conditions (Fig. 2a, tube 2). In the tube containing ARS dye
and TiO, nanoparticles, a red pellet was observed at the
bottom of the test tube, indicating successful conjugation
between ARS and TiO, nanoparticles (Fig. 2a, tube 4). In
contrast, when an alternative dye, orange G, was used under
the same conditions as a negative control, the pellet in tube
4 containing dye and TiO, nanoparticles remained white
and the dye remained in the supernatant, indicating no
interaction between orange G and TiO, nanoparticles
(Fig. 2b). When measuring spectral absorbance, ARS-coated
TiO, nanoparticles demonstrated a red shift in spectral
absorbance compared to their ARS counterparts (Fig. 2¢),
indicative of a dye-nanoparticle interaction (Thurn et al.,
2009). Under the same conditions, no shift in absorbance
was witnessed for orange G and TiO, counterparts (Fig. 2d).
In the gel electrophoresis assay, we utilized the fact that
TiO, nanoparticles do not enter into a polyacrylamide gel
during standard electrophoresis (Paunesku et al., 2003),
while selected dyes do enter into such a gel (Brown et al.,
2008) to assess dye-TiO, nanoparticle interactions. The
same samples described above were used. Upon polyacryl-
amide gel electrophoresis of samples, ARS (Fig. 2e, lane 2)
migrated through the gel, while TiO, nanoparticles (Fig. 2e,
lane 3) and ARS-coated TiO, nanoparticles remained trapped
in the wells of the gel and a distinct red band was visible
(Fig. 2e, lane 4). Under the same conditions, orange G did
not remain associated with TiO, nanoparticles in the gel
well, but rather migrated into the gel (Fig. 2f, lane 4). Thus,
in the case of the orange G, both lanes 3 and 4 possessed a
white band in the well of the gel. This electrophoresis data
further supported the ability of ARS dye to successfully coat
TiO, nanoparticles, and the remaining experiments within
this study utilized ARS-coated TiO, nanoparticles. These
results supported the findings in the literature that enediol
bidentate ligands such as ARS covalently interact with TiO,
nanoparticles of less than 20 nm in diameter, whereas
similar ring structured molecules lacking these functional
groups (such as orange G) do not interact (Rajh et al., 2002)
(Figs. 3g-3h). ARS and orange G dyes were selected for
these reasons. Further support for interaction between ARS
and TiO, nanoparticles was gained by viewing differences
in the fluorescence emissions between ARS and ARS-coated
TiO, nanoconjugates that were excited by either UV, blue,
or visible light. ARS dye was excitable by both blue and
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Figure 2. The interaction between ARS and TiO, nanoparticles
and lack of interaction between orange G and TiO, nanoparticles
is demonstrated through three different assays. a: A sedimentation
assay illustrated that upon centrifugation of samples at 0.2 g, ARS
(tube 2) remained in the supernatant, while TiO, nanoparticles
(tube 3) and ARS-TiO, nanoparticle conjugates (tube 4) formed a
pellet at the bottom of the tube (tube 1 = dH,0). b: Under the
same conditions, no orange G-TiO, interaction was seen in tube 4
(tube 1 = dH,0, tube 2 = orange G, tube 3 = TiO, nanoparticles).
c: ARS-coated TiO, nanoparticles (red line) demonstrated a red
shift in spectral absorbance compared to their ARS counterparts
(blue line). d: Under the same conditions, no shift in absorbance
was witnessed for orange G-TiO, nanoparticles (red line) versus
orange G (blue line). e: Upon polyacrylamide gel electrophoresis
of samples, ARS (lane 2) migrated through the gel, while TiO,
nanoparticles (lane 3) and dye-TiO, nanoparticles (lane 4) re-
mained trapped in the wells of the gel (tube 1 = dH,0). f: Under
the same conditions, orange G did not remain associated with
TiO, nanoparticles in the gel well, but rather migrated into the
gel (lane 4). g: Molecular structure of ARS is shown (Sigma).
h: Molecule structure of orange G is shown (Sigma).

visible light and exhibited an emission maximum between
563-565 nm (Fig. 3a). On the other hand, ARS-coated TiO,
nanoconjugates were not comparably excited by either UV
or blue light and were only excitable by white light, with
an emission maximum of 609 nm (Fig. 3b). Compared to
ARS, the lack of excitation of ARS nanoconjugates with blue
light and the red shift in fluorescence emission when excited
with white light is supportive of ARS-TiO, interaction. It is
also consistent with the red shift in absorbance witnessed
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Figure 3. Characteristic of dye-TiO, interactions, (a) ARS and (b) ARS-coated TiO, nanoparticles exhibited different

fluorescence emissions when excited by white light.

when comparing ARS with ARS-coated TiO, nanoparticles
(Figs. 2¢, 2d). The fluorescence emission data also proved
valuable in the confocal microscopy studies described later.

Visible Light Activated ARS-Coated TiO,
Nanoparticles Degrade Plasmid DNA

As stated previously, it has been shown that dyes in general
and ARS/TiO, dispersions in particular are capable of releas-
ing reactive oxygen species upon photoactivation by visible
light (Liu et al., 2000; Sugden, 2004). Additionally, the DNA
phosphate backbone has affinity for TiO, (Michelmore et al.,
2000). Considering these factors, we sought to determine
the effect of visible light activated ARS-coated TiO, nano-
particles on plasmid DNA integrity using a standard aga-
rose gel electrophoresis technique developed by others.
According to this assay, nicked (single-stranded DNA break),
linear (double-stranded DNA break), and supercoiled (un-
damaged) plasmid DNA can be distinguished on an agarose
gel by viewing differences in mobility (with the nicked
plasmid DNA migrating at the slowest rate and supercoiled
plasmid DNA migrating at the fastest rate) (Sugden et al.,
2004; Arsac & Hidaka, 2007). Samples were prepared that
contained plasmid DNA and either (1) dH,O, (2) ARS, (3)
TiO, nanoparticles, or (4) ARS-coated TiO, nanoparticles.
Half of each of the four samples was exposed for 10 min to
either no light or visible light from an EKE 150W 21V
halogen bulb, and all samples were then loaded on a 1.25%
agarose gel and electrophoresis was run for 5 h at 50 V
(Fig. 4a). All samples contained various configurations of
plasmid DNA and the major conformation was supercoiled
in form, with the following exception. When plasmid DNA
was exposed to visible light activated ARS-coated TiO,
nanoparticles (Fig. 4a, yellow lane 4), an increase in nicked

(single-stranded break) plasmid DNA was observed accom-
panied by a respective decrease in supercoiled (undamaged)
plasmid DNA. Such an increase in nicked plasmid DNA was
not seen in samples containing dark exposed ARS-coated
TiO, nanoparticles or any other samples, with the exception
of a slight expected increase in nicked plasmid DNA in visi-
ble light exposed samples containing ARS (Fig. 4a, yellow
lane 2). This effect was time dependent as a further increase
in nicked plasmid was evident upon exposure to ARS-coated
TiO, nanoparticles under the same light source for 20 min
(Fig. 4D, yellow lane 4). This electrophoresis data demon-
strated the ability of ARS-coated TiO, nanoparticles to in-
duce strand breakage in DNA upon activation by visible
light. The relative spectral radiance for the quartz-halogen
bulb used in this study is presented (Fig. 4c). For compari-
son, the experiment presented in Figure 4a was repeated
substituting an UV light source in place of the visible light
source. An exposure of UV was selected that resulted in the
same level of plasmid nicking achieved previously (compare
Fig. 4d, yellow lane 4 versus Fig. 4a, yellow lane 4 and
Fig. 4d, yellow lane 2 versus Fig. 4a, yellow lane 2). However,
when plasmid samples were exposed to UV light in the pres-
ence of bare TiO, nanoparticles, a similar level of plasmid
nicking was detected (Fig. 4d, yellow lane 3). This was ex-
pected because TiO, nanoparticles are known to be acti-
vated by such UV light sources (Rajh et al., 2002; Gole et al.,
2004; Hashimoto et al., 2005). Such activation of bare TiO,
nanoparticles was not witnessed when samples were ex-
posed to visible light (Fig. 4a, yellow lane 3). Upon exposure
to UV light, samples containing solely plasmid DNA exhib-
ited moderate plasmid nicking (Fig. 4d, yellow lane 1) while
no such plasmid nicking was detected in solely plasmid sam-
ples exposed to visible light (Fig. 4a, yellow lane 1).



138  Jay Blatnik et al.

1 1 2 2 3 3 4 4

R
CUT-OFF

""" EJV LAMP 3400°K
s EKE LAMP 3600°K

Relative Spectral Radiance

400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

1 1 2 2 3 3 4 4

Alterations in Integrity and Distribution of Nuclear
Membrane Associated Proteins Resulting from
Visible Light Activated ARS-Coated Nanoparticles

Perinuclear localization of ARS-TiO, nanoconjugates was
previously observed in cancer cells via fluorescence confocal
microscopy by comparing nanoconjugate localization to
DNA staining within the nucleus and also via X-ray fluores-
cence microscopy (Thurn et al., 2009, 2011). We expanded
upon these studies in our current investigation by viewing
the spatial relation of ARS-TiO, nanoparticles to two nu-
clear membrane associated proteins, emerin and lamin Bl
(Fig. 5), and determining the effect of visible light activated
ARS-coated TiO, nanoparticles on the integrity and distribu-
tion on these membrane associated proteins via fluorescence
confocal microscopy (Figs. 6-8). Perinuclear localization of
ARS-coated TiO, nanoparticles was evident in viewing a
Z-stack series of HeLa cells (1 wm optical slices) and compar-
ing the relation of ARS-coated TiO, nanoparticles to emerin
(green) (Figs. 5a-51). Localization of ARS-coated TiO, nano-
particles is emphasized by white arrows. Furthermore, 3D

Figure 4. a: Increased nicking of plasmid DNA was evident when
ARS-coated TiO, nanoparticles were exposed to visible light for
10 min (lane 4, yellow) compared to no light (lane 4, white), and
this increase in nicking was greater than when ARS was exposed to
visible light (lane 2, yellow). All lanes contained plasmid DNA +
either: lane 1 = no addition, lane 2 = ARS, lane 3 = TiO, nanopar-
ticles, lane 4 = ARS-coated TiO, nanoparticles, yellow = visible
light exposure, white = no light exposure. b: Further nicking of
plasmid DNA was evident when ARS-coated TiO, nanoparticles
were exposed to visible light for 20 min and little supercoiled plas-
mid remained (lane 4, yellow) compared to no light (lane 4, white).
The increase in plasmid nicking witnessed in the presence of visible
light activated ARS-coated nanoparticles was greater than when
ARS was exposed to visible light (lane 2, yellow). All lanes con-
tained plasmid DNA + either: lane 1 = no addition, lane 2 = ARS,
lane 3 = TiO, nanoparticles, lane 4 = ARS-coated TiO, nanoparti-
cles, yellow = visible light exposure, white = no light exposure.
c: The relative spectral radiance of a quartz-halogen bulb (Dolan-
Jenner, modified). d: Increased nicking of plasmid DNA was evi-
dent when ARS-coated TiO, nanoparticles were exposed to UV
light for 10 min (lane 4, yellow) compared to no light (lane 4,
white). This increase in plasmid nicking was greater than when
ARS was exposed to UV light (lane 2, yellow), but approximately
the same as when TiO, nanoparticles were exposed to UV light
(lane 3, yellow). Samples containing solely plasmid DNA that were
exposed to UV light did demonstrate detectable levels of plasmid
nicking (lane 1, yellow). All lanes contained plasmid DNA + either:
lane 1 = no addition, lane 2 = ARS, lane 3 = TiO, nanoparticles,
lane 4 = ARS-coated TiO, nanoparticles, yellow = visible light
exposure, white = no light exposure.

reconstructions of 1 um optical slices taken through individ-
ual HeLa cells also supported perinuclear localization
(Figs. 5m, 5n). In addition to dye-coated nanoparticles exhib-
iting standard perinuclear localization, some others inter-
acted with HeLa cells in a unique manner, creating a donut
effect with emerin tunneling through the center of the HeLa
cell and encompassing the ARS-coated TiO, nanoparticles
(Fig. 5n, central yellow arrow).

Next, we sought to determine the effect of visible light
excitation of ARS-coated TiO, nanoparticles on emerin
integrity and distribution. HeLa cells were exposed to either
dH,0, ARS, TiO, nanoparticles, or ARS-coated TiO, nano-
particles and either light or no light conditions (Fig. 6).
Large scale alterations in emerin integrity and distribution
were detected in HeLa cells exposed to ARS-coated TiO,
nanoparticles and 150 W halogen white light for 10 min
(Fig. 6h), as nuclear rim staining of emerin was decreased
and more punctuated (white arrows), compared to HeLa
cells exposed to ARS-coated TiO, nanoparticles under dark
conditions (Fig. 6d). Some DNA condensation was observed
in cells exposed to ARS-TiO, nanoparticles independent of
light exposure (Figs. 6d, 6h), and some enlarged nuclei were
also observed when ARS-coated TiO, nanoparticles were
exposed to visible light. HeLa cells exposed to dH,O (Figs. 6a,
6e), ARS (Figs. 6b, 6f), and TiO, nanoparticles (Figs. 6¢, 6g)
exhibited normal emerin integrity and distribution regard-
less of light treatment. The effect of visible light excitation
of ARS-coated TiO, nanoparticles on the integrity and
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Figure 5. a-l: Perinuclear localization of ARS-coated TiO, nanoparticles was evident in viewing a Z-stack of HeLa cells
(1 wm optical slices). Localization of ARS-TiO, nanoconjugates is indicated by white arrows. m-n: Perinuclear
localization of ARS-TiO, nanoconjugates was also viewed in 3D reconstructions of individual HeLa cells, while some
cells also demonstrated membrane encompassing ARS-coated TiO, nanoparticles (central yellow arrow in N). Blue =

DNA, green = emerin, red = ARS-coated TiO, nanoparticles.
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Figure 6. Alterations in emerin integrity and distribution were detected in HeLa cells exposed to ARS-coated TiO,
nanoparticles and 150 W halogen white light for 10 min (h), as nuclear rim staining was decreased and more punctuated
(white arrows), compared HeLa cells exposed to ARS-coated TiO, nanoparticles, but no white light (d). Some DNA
condensation was observed in cells exposed to ARS-coated TiO, nanoparticles (d, h), and some enlarged nuclei were
also observed when ARS-coated TiO, nanoparticles were exposed to light (h). HeLa cells exposed to dH,O (a, e), ARS
(b, f), and TiO, nanoparticles (c, g) exhibited normal emerin integrity and distribution.

distribution of a second membrane associated protein, lamin
B1, was also investigated (Fig. 7). HeLa cells were exposed to
the same conditions as in the previous experiment. Alter-
ations in lamin B1 integrity and distribution were detected
in HeLa cells exposed to ARS-coated TiO, nanoparticles
and visible light (Fig. 7h), as nuclear rim staining was
decreased and more punctuated when compared to HeLa
cells exposed to ARS-coated TiO, nanoparticles, but no
white light (Fig. 7d). HeLa cells exposed to dH,O (Figs. 7a,
7e), ARS (Figs. 7b, 7f), and TiO, nanoparticles (Figs. 7c, 7g)
demonstrated normal lamin Bl integrity and distribution.
Additionally, some cells exposed to ARS-coated TiO, nano-
particles and visible light exhibited nuclei with DNA “leak-
ing” outside of the nuclear membrane, and other cells
possessed a completely fragmented lamin B1 lamina under
these conditions (Fig. 8, white arrows).

DiscussiOoN

Although much advancement has been made in cancer diag-
nosis and treatment, earlier modes of cancer detection and
more specific mechanisms of treatment are still needed to
improve the patient prognosis. Biologically and chemically
modified TiO, nanoparticles have demonstrated much prom-
ise in both of these realms due to their ability to be targeted
and photoactivated, leading to the localized production of
reactive oxygen species (Rajh et al., 2002; Paunesku et al.,
2003, 2007, 2008; Thurn et al., 2009, 2011). However, to date
TiO, nanoparticles have been activated primarily through
excitation by UV light (a known mutagen), which limits
their use in biological systems (Ashikaga et al., 2000; Long
et al., 2006; Park et al., 2008). Recently, fluorescent dyes have
been used to coat TiO, nanoparticles to enhance their in
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Figure 7. Alterations in lamin B1 integrity and distribution were detected in HeLa cells exposed to ARS-coated TiO,
nanoparticles and white light (h), as nuclear rim staining was decreased and more punctuated, compared to HeLa cells
exposed to ARS-coated TiO, nanoparticles, but no white light (d). HeLa cells exposed to dH,O (a, e), ARS (b, f), and
TiO, nanoparticles (c, g) exhibited normal emerin integrity and distribution.

Figure 8. Alterations in lamin B1 integrity and distribution were
detected in HeLa cells exposed to ARS-coated TiO, nanoparticles
and white light, as nuclear rim staining was decreased and more
punctuated (compared to control cells in Fig. 7). Additionally,
some cells exposed to ARS-coated TiO, nanoparticles and white
light exhibited nuclei with DNA “leaking” outside of the nuclear
membrane, and other cells possess fragmented lamin Bl lamina
associated with ARS-TiO, nanoparticles (white arrows). Inset im-
age is an enlargement of the upper right cell.

vitro and in situ visualization through fluorescence imaging
and microscopy (Brown et al., 2008; Thurn et al., 2009, 2011),
and this same coating allows photoactivation of dye-coated
TiO, nanoparticles through exposure to visible light (Liu
et al., 2000). Previous studies have described assays used to
study the interactions of ARS with TiO, nanoparticles (Rajh
et al., 2002; Brown et al., 2008; Thurn et al., 2009).

In the current study, we have added to this dataset by
including alterations in fluorescence emission as a study
characteristic for assessing dye-TiO, interactions, as well as
documenting the empirical results obtained for an unsuc-
cessful dye candidate for comparison (Figs. 2, 3). The effects
of coating 6 nm TiO, nanoparticles with ARS were investi-
gated within the scope of this study, and there is no reason
to doubt these findings will extend to different sized TiO,

nanoparticles of less than 20 nm in diameter, which have
been shown to covalently bond to numerous enediol biden-
tate ligands (Rajh et al., 2002, 2004; Paunesku et al., 2003,
2007, 2008; Brown et al., 2008; Wu et al., 2008; Thurn et al.,
2009, 2011). Our findings are consistent with those investi-
gating related elements, as the binding of ARS to other
divalent metal ions such as Zn*" and Pb?" also results in
alteration of fluorescence absorption and emission spectra
(Zhang et al., 2007). Herein, we have demonstrated a benefit
of visible light activation of dye-coated TiO, nanoparticles,
which leads to degradation of plasmid DNA through pro-
duction of reactive oxygen species, while samples contain-
ing plasmid DNA in the absence of dye-coated nanoparticles
remain unaltered (Figs. 4a, 4b). This same level of plasmid
nicking can also be achieved through exposure of dye-
coated nanoparticles to UV light; however, at these expo-
sure levels, samples containing solely plasmid DNA also
exhibit a moderate level of plasmid nicking (Fig. 4d).
Consequently, visible light activation of dye-coated TiO,
nanoparticles will be of value over UV light activation in
applications where protection of neighboring cells and
tissues (not containing nanoparticles) is of high impor-
tance. These additions will undoubtedly aid in the investi-
gations of future dye coatings of TiO, nanoparticles. The
perinuclear localization of dye-TiO, nanoparticles has been
outlined earlier through localization comparisons with the
DNA staining dyes in PC-3M cells (Thurn et al., 2009). In
the current study, our findings are consistent as we have also
documented the perinuclear localization of ARS-coated
TiO, nanoparticles through 2D and 3D fluorescence confo-
cal studies in reference to two nuclear membrane associated
proteins (emerin and lamin B1) in HeLa cells (Fig. 5). By
incorporating the study of membrane proteins into our
investigation, we also identified that some dye-coated TiO,
nanoparticles interacted with HeLa cells in a unique man-
ner, creating a donut effect with emerin tunneling through
the center of the HeLa cell nucleus and encompassing the
ARS nanoconjugates (Fig. 5n, central yellow arrow). This
finding will require further investigation but may suggest



that the presence of TiO, nanoparticles has an impact upon
nuclear integrity independent of photoactivation and/or
nuclear membrane reformation following cell division. More-
over, we have also demonstrated that visible light activated
ARS-coated TiO, nanoparticles are capable of inducing
degradation of plasmid DNA in vitro and the nuclear
membrane of HeLa cells in situ through visualizing alter-
ations in the integrity and distribution of these two nuclear
membrane associate proteins: emerin and lamin B1. These
findings have implications for live-cell imaging of TiO,
nanoparticles in cancer cells as well as the development of
TiO, nanoparticles as a cancer therapy.

It has been shown that visible light irradiation of ARS/
TiO, dispersions results in generation of active oxygen radi-
cals of superoxide (O3~ or HOO®) and hydroxyl radicals
(*OH) (Liu et al., 1999, 2000). This supports the findings
presented herein illustrating that visible light excited ARS
coated-TiO, nanoparticles can induce cleavage of plasmid
DNA in vitro (Fig. 4) and alterations in the integrity and
distribution of emerin and lamin B1 in Hela cells in situ
(Figs. 6-8). In addition to producing reactive oxygen species
upon photoexcitation, it has been shown that titanium diox-
ide nanoparticles larger than 2 nm are capable of creating
electropositive holes when coated with insulators such as
glycidyl isopropyl ether and conjugated to conductive leads
(Rajh et al., 2001; Paunesku et al., 2003). Excitation of ARS-
coated TiO, nanoparticles has been shown to result in ultra-
fast electron transfer exclusively to localized Ti sites, which is
similar to other surface modifiers and results in the accumu-
lation of electropositive holes on ARS, though the exact
mechanism is still unknown (Huber et al., 2000; Rajh et al.,
2002; Craig et al., 2005). These electropositive holes can in-
teract directly with a biological target or with the aqueous
environment to produce reactive oxygen species. Reactive
oxygen species only exist for a short time and only travel
short distances in solution or cells (Moan, 1990; Niedre et al.,
2002; Hall & Giaccia, 2006), so the ability to tether TiO,
nanoparticles in close spatial proximity to their targets will
greatly enhance localized therapeutic efficacy using this ap-
proach. These findings, in light of this study, indicate that
biologically and chemically modified TiO, nanoparticles fol-
low multiple post-excitation events dependent upon design.

Another finding of our study was that exposure of
HeLa cells to dye-coated TiO, nanoparticles resulted in
DNA condensation. This is consistent with the findings of
others that showed how photoactivated, bare TiO, nanopar-
ticles resulted in DNA condensation in chromatin of epithe-
lial cells (Chen et al., 2008). In our study, we notice DNA
condensation in HeLa cells exposed to ARS-coated TiO,
nanoparticles irrespective of light treatment; however, we
only witnessed enlarged nuclei and alterations in integrity
and distribution in nuclear membrane associated proteins
when samples were exposed to visible light. This suggests
either different mechanisms or exposure thresholds in the
responses leading to these various phenomena. Some degree
of biological variation exists in the responses of HeLa cells
to dye-TiO, nanoparticles as profound to minimal alter-
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ations were detected in our samples, but this is to be
expected as the tolerances of individual cells naturally differ.
Another notable finding of our study is that some responses
are seen in cells that are not directly adjacent to nanoparti-
cles in the field of view. This is not surprising as earlier
studies comparing fluorescence microscopy and X-ray fluo-
rescence microscopy techniques for visualization of TiO,
nanoparticles determined the minimum threshold of ARS-
TiO, nanoparticles detectable via fluorescence microscopy
to be 7.9 X 10* (Thurn et al., 2009). So a limitation of our
current study is that we are likely not able to visualize all
dye-coated TiO, nanoparticles that are present in our sam-
ple. Despite this limitation, the findings of this study in the
context of the existing literature highlight that dye coating
of TiO, nanoparticles enables activation through exposure
to low intensity visible light that inflicts damage on neigh-
boring biological structures both in vitro and in situ.

CONCLUSIONS

This study expands upon previous studies that indicated
dye coatings on TiO, nanoparticles serve to enhance imag-
ing, by clearly showing that dye coatings on TiO, nanopar-
ticles can also enhance the photoreactivity of TiO,
nanoparticles and allow visible light activation. Visible light
activation of ARS-TiO, nanoparticles results in degradation
of biological structures, including DNA cleavage of plasmid
DNA in vitro and disruption of membrane associated pro-
teins (emerin and lamin B1) in sifu. The findings of our
study suggest limitations on the use of dye assisted visualiza-
tion of TiO, nanoparticles in live-cell imaging; however, at
the same time they may reveal therapeutic applications of
dye-coated TiO, nanoparticles in cancer research.
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