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Bioconjugated fluorescent nanodiamonds (FNDs) show potential for effectively targeted imaging and the en-
hanced photokilling of cancer cells. In this study, we investigated the mechanisms involved in the cellular up-
take of surface-modified 140 nm FNDs and evaluated their cytotoxicity and phototoxicity following particle
internalization. Through an analysis of flow cytometry, the internalized FND-Tf and FND-NH, particles
reached their respective saturation values, with half-life times of approximately 0.8 h and 1.4 h. The determi-
nation indicated that the receptor-mediated endocytosis of FND-Tf particles was highly effective and nearly
twice as efficient as the endocytic process of FND-NH, particles mainly through surface electrostatic interac-
tions. The cytotoxicity of internalized particles was evaluated using the MTT assay, indicating that at satura-
tion concentrations, the rate of proliferation of FND-treated cells decreases to less than half that of untreated
cells. An examination of the phototoxicity of internalized FND-Tf particles under irradiation using a 532 nm
laser revealed that the FND-treated cells could be killed using less than half the energy required for untreated
cells. The enhanced cellular killing was attributed to FND particles converting light to thermal energy, with
the support of Raman spectra of nanodiamond clusters that showed an increase in particle temperature
under irradiation. Our results demonstrated that bioconjugated FNDs could be highly effective in the target-
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ing of cancer cells for fluorescence imaging and photokilling with a minimum of collateral cell damage.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanomaterials conjugated with biomolecules have been widely
utilized in applications ranging from biology to medicine. These ma-
terials take advantages of their large surface to volume ratio to in-
crease interactivity, and specific optoelectronic and magnetic
properties to improve efficiency in cell targeting, imaging, and thera-
peutics [1-6]. Among them, fluorescent nanodiamonds (FNDs), a new
type of carbon-based nanomaterial, are very attractive for biological
applications due to their chemical and optical properties [7-22]. Sev-
eral authors have demonstrated that FNDs have a low degree of cyto-
toxicity and a high degree of biocompatibility for various types of
cells [10-14]. The facile formation of bioconjugated FNDs through
electrostatic interactions and covalent bonding also promotes their
use as drug delivery vehicles and cellular markers in diagnostics and
therapeutics [15-17]. Applications to biological systems as targeted
probes for long-term imaging and single-particle tracking in vivo
have been reported; these applications take advantage of the excel-
lent fluorescent properties of FNDs — protracted photostability with-
out photobleaching and bright-red fluorescence [11-14].
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The surface characteristics of surface charge and biologically active
moieties that interact with cell membranes to transport particles
along various endocytic pathways greatly influence the specificity and
efficiency regarding cellular uptake [23-25]. Among the endocytic pro-
cesses, the recognition of biologically active moieties is critically impor-
tant as receptor-mediated endocytosis is a specific and effective
pathway for the translocation of particles. Transferrin (Tf) of molecular
weight approximately 80 kDa is a glycoprotein that targets preferential-
ly transferrin receptor (TfR) to form a strongly bound complex. As
transferrin receptors are commonly present on the surfaces of prolifer-
ating cells, Tf-conjugated nanoparticles are excellent candidates for the
studies of receptor-mediated uptake and targeted drug/gene delivery
[26-28]. In a previous study, we have demonstrated that 140 nm
FNDs covalently conjugated with transferrins to form FND-Tf particles
are capable of specifically targeting transferrin-receptors over-
expressed on the surfaces of Hela cells [15]. Following our work, Li
and Zhou determined the half-life of this receptor-mediated endocyto-
sis at 1.3 h [29]. However, a related study determined a half-life of 0.7 h
for the receptor-mediated endocytosis of 140 nm FND conjugated with
folic acid (FA) (abbreviated as FND-FA) [14]. The significant deviation in
half-life between two receptor-mediated processes is unclear. In addi-
tion, the cellular uptake of positively charged particles can occur effec-
tively through surface electrostatic interactions, but a comparison of
the kinetics to the receptor-mediated uptake is rare. To study the elec-
trostatic interactions, FND-NH, particles with amino groups on the
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surface serve as a good model because amino group is a common func-
tional group in biomolecules [30]. Hence, a kinetic study of cellular en-
docytosis using FND-Tf and FND-NH, particles should provide a better
understanding of the mechanisms of the receptor-mediated processes
and those through electrostatic interactions.

Bioconjugated gold-based and carbon-based nanomaterials have
been shown to kill targeted cells effectively and selectively through
photothermal effects attributed to their unique optical properties
[31-44]. The absorption spectrum of FNDs shows a broad absorption
of N-V° and N-V~ centers, with a maxima at ~570nm and a
bandwidth of ~100 nm, merging with the absorption of isolated
nitrogen atoms with an onset at ~550 nm, according to that of a
proton-irradiated Ib single crystal diamond [45]. The absorption at
>530 nm is sufficiently separated from the spectral region of 300-
500 nm in which endogenous cellular absorption occurs [46] that
the application of internalized FNDs as photo-active agents for medi-
ating cell death is an attractive option. The killing of lung cancer cells
has been demonstrated through the two-photon absorption of
surface-functionalized nanodiamonds (NDs) on the surface of cells
at 532 nm; unfortunately, a number of dead control cells were also
observed following comparable treatment due to the high quantities
of energy associated with the laser [47]. To minimize the damage of
untreated cells, the use of a low quantity of laser energy is essential
for evaluating the phototoxicity of FNDs internalized by cells.

In this work, we investigated the uptake of FND-Tf and FND-NH,
particles on HeLa cells as well as the cytotoxicity and phototoxicity
of internalized particles to understand the effects of surface charac-
teristics on cellular uptake and the potential of FNDs as photo-active
agents. The quantity of internalized FND-Tf and FND-NH, particles
as a function of particle concentration and reaction time was deter-
mined through an analysis of flow cytometry. Accordingly, we com-
pared the effects of surface charge and biologically active moieties
on the mechanisms of cellular uptake. To evaluate the cytotoxicity
of internalized particles, the decrease in the rate of proliferation of
cells following 24 h incubation at saturation particle concentrations
was determined using the MTT assay. An examination of the photo-
toxicity of internalized FND-Tf particles was then performed under ir-
radiation using a 532 nm laser. The enhancement in the killing of cells
is attributed to the conversion of light absorbed by FND particles to
heat, with the support of Raman spectra of nanodiamond clusters.

2. Experimental section

We prepared FND-COOH particles of ~140 nm and then functiona-
lized their surfaces to form two FND variants — FND-Tf and FND-NH,
for flow cytometry measurements and phototoxicity examination.
Type Ib nanodiamond powders were obtained from Element Six.
They were suspended in water at a concentration of 10 mg mL™!
and then deposited on a silicon wafer to form a nanodiamond film.
The dried film was irradiated with a 2.5-MeV proton beam (KN,
High Voltage, located in National Tsing Hua University in Taiwan) at
a dose ~10'%ions cm ™2 and then thermally annealed sequentially in
vacuum at 800 °C for 4 h and in air at 600 °C for 2 h to form the
nitrogen-vacancy (N-V) centers required for emission. To form FND-
COOH, we treated the prepared FNDs with a mixture of concentrated
H,SO4 and HNO3 (volume ratio ~9) at 25 °C for 24 h, and then in a
NaOH aqueous solution (0.1 M) at 90 °C for 2 h, and finally in an
HCl aqueous solution (0.1 M) at 90 °C for 2 h, as described previously
[15,48]. The formation of FND-Tf particles was performed by reacting
transferrins (MW ~80 kDa, 0.1 mg) and FND-COOH (0.2 mg) in phos-
phate buffer saline (PBS, 1 mL, pH=7.4) at 25 °C for 24 h, with the
addition of N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hy-
drochloride (5 mg) to activate the reaction. The FND-Tf particles
were purified through a cycle involving separation by sedimentation
using a centrifuge with suspension in PBS buffer, three times prior
to use. FND-NH, particles were produced by adding FND-COOH

(0.2 mg) particles to the 3-aminopropyltriethoxysilane (APTES)
aqueous solution (1%) at 25 °C for 30 min and undergoing separation
through centrifugation [16,49-51]. The use of APTES molecules is a
well-known silanisation technique that involves the reaction be-
tween APTES molecules and residual hydroxyl group on the surface
of FND-COOH, and subsequent condensation reactions to form an
amino-silane film on the surface of FND-COOH.

The size distribution and zeta potential of FND-COOH, FND-NH,,
and FND-Tf particles were measured by suspending particles in deio-
nized water at a concentration of 10 ug mL™~ ! with a particle analyzer
(Delsa Nano C, Beckman-Coulter). To determine the cellular uptake,
HeLa cells were cultured in DMEM (11965, Gibco) supplemented
with fetal bovine serum (FBS, 10%) and penicillin/streptomycin (1%)
at 37 °C in an incubator containing a humidified atmosphere of 5%
CO,. In each experiment, ~5x10°cells were seeded on a 12-mm
round cover glass for 12h before adding FND variants at
10 ug mL™! to the medium for incubation. Differential contrast and
fluorescence images of cells were acquired using a fluorescence mi-
croscope (TE2000, Nikon) with a mercury lamp for illumination.
The treated cells were washed with PBS buffer three times to remove
unbounded FND variants from the surface, whereupon it was fixed
with 4% paraformaldehyde, and stained (Hoechst 33342) on the nu-
clei for fluorescence measurements. The fluorescent signals of FNDs
and stained nuclei were collected at wavelengths of >590 and 460-
500 nm, respectively. The quantity of internalized particles and reac-
tion times were measured using flow cytometer (FACS Array, BD),
equipped with a 532-nm laser for excitation and detection of fluores-
cence at wavelengths >685 nm.

For cellular growth inhibition assay, ~5x 10* cells were seeded in
medium in each of a 12-well plate (Becton Dickinson) for 12 h before
adding FND variants at 0.1, 1, 10 or 20 ug mL™'. Wide-field images of
cells after incubation at 37 °C for 0, 24, 48 and 72 h were acquired
using a 10x objective to examine cellular proliferation. The number
of cells was counted with a counter; and MTT assay was performed
with an Elisa reader (EMax, Molecular Devices) after treating cells
with a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) testing solution at 37 °C for 4 h.

Phototoxicity assay was performed following exposure to a 100-W
Hg lamp at selected wavelengths of 590-650 and 510-560 nm, or a
continuous-wave (CW) laser at 532 nm (Millennia Vs, Spectra Physics).
~5x10%cells were seeded in the medium in each of an 8-well cham-
bered cover glass (Lab-Tek™) at 37 °C overnight before 6 h incubation
with FND-TF particles at 1 or 10 ug mL™ . The irradiation was focused
through an objective (40x for Hg lamp and 20x for laser; both having
N.A.=0.75, Nikon) and wide-field images of cells were acquired using
the same objective before and after irradiation for monitoring cell mor-
phology. To confirm cell viability, cells were stained with calcein AM
and ethidium homodimer-1 (EthD-1); the green fluorescence from cal-
cein AM and the red fluorescence from EthD-1 indicate live and dead
cells, respectively [32]. The Raman spectra of a nanodiamond cluster
under 532 nm irradiation were measured using a spectrometer
(iHR320, Jobin-Yvon) equipped with a CCD (DU940N-UVB, Andor) de-
tector. A 60 x water immersion objective (N.A.=1.2, Nikon) was used
to focus the irradiation on the sample and collect Raman signals before
feeding them into the spectrometer.

3. Results and discussions
3.1. Cellular uptakes of FND variants

FND variants were prepared in three forms — FND-COOH, FND-
NH, and FND-Tf for cellular uptake. FND-NH, particles were pro-
duced through cross links of APTES molecules to have amino groups
on the outer surface of FND-COOH whereas FND-Tf bioconjugates
were produced via the formation of an amide bond between FND-
COOH and transferrin. The FNDs emit fluorescence in the region
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Table 1
Measured size of particles and zeta potentials of FND variants.

Particles Size (nm) Zeta potential (mV)
FND-COOH 14448 —483+1.3
FND-NH, 166+9 —254409
FND-Tf 222+12 —5164+09

550-800 nm upon excitation at 532 nm. According to previous re-
ports, the fluorescence is surface independent because the emission
centers of FND are embedded in the crystal lattice [15,52]. Table 1
lists the sizes and charges of the particles determined by the DLS and
zeta-potential, respectively. The surface thickness of FND-NH, is ~10-
11 nm, estimated according to the difference in size between FND-
NH; and FND-COOH. Similarly, the size of 222 nm for FND-Tf indicates
a surface thickness of ~40 nm for transferrins immobilized on the sur-
face of FND-COOH. The zeta potential of —-51.6 mV for FND-Tf is consis-
tent with the negative characteristics of free transferrins in solution.
Despite an amino-silane film is formed on the outer surface of FND-
COOH, the potential of FND-NH, is negative, — 25.4 mV. This result sug-
gests that not all the surface of FND-COOH is covered with amino
groups. However, the influence of the carbonyl groups entirely covered
by the film cannot be excluded. Vial et al. introduced hydroxyl groups

homogeneously on the surface of ND-COOH by adsorption of octyl-p-
p-glucopyranoside (OG) before the silanisation [50]. Despite the ad-
sorption enabled a homogeneous coating of the amino-silane film on
the surface of ND-COOH, they obtained a zeta potential of —27 mV for
ND-NH,, consistent with ours. Based on the results of various chemicals,
Vial et al. concluded that the zeta potentials might not reflect solely the
charges on the surface but also the hydration propensity; the experi-
mental conditions might also govern the value and the sign of the zeta
potential.

The uptake of FND-COOH, FND-NH,, and FND-Tf particles by HeLa
cells in DMEM with 10% FBS was monitored after 6 h incubation at a
particle concentration of 10 ug mL™'; one control experiment with
FND-COOH particles in a medium without 10% FBS was performed
for comparison. Fig. 1 shows epifluorescence images of internalized
FND variants (left) and stained nuclei (middle), and their overlay
with the differential interference contrast (DIC) image of cells
(right); the internalization of FND variants was further confirmed
from a series of vertical cross-sectional confocal fluorescence images
of the treated HeLa cells. A comparison of Fig. 1(a)-(b) reveals negligi-
ble interaction of FND-COOH particles with cells in a serum-
supplemented (10% FBS) medium; no FND-COOH image was observed
in Fig. 1(a). The negative surface charges of FND-COOH particles pre-
vented them from passing through the negatively charged cell

Fig. 1. Comparison of images of HeLa cells after 6 h incubation in DMEM containing FBS (10% unless otherwise specified) and (a) FND-COOH, (b) FND-COOH without 10% FBS,
(c) FND-Tf, and (d) FND-NH, particles at a particle concentration of 10 ug mL™ . The displayed images are epifluorescence images of FND particles (red) and stained nuclei
(blue) (Hoechst 33342), and their overlap with the differential interference contrast (DIC) images of cells (first, second, and third columns).
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membrane might be responsible for the negligible internalization. Al-
ternatively, the observation of the fluorescence images of FND-COOH
particles under a condition without serum in Fig. 1(b) is likely due to
starving cells that consume indiscriminately. Several authors have
reported the cellular uptake of FND-COOH particles in a serum-
supplemented medium; this uptake, however, is highly ineffective
compared to that without serum [11,12,53,54]. Our results are consis-
tent with previous results except for the difference in internalization ef-
ficiency in a serum-supplemented medium. Several factors could have
contributed to this discrepancy, including particle size, surface modifi-
cation, and particle agglomeration, which could facilitate or block the
uptake in a complex serum-supplemented medium. Nevertheless, the
internalization of FND-COOH particles proceeds through an ineffective
cellular uptake due largely to the repulsion of negative charges between
the surface of the particles and the membrane of the cells.

The efficient internalization of FND-Tf and FND-NH, particles was
observed in Fig. 1(c)-(d), showing a significant quantity of FND-Tf
and FND-NH, particles internalized by cells, respectively. A compari-
son of Fig. 1(c)-(d) further reveals a lower degree of fluorescence in-
tensity of FND-NH, particles, relative to that of FND-Tf particles.
Internalization of nanoparticles by a cell generally involves two
steps, the initial interaction between nanoparticle and cell surface,
and the subsequent uptake of the nanoparticle by cellular endocyto-
sis. The internalization of FND-Tf particles was confirmed through
the cellular endocytosis triggered by receptor-mediated interactions
— Tf-TfR interactions, with the support of a control experiment in
which the fluorescence of FND-Tf particles was absent due to a block-
ing of the surface receptors of cells. Substantial fluorescence signals of
FND-NH, particles are attributed to the cellular endocytosis triggered

15000

by surface electrostatic interactions between the negatively charged
cell membrane and the positively charged amino groups on the sur-
face of FND-NH,, but the interaction through surface chemical
group-amino groups was also plausible. These results indicate that
the receptor-mediated endocytosis of FND-Tf particles was more ef-
fective than the cellular endocytosis of FND-NH, particles triggered
by the interactions of surface charges and chemical groups.

3.2. Internalization efficiency and reaction time

To compare the efficiency with which FND-NH, and FND-Tf parti-
cles are internalized, the quantity of internalized particles was ana-
lyzed by flow cytometry. Fig. 2(a) shows the quantities of
internalized FND-NH, and FND-Tf particles after 6 h incubation at
particle concentrations in the region of 1-20pg mL™!, in which
both internalized FND variants increased almost linearly but with dif-
ferent slopes prior to attaining their respective saturation values, both
at a particle concentration of 10 ug mL™ . The increased slope and
nearly two-fold enhancement for FND-Tf particles, relative to FND-
NH, particles at saturation levels, reflects two separate endocytic
paths. The internalization of Tf conjugates and Tf-conjugated nano-
particles is well known to proceed through clathrin-mediated endo-
cytosis, following Tf-TfR interactions [26-28]. The pathway for the
cellular endocytosis of FND-NH, particles triggered by surface elec-
trostatic and chemical interactions is unidentified previously, but
our proposition of a different endocytic pathway is consistent with
a previous report on the uptake of positively and negatively charged
polystyrene nanoparticles by HelLa cells, in which the clathrin-
dependent pathway plays a minor role for particle internalization
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Fig. 2. Flow cytometry analysis of FND-Tf and FND-NH, particles internalized by a HeLa cell. (a) Comparison of the mean intensity of fluorescence as a function of particle concen-

tration after 6 h incubation. (b) Reaction times at a particle concentration of 10 pg mL™ .
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[55]. Furthermore, the internalization of FND-NH, might proceed
through the macropinocytosis dependent pathway, an important
pathway for the internalization of positively charged polystyrene
nanoparticles, because both nanoparticles have amino groups on the
surface. In contrast to saturation, previous results have shown that
the amounts of FND-FA (folic acid conjugated FND) and FND-Tf parti-
cles internalized by cells increase linearly with the particle concentra-
tion (1-100ug mL™1') [14,29]. This difference in internalization
efficiency might be attributed to surface modification and facile ag-
glomeration of the particles in medium.

For kinetic testing, reaction times were determined at 10 pg mL™ .
Fig. 2(b) shows the temporal profiles of internalized FND-NH, and
FND-Tf particles; the solid curves indicate the data was fitted accord-
ing to equation I(t)=A[1—exp(—k(t—t.))], in which I(t) is the
mean intensity of fluorescence at a selected time, A is the saturation
value of mean fluorescence intensity, k is the rate constant, and t. is

(a) FND-COOH 0 ug mL-!

(d) I Control

10 HEEEE ND-COOH
I ND-Tf

[ ND-NH,

Cell viability (100 %)
(o)}

Oh 24h 48h 72h
Incubation time (h)

the lag in particle diffusion and targeting. Evidently, the uptake of
FND-Tf particles increases more significantly and attains a greater sat-
uration value in the third hour of incubation, with a half-life of ~0.8 h,
whereas FND-NH, particles required longer to attain the saturation
value, with a fourth hour of incubation and half-life of ~1.4 h. This in-
crease in the rate of FND-Tf supports the proposition that FND-Tf and
FND-NH, particles utilize two endocytic pathways, but the reduced
rate of FND-NH, related to the removal of functional moieties before
the cellular uptake cannot be excluded because the silanisation on the
surface of particles might lead to products prone to hydrolysis under
physiological conditions [56]. The half-life of ~0.8 h for FND-Tf was
close to 0.7 h for FND-FA, indicating the internalization of particles
through receptor-mediated endocytosis is nearly the same. The half-
life of 1.3 h determined by Li and Zhou was high, reflecting an ineffec-
tive cellular uptake. The structural variation of transferrins on the sur-
face of particles could have contributed to that, because the relative

Fig. 3. Growth inhibition of HeLa cells incubated with FND-COOH, FND-Tf and FND-NH, particles. The bright-field images of cells recorded with a 10 x objective after 48 h incuba-
tion with (a) FND-COOH at particle concentrations of 0, 10 and 100 ug mL™ !, and (b) FND-Tf and (c) FND-NH, at particle concentrations of 0, 1 and 10 pug mL™ !, respectively.
(d) MTT assay of cell viability after 0, 24, 48 and 72 h incubation with ND-COOH, ND-Tf and ND-NH, particles at a particle concentration of 10 ug mL ™, respectively.
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charge of FND-Tf to FND-COOH particles was positive rather than
negative, in contrast to the negative characteristics of free transferrins
in medium and our zeta potential results.

3.3. Inhibition of cellular growth

The biocompatibility of nanoparticles is a key issue in biological
applications, particularly regarding enduring cytotoxicity in vivo.
Fig. 3(a) shows an indiscernible variation in the proliferation of cells
following 48 h incubation with FND-COOH particles in a complete
medium at particle concentrations of 0, 10 and 100 ug mL ™!, respec-
tively. As revealed above, no FND-COOH particles were internalized
by cells in a complete medium, indicating the negligible cytotoxicity
of extracellular FND-COOH particles. In contrast, Fig. 3(b)-(c) shows
a considerable inhibition of cellular growth after 48 h incubation
with FND-NH, and FND-Tf particles at 1 and 10 ug mL™ !, respective-
ly. The cytotoxicity was attributed to FNDs within the cells, rather
than in the medium, according to the results from FND-COOH. The ef-
fective endocytic pathways of FND-Tf and FND-NH, particles also
accounted for the high degree of cytotoxicity observed at low particle
concentrations. To quantify the inhibition of growth, we evaluated
cell viability using the MTT assay after incubation with ND-COOH,
ND-Tf and ND-NH, at 10 ug mL™'. We opted to use NDs rather than
FNDs to avoid interference associated with the fluorescence of FND
variants. The NDs were treated with thermal annealing and strong
oxidizing acids under the same conditions to ensure the surface char-
acteristics were the same as those of FNDs. As shown in Fig. 3(d), the
rate of proliferation of treated cells, relative to untreated cells, de-
creased to >50% after 24 h incubation with ND-Tf or ND-NH, parti-
cles. A similar trend in the number of untreated and treated cells
further supports the MTT results.

The large cytotoxicity of ND-Tf particles inside cells is attributed to
the internalization through an effective pathway — receptor-mediated
endocytosis. As for ND-NH, particles, the considerable cytotoxicity is
in agreement with a previous report on 200-nm silica nanotubes
(SNTs), which increased in toxicity due to their outer surfaces functio-
nalized with amino groups through the silanisation with APTES mole-
cules, and this toxicity was attributed to an increase in cellular uptake
through surface electrostatic interactions [57]. Several studies have
demonstrated that ND or FND particles of various sizes and different

(a) Untreated cells

0 min.

3 min.

chemical surface functionality were nontoxic [9-14,19,50], but Faklaris
et al. observed a ~20% decrease in cell viability after incubating <50 nm
NDs for 48 h in 53 pg mL™! [53]. Furthermore, Marcon et al. reported
the cytotoxicity of 5nm NDs functionalized with amine at
>50pg mL~! and found the increase in toxicity correlated with the
chemical surface functionality in the rank: —NH,> - OH> - COOH
[58]. The discrepancy in particle concentration is attributed to the dif-
ference in internalization efficiency, but the cytotoxicity observed in
the literature is in agreement with ours in ND-NH, and ND-Tf particles.

3.4. Phototoxicity of internalized FND-Tf

Although inhibition was evident, the treated cells remained alive
without a significantly altered morphology, enabling the evaluation
of the phototoxicity of FND-Tf particles internalized by cells. We irra-
diated the cells (treated with FND-Tf particles at 1 ug mL™!) through
a 40 x objective on a fluorescence microscope at wavelengths of 590-
650 and 510-560 nm, respectively. The wavelengths (both with a
power density of 7W cm™2), were selected using filters from a
100-W Hg lamp. Control experiments were performed under the
same conditions. The untreated cells remained alive following expo-
sure at both wavelengths for 2-3 h, and subsequent proliferation fur-
ther confirmed cell viability. No death of the treated cell was observed
after irradiation at 590-650 nm for 2 h; however, >90% of the treated
cells were dead within 1 h following irradiation at 510-560 nm. Fig. 4
shows DIC images of treated and untreated cells under irradiation at
510-560 nm, in which the morphology of treated cells was signifi-
cantly altered between 30-60 min. These results indicate that the
death of treated cells was strongly associated with the absorption of
isolated nitrogen atoms in FNDs at <550 nm, not N-V° nor N-V~ cen-
ters in 520-650 nm. The fact that the absorption of both N-V centers
played only a minor role in killing was expected, as the absorption
was efficiently converted into fluorescence at longer wavelengths,
with a quantum yield close to the unit [59].

To kill the treated cells and evaluate the efficiency with which this
was performed, we irradiated treated and untreated cells for 10 min
with a CW laser at 532 nm. Following irradiation, we examined cell
viability by adding calcein AM and EthD-1 to the medium. The
green fluorescence of calcein AM and red fluorescence of EthD-1 indi-
cated viable and dead cells, respectively [32]. Fig. 5 shows a time

6 min.

Fig. 4. Time series of the DIC images of (a) untreated and (b) treated cells with FND-Tf particles at 1 ug mL~ ! for 6 h incubation, showing the enhanced photokilling of internalized
FND-Tf particles. The images were recorded with a 40 x objective under irradiation for 0, 30 and 60 min with 510-560 nm at a power density 7 W cm ™2, selected with a filter from a

100-W Hg lamp.
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After staining 30 min After staining 3 h

Fig. 5. DIC and fluorescence images of untreated cells after 10 min irradiation at 532 nm at power densities of (a) 50 and (b) 75 W cm ™2, and cells treated with FND-Tf particles at
10 ug mL™~ ! under the same irradiation conditions but at (c) 25 and (d) 50 W cm ™~ 2. Fluorescence images of Calcein AM and EthD-1, added immediately after the irradiation to
examine cell viability. The images of fluorescence in the cells were recorded after staining 30 min (left) and 3 h (right); a yellow circle indicates the region of laser irradiation.
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Fig. 6. Temperature elevation of a nanodiamond cluster under irradiation with a laser
at 532 nm. (a) The increase in anti-Stokes Raman signals (at —1332cm™ ') of the
ND cluster on a glass slide with laser energies at 0.69-2.67 mW; the Stokes signals at
1332 cm~ ! were set to the same for normalization. Insert: image of the ND cluster
for measurements. (b) Temperature increase in the ND cluster as a function of laser en-
ergy under two conditions — in air (~29 °C) and in water within an incubator (37 °C);
solid lines indicate the linear fit.

series of the overlay of fluorescence and DIC images of the treated and
untreated cells after 10 min irradiation; the region of irradiation is
marked with a yellow circle. As seen in the morphology in
Fig. 5(a)-(b), the untreated cells remained alive even after 3 h stain-
ing and 10 min irradiation at 50 Wcm™2, but were killed at
75 W cm ™2 Because the dead cells retained green fluorescence
after 3 h in Fig. 5(b), the death of cells was further confirmed from
the lack of cell growth over 24 h and the delay in red fluorescence
when the calcein AM/EthD-1 was added not immediately but after
12 h of the 10 min irradiation. This result indicated that the killing
was not particularly violent, such that the dead cells required
more time to deactivate the intracellular esterases. In contrast,
Fig. 5(c)-(d) shows the evidently dead FND-treated cells after irradi-
ation at 25 and 50 W cm ™2, respectively, with the support of cells
bubbled showing red rather than green fluorescence. These results
demonstrate that less than half the laser energy was required to kill
the treated cells than for the untreated cells, and the severe destruc-
tion of the FND-treated cells caused a rapid deactivation of the intra-
cellular esterases. The efficiency with which of FND-Tf particles are
capable of photokilling is comparable to that of gold nanospheres
with the maximum absorption at 520 nm, as reported previously
[31]. Wavelengths <550 nm, compared to the strong absorption of

gold-based nanomaterials of various forms in the near infrared
(NIR) region, were inferior in penetration depth [33,60,61]. However,
bioconjugated FND particles are relatively easy to prepare, biocom-
patible, and can be used as agents for both fluorescence imaging
and photokilling.

The cell death likely resulted from a conversion of absorbed light
into heat by FND particles. To provide a direct evidence of the temper-
ature increase, we measured the anti-Stokes and Stokes Raman sig-
nals of a nanodiamond cluster upon 532 nm irradiation to calculate
the temperature of the ND cluster. Fig. 6(a) illustrates an increase in
the anti-Stokes Raman signals (at — 1332 cm™!) of the C— C stretching
vibration with an increase in laser energy; the Stokes Raman signal at
1332 cm~ ! of each spectrum was set to the same level [62]. From the
intensity ratio of the anti-Stokes and Stokes Raman signals at each se-
lected level of laser energy, we calculated the temperature according
to the equation Ianti-stokes/lstokes = (VI + Vvib)437 hw‘"b/kT/(Vl - Vvib)4v in
which appear laser wavenumber v, V,j, = 1332 cm ™ !, Boltzmann con-
stant k and temperature T/K of the nanodiamond cluster. Fig. 6(b)
shows the temperature increase in the nanodiamond cluster as a func-
tion of laser energy in air (~29 °C) and in water within an incubator
(37 °C). The laser energy appears to have been converted into heat en-
ergy and the temperature increased more rapidly in air. We have tried
to measure the weak anti-Stokes Raman signals of the ND-Tf particles
inside a cell; however, strong scattering from cell components pre-
vented this measurement.

4. Conclusion

We investigated the quantity and reaction time of FND-Tf and
FND-NH, particles internalized by HeLa cells to gain a more complete
understanding of endocytic processes through receptor mediation
and surface electrostatic interactions. We observed that the cellular
uptake of FND-Tf and FND-NH, particles reached different saturation
values, with half-life times of 0.8 and 1.4 h, respectively. The increase
in saturation value and decrease in half-life of FND-Tf particles indi-
cate that the receptor-mediated endocytosis was nearly twice as ef-
fective. Furthermore, we observed a significant inhibition in cellular
growth, with a proliferation rate decreasing to >50% after 24 h at a
particle concentration one tenth that previously reported for
surface-unmodified FND particles. The enhanced killing of cells fol-
lowing irradiation of internalized FND-Tf at 532 nm was observed
and confirmed through the photothermal effect from Raman signals
of the C— C stretching vibration of nanodiamonds. The high uptake ef-
ficiency of FND-Tf particles through receptor-mediated endocytosis,
together with reported cytotoxicity and phototoxicity, pave the way
for the use of FND-Tf particles in effectively targeted imaging and
the enhanced photokilling of cancer cells.
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