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Biomarkerless targeting and photothermal cancer cell killing by
surface-electrically-charged superparamagnetic Fe,O, composite
nanoparticles

Without any biomarkers, cancer cells are specifically targeted based
on the surface electrical charge differences between the cells and
Fe,O, nanoparticles. The cancer cell targeting and binding by the
positively charged Fe,O, is selective and specific only on negatively
charged cancer cells, regardless of their phenotype. A laser is applied
simultaneously to induce the photothermal effect of Fe,O, for the
instant killing of cancer cells due to the intimate contacts between
the nanoparticles and the cell surfaces.
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Introduction

Biomarkerless targeting and photothermal
cancer cell killing by surface-electrically-charged
superparamagnetic Fe;O, composite
nanoparticlest

Xiao Han,®® Zicheng Deng,?® Zi Yang,?® Yilong Wang,** Huanhuan Zhu,”
Bingdi Chen,” Zheng Cui,” Rodney C. Ewing® and Donglu Shi*°©

A major challenge in cancer therapy is localized targeting of cancer cells for maximum therapeutic effec-
tiveness. However, due to cancer heterogeneities, the biomarkers are either not readily available or
specific for effective targeting of cancer cells. The key, therefore, is to develop a new targeting strategy
that does not rely on biomarkers. A general hallmark of cancer cells is the much increased level of
glycolysis. The loss of highly mobile lactate from the cytoplasm inevitably removes labile inorganic
cations to form lactate salts and acids as part of the lactate cycle, creating a net of negative surface
charges. This net of negative charges on cancer cell surfaces biophysically distinguishes themselves from
normal cells. In this study, cancer cells are targeted by using positively-charged, fluorescent, superpara-
magnetic FesO4-composite nanoparticles. The positively-charged FezO4, composite nanoparticles bind
predominantly to cancer cells due to their negatively-charged surfaces. Upon electrical-charge-mediated
FezO4 nanoparticle binding onto cancer cells, irradiation by using an 808 nm laser is subsequently applied
to induce photothermal hyperthermia that kills the cancer cells directly. The negatively-charged compo-
site nanoparticles are found, however, not to target and bind the cancer cells due to the electrostatic
repulsive force between them. This unique strategy paves a new path for effective targeting and direct
cancer cell killing without relying on any biomarkers and anticancer drugs.

vectors for targeted delivery to tumor sites.” " This conven-

tional strategy has been limited due to two major issues: (i)

There is an increasing need for early diagnosis of cancer, prior
to the detection of anatomic anomalies."® An important
advancement in cancer diagnosis is to locally recognize cancer
cells at the molecular level with highly specific biomarkers for
maximum therapeutic benefit." With the current approaches,
cancer-specific ligands are required and conjugated on nano-
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unavailability of biomarkers for many cancer phenotypes, and
(ii) biomarker non-specificity to respective cancer cells. The
current cancer research has focused on identifying biomarkers
that are specific to a particular cell phenotype.'> However, it is
theoretically impossible for any molecule to be present at a sig-
nificant level on cancer cells of all types, but be completely
absent on normal cells.>” For instance, extensive efforts have
been devoted to screening biomarkers and the corresponding
ligands, but only a few cancer targeting sites such as HER2
and PSMA are recognized for early detection or targeted
therapy of breast cancer and prostate cancer, respectively.'>"*
In some cases, the overexpression of folate and transferrin
receptors, associated with the increased nutritional uptake of
malignant tumors, has also been used for targeting, but with
limited success.'>'® Passive targeting has been another poss-
ible approach for cancer targeting therapy. Among them, the
enhanced permeability and retention (EPR) effect and magne-
tically-driven targeting have been extensively studied."”® In
passive targeting, the long circulation time of the nano thera-
peutics can result in adverse effects, as has been observed with
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DOXIL, which can cause severe hand-foot syndrome.>®
Moreover, some biocompatible molecules or proteins, such as
gamma-polyglutamic acid, hyaluronic acid, and lectin have
been found to be possible targeting moieties through over-
expressed biomarkers.*'>*

To address these critical issues in biomarkers, research
efforts have been devoted to searching for a universal charac-
teristic of all types of cancer cells, regardless of their molecular
and genomic differences.>® The most consistent hallmark of
cancer cells is the greatly increased level of glycolysis.*>*” The
levels of glucose uptake and lactate secretion can be up to
thirty times greater than that of normal cells. We have recently
found that the surfaces of twenty-two cancer cell lines are
negatively-charged due to lactate secretion across the plasma
membrane.?? In a normal cell, mitochondria are described as
“the powerhouse of cells” for generating most of the cell’s
supply of adenosine triphosphate (ATP) by glycolysis and tri-
carboxylic acid cycle (TCA) consuming glucose. In a cancer
cell, however, the metabolic pattern is entirely different. Due
to the “Warburg Effect,” in cancer cells, the cross-membrane
movement of lactate is an end product of the glycolysis
pathway in hypoxia.>>>” The loss of highly mobile lactate from
the cytoplasm will inevitably remove labile inorganic cations,
such as Na" and H', to form lactate salts and acids as part of
the lactate cycle. Thus, there would not be a buildup of lactate
acids near the cancer cells that disrupt the downward gradient
of lactate acids outwardly across the plasma membrane. When
cancer cells continuously lose cations from the cytoplasm,
generation of net negative charges on cell surfaces becomes
inevitable. The high levels of glycolysis, consumption of
glucose, and lactate secretion are the most distinctive hall-
marks of cancer cell metabolism. These biochemical reactions
are fundamentally responsible for the negative surface charge
of cancer cells. The only mechanism by which a negative
surface charge can be sustained is through the continuous
movement of ions that can generate stable charges.”®?° The
highly elevated level of glycolysis results in the secretion of a
large amount of lactate that provides a continuous source of
mobile anions moving from the cell interior to its exterior.
Thus, the high concentration of the negative surface charge is
a unique characteristic of cancer cells.

If a surface-charged nanovector is functionalized with
certain therapeutic means, cell killing can be directly accom-
plished upon its binding to the cancer cells via charge-
mediated targeting. Recently, photothermal therapy using
nanomaterials including gold nanoparticles, graphene oxide,
magnetic nanoparticles, has been utilized as an ideal physical
process for cancer cell ablation without any anticancer
drugs.’** This strategy has a direct therapeutic effect, but
with low cytotoxicity as compared with conventional chemo or
radiological therapies. Among several nanomaterials, Fe;O,
nanoparticles have been shown to be a promising agent for
photothermal therapy under near infrared irradiation (NIR).**

In this study, we designed fluorescent superparamagnetic
Fe;0, composite nanoparticles with electrically charged sur-
faces for cancer cell biomarkerless targeting and photothermal
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killing. The Fe;0, composite nanoparticles bind to the cancer
cells entirely due to the opposite electrostatic charges. An NIR
laser irradiation is subsequently applied to induce local photo-
thermal hyperthermia for direct cancer cell ablation.
Systematic in vitro experiments were carried out to investigate
the surface charge-mediated targeting and photothermal abla-
tion of HeLa cells, with two normal cell lines (HUVEC and
1929 cells) as control. The same approach can certainly be
applied to other cancer phenotypes as they share the common
negatively-charged cell surfaces. Our experimental results indi-
cate a high potential of electrical-charge-mediated, biomarker-
less cell targeting and effective photothermal therapy.

Results and discussion

Design and synthesis of the surface-charged fluorescent
superparamagnetic composite nanoparticles for charge-based
cell targeting and direct photothermal annihilation

Fig. 1 shows the schematic pathway for preparation of the
surface-charged magnetic composite nanoparticles, charge-
based cell targeting and binding, and photothermal cell
killing. As illustrated in Fig. 1A, the Fe;O, microspheres are
synthesized through a solvothermal process. The magnetic
nanoclusters are functionalized with polyacrylic acid (PAA). A
thin layer of an amorphous silica shell is then applied as a
coating in order to increase the affinity between the magnetic
core and the fluorescent organosilane components and
prevent the fluorescence from being quenched by the mag-
netic core. To introduce the fluorescence dye into the nano-
materials, the APTES (3-aminopropyltrimethoxysilane)-FITC
complex is initially reacted, followed by grafting onto the
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Fig. 1 Pathway for preparation of the surface-charged, fluorescent,
superparamagnetic composite nanoparticles and the procedure for
electric charge-mediated cell targeting and photothermal therapy.
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surface of the Fe;O0,@silica composites through a typical
sol-gel reaction. During the reaction, a portion of TEOS is
added in the later stage in order to envelop the fluorescent
layer. The product at this stage exhibits a strong negative
surface charge due to the abundant presence of Si-OH. For
positively-charged composite nanoparticles, PEI molecules are
applied to modify their surfaces. The positively and negatively-
charged composite nanoparticles are respectively denoted as
MNCs® and MNCs©.

As shown in Fig. 1B, both MNCs@® and MNCs& are incu-
bated with the cancer cells at 4 °C for 5 min respectively, and
the extra MNCs are washed away. A large amount of MNCs@ is
bound to cancer cells due to the opposite charges. As a result
of the same charge sign, MNCs© are repelled by the cancer
cells and washed away. Upon efficient cell targeting and
binding by MNCs@®, an 808 nm laser is used to induce photo-
thermal heat. Due to the intimate contact between the MNCs®
and cancer cells, the cancer cells are annihilated by the
thermal pulse. In sharp contrast, there is an insignificant
photothermal effect on the MNCs©, as the particles are mostly
removed by washing. In the control experiments (Fig. 1C), the
normal cells are treated with both MNCs@® and MNCs© under
the same conditions, respectively. Normal cells incubated with
either MNCs@® or MNCs& remain alive after NIR laser
irradiation. Since these normal cells have neutral surfaces,**
they are electrostatically nonreactive with either MNCs@® or
MNCsO. Consequently, both MNCs® and MNCs& are easily
washed away.

Fig. 2 shows TEM and SEM images and physiochemical fea-
tures of the magnetic composite nanoparticles. The average
size of magnetic composite nanoparticles is 105 nm, deter-
mined by TEM and SEM as shown in Fig. 2A-C, respectively.
The hydrodynamic size and size distribution are shown in
Fig. 2D. The maximum sizes of the composite nanoparticles
with the positive and negative charges are 125 and 113 nm,
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Fig. 2 Physiochemical properties of the surface-charged magnetic
composite nanoparticles (MNCs). Transmission electronic microscopy
image of (A) positively-charged MNCs and (B) negatively-charged
MNCs; (C) scanning electronic microscopy image of positively-charged
MNCs; (D) dynamic light scattering size and distribution of the surface-
charged MNCs; (E) pH-zeta potential curves of the positively and
negatively-charged MNCs, and (F) hysteresis loops of the negatively and
positively-charged MNCs.
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respectively. The zeta potentials of the negatively and posi-
tively-charged MNCs are —18.0 mV and +35.6 mV, respectively
(MNCs were dispersed in deionized water, pH 7.0). Fig. 2E
shows the pH-zeta potential curves of the negatively and posi-
tively-charged composite nanoparticles. From these curves,
one can see that the surface-charged MNCs are well dispersed
in aqueous solution under neutral conditions through an
electrostatic repulsion.

Fig. 2F shows the hysteresis loops of the magnetic compo-
site nanoparticles with different surface charges. Both the
positively (MNCs@®) and negatively (MNCs©)-charged MNCs
are characteristically superparamagnetic with reversible hyster-
esis and saturated magnetization of 23 emu g~'. Note that the
M value of MNCs is relatively low compared with the pure
Fe;0, nanoparticles reported in the literature (around 75.6
emu g—').*>* This decrease in M; is associated with the compo-
site nature that the MNCs contain fractions of the nonmag-
netic components such as silica and polymer.*> However, we
found the Fe;O, composite nanoparticles highly efficient in
generating photothermal heat for effective hyperthermia cell
killing. As shown in this figure, both composites with opposite
signs exhibit the same magnetization indicating that the mag-
netic properties are maintained after PEI surface modification.
Similarly, both MNCs@® and MNCs© show a strong green fluo-
rescence when irradiated with blue light without any adverse
effect of PEI surface functionalization (ESI Fig. S1A and Bf).

Photothermal properties of magnetic composite nanoparticles

The photothermal conversion efficiency, #, of MNCs was calcu-
lated using the formulations developed by Roper et al.>**~*® The
photothermal conversion efficiency 7 can be expressed as (see
the ESIT for the detailed calculations):

hS(TMax - TSurr) - Qs
I(1 — 10~4s08)

n= (1)
where the proportionality constant # (mW (m* °C)™") is the
heat transfer coefficient; S (m?) is the surface area of the con-
tainer; the value of 4S is obtained from Fig. S2;} Tyax (°C) is
the system maximum temperature; Tg,,, (°C) is the surround-
ing temperature; Qs (mV) is the energy input due to the light
absorption by the quartz sample cell and the solvent, which is
measured independently to be 5 mW; I (2 W) is the incident
laser power, and Aggg is the absorbance of the MNCs in the
quartz sample cell at the wavelength of 808 nm, whose value
was determined to be 1.2513 in this study. Using the formu-
lations (eqn (1)-(4)) in the ESL 7} the photothermal conversion
efficiency 7 is calculated to be 31.9%.

Fig. 3A and B show the heating curves of the aqueous solu-
tions of the positively and negatively-charged composite nano-
particles at different concentrations. Under NIR laser
irradiation (0.1 mL aqueous solution, 4 = 808 nm, 2 W cm?)
for 5 min the photothermal effect increased dramatically with
the increased concentration. Within 5 min of irradiation, the
temperature of the MNCs@® aqueous solution at 0.15 mg mL ™"
rose to just above 55 °C. The temperature gap, after laser
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Fig. 3 The photothermal properties of the surface-charged magnetic
composite nanoparticles (MNCs), showing (A) the temperature profiles
of pure water and aqueous dispersion of the positively-charged MNCs at
different concentrations under 808 nm laser irradiation with a power
density of 2.0 W cm™2; (B) the temperature profiles of pure water and
aqueous dispersion of the negatively-charged MNCs under the same
conditions; (C) the temperature vs. time curve for the positively-charged
MNCs solutions (0.15 mg mL™Y) irradiated with an 808 nm laser
(2 W cm™) for three on/off cycles (on: 5 min, off: 5 min); (D) the tem-
perature vs. time curve for the negatively-charged MNC solutions for
three on/off cycles under the same conditions; (E) the NIR thermal
images of droplets containing the positively-charged MNCs and pure
water on the glass slide with laser off, and (F) the NIR thermal images of
the same droplets with laser on.

irradiation, between the MNC aqueous solution and the water
control is more than 30 °C. The negatively-charged magnetic
composite nanoparticles exhibit a similar photothermal effect
under NIR laser irradiation (Fig. 3B). The photothermal effects
are both time and concentration-dependent. The photostabil-
ities of the positively-charged and negatively-charged MNCs
were tested by three cycles of laser exposure (Fig. 3C and D).
Both the MNCs raised the temperature of the solution to the
same level, which suggests that their good photostabilities
allow repeated photothermal treatment.

Fig. 3E and F show the NIR thermal images of a droplet of
the positively-charged MNCs aqueous solution and a droplet
of the water blank on a glass slide. Fig. 3E shows the image
with the NIR laser off, while the laser is on in Fig. 3F. As
expected, the two droplets display the same low-temperature
images without laser irradiation. After NIR laser irradiation for
5 min, the larger droplet with MNCs shows a much higher
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temperature than the nearby droplet without MNCs. These
images provide the direct evidence of a strong photothermal
effect on the MNCs.

Charge-based cancer cell targeting and binding by the
positively-charged MNCs

It was reported that the cancer and non-cancerous cell surfaces
exhibit significantly different lipid compositions. The presence
of anionic lipids, such as phosphatidylserine, on the outer
leaflet of the cancer cell membrane results in a negatively-
charged cell surface,*® whereas zwitterionic phospholipids and
sphingomyelin occupy a large portion of the noncancerous cell
membranes, making them either neutral or only slightly
charged.”® Therefore, the charge-based cancer cell targeting
and binding by the positively-charged MNCs is the prerequisite
for effective photothermal annihilation of cancer cells. In
order to evaluate the specificity of the charge-based targeting
and binding of the positively-charged MNCs, we analyzed the
binding ability of different MNCs to both cancer cells and
normal cells. HUVEC cells and L1929 cells were chosen as the
normal cell control. HeLa cancer cells or normal cells were
used to interact with either the positively-charged or nega-
tively-charged MNCs, respectively. Reducing the interaction
time and incubation temperature is critical for promoting the
electrostatic interaction by preventing endocytosis of compo-
site nanoparticles by the cells.>* After 5 min incubation of the
MNCs with cells, the extra MNCs were removed by repeated
washing with PBS solution. As shown in Fig. 4 and ESI
Fig. S3, the green fluorescence from the FITC dye embedded
in MNCs is visible around the cancer cells (cell nucleus was
stained with DAPI) treated with the positively-charged
MNCs (ESI Fig. S1C and Dt). In contrast, hardly any green

Hela cells
/MNCs ©

Hela cells
/MNCs @

Hela cells

DAPI

FITC

Overlay

Fig. 4 Comparison of fluorescence confocal images of the treated
cancer cells (HeLa cells) with magnetic composite nanoparticles (MNCs)
of different surface charges. DAPI is used to stain the cell nucleus. FITC
is labeled in the positively-charged or negatively-charged MNCs.
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fluorescence is observed on the membrane of the cancer cells
treated with the negatively-charged MNCs or the normal cells
treated with either the positively or negatively-charged MNCs.
These results clearly indicate that the cancer cell surfaces are
negatively-charged, and therefore largely bound to MNCs@®. As
for the normal cells, no cell binding takes place by either
MNCs@® or MNCs©, indicating that they are either neutral or
weakly charged.”® Additional experimental results with
different parameters (ESI Fig. S47}), indicate the temperature-
independent electrostatic interactions between the positively-
charged composite nanoparticles and various cells studied.
Based on these results, we conclude that cell targeting via
surface charge is a highly effective strategy regardless of the
phenotype of the cancer cells.

In addition to fluorescence images, we conducted flow cyto-
metry after incubation of the HeLa cells with MNCs@® and
MNCs©, respectively. The blank HeLa cells were used as a
control. ESI Fig. S5 shows that, compared with the back-
ground noise of the control, only the HeLa cells that have been
incubated with MNCs@® have an enhanced fluorescent signal
owing to the embedded FITC dye. SEM was also used to inves-
tigate the electrostatic interactions between the MNCs and
various cells. The left column images of Fig. 5 show the mor-
phologies of the pure cancer cells and normal cells as the
control. The middle column shows the images of three
different kinds of cells incubated with the positively-charged
MNCs. The corresponding images of the cells with negatively-
charged MNCs are shown in the right column. Almost all of
the cancer cells are intimately surrounded by a high concen-
tration of MNCs@®. Under the same incubation conditions,
hardly any negatively-charged MNCs remain after the washing
procedure. No charged MNCs are visible on the surface of the

Hela cells

Huvec cells

L929 cells

Fig. 5 SEM images of the treated cancer cells (HeLa) and normal cells
(L929 and Huvec) with magnetic composite nanoparticles (MNCs) of
different surface charges. The left column is the cell control. The middle
column represents the cells with positively-charged MNCs (MNCse).
The right column shows the cells with negatively-charged MNCs
(MNCse). The scale bar represents 100 pm.
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Fig. 6 Relative amount of Fe of magnetic composite nanoparticles
(MNCs) adhered onto the surfaces of different cells as indicated,
measured by ICP-AES analysis in terms of elemental Fe per mass of cell
protein. (a) Blank Hela cells; (b) Hela cells with positively-charged
MNCs (MNCs@); (c) Hela cells with negatively-charged MNCs (MNCs©);
(d) blank Huvec cells; (e) Huvec cells with MNCs@; (f) Huvec cells with
MNCse; (g) blank L929 cells; (h) L929 cells with MNCs&®, and (i) L929
cells with MNCse.

normal cells after incubation with either the positively-charged
or the negatively-charged MNCs. The SEM micrographs of the
different cell types that have interacted with MNCs@ are
shown at a higher resolution in ESI Fig. S6.1 The SEM images
provide further evidence of cell targeting and binding based
on opposite surface charges between the MNCs and the cancer
cells.

For quantitative evaluation of selective cell binding,
ICP-AES analyses of the Fe element was completed in order to
determine the amount of the adsorbed MNCs on the cancer or
the normal cell membrane. Fig. 6 shows the amount of iron
present on the different cell types. The Fe concentration is cal-
culated based on the amount of Fe adsorbed per cell protein
mass. The ratio of the positively-charged MNCs bound to the
cancer cells is significantly higher than the negatively-charged
MNC counterpart, or the positively-charged MNCs bound
with the normal cells. These ICP-AES quantitative results are
consistent with SEM and fluorescence images. All experi-
mental results clearly show selective electrostatic cancer cell
targeting and binding by the positively charged MNCs. Upon
subsequent NIR irradiation, cancer cells, largely bound to the
positive MNCs, are effectively annihilated by the strong photo-
thermal effect on Fe;0,.

Surface charge-mediated photothermal annihilation of cancer
cells by the positively-charged MNCs

In vitro cell cytotoxicity of MNCs was completed with different
particle surface charges against the cancer cell line HeLa and
two reference normal cell lines 1929 and HUVEC, under the
same photothermal conditions. The MNCs of different concen-
trations were added to each group (three wells) for a given
period. The cytotoxicities of the positively and negatively-
charged MNCs against cancer cells or normal cells were
measured using the CCK-8 assay. Incubation time was kept
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relatively short (5 min) at a low temperature of 4 °C in order to
retard endocytosis of composite nanoparticles by cells via a
vesicular transport pathway. This is to ensure the sufficient
electrostatic interaction between the cells and composite nano-
particles for both cancer cell targeting and subsequent photo-
thermal treatment. To investigate the original cytotoxicity of
MNCs, the composite nanoparticles were incubated with cells
for 30 min without laser irradiation. Upon incubation before
NIR laser irradiation, the unattached MNCs in the DMEM were
washed three times with PBS. Note that effective photothermal
annihilation results from the intimate contact of MNCs with
the cancer cells due to the attraction of opposite surface
charges. As described earlier, a washing procedure was applied
after cell binding, assuring only those interfaced with the
cancer cells participate in the photothermal process. However,
most of the previous photothermal therapeutic studies did not
employ this procedure, therefore relying upon only the average
solution temperature rise without considering the particle
spatial distribution and particle per cell interface contacts.

Fig. 7A shows the viabilities of different cells at different
concentrations. As shown in this figure, for HeLa cells, the
positively and negatively-charged MNCs exhibit similar cyto-
toxicities without laser irradiation at a concentration of
0.15 mg mL~". However, with laser irradiation, the positively-
charged MNCs result in a strong photothermal cancer cell
killing effect at this concentration. In sharp contrast, there is a
negligible annihilation effect of the negatively-charged MNCs
as compared with their pure composite nanoparticle counter-
parts. The photothermal cell killing is considerably enhanced
at higher concentrations of MNCs@® as compared with MNCs©
under laser irradiation or pure MNCs without irradiation.
These results clearly show charge-based cell targeting and
effective cancer cell annihilation by MNCs only with the posi-
tive surface charges. For the normal cells, insignificant cell tar-
geting and annihilation was observed with the positively-
charged MNCs indicating that they are electrically neutral.
However, slight differences were observed between the L929
and HUVEC cells. With laser irradiation, both positively-
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Fig. 7 Cell viability vs. concentration of surface-charged magnetic
composite nanoparticles for Hela, Huvec, and L929 cells under
different treatments. MNCs@ refers to positively-charged MNCs,
MNCse refers to negatively-charged MNCs.
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Fig. 8 In vitro photothermal therapy effect of different kind of surface-
charged magnetic composite nanoparticles (MNCs) on the Hela cell with
or without laser irradiation; live-dead staining of Hela cells by AM/PI.
Cells are incubated with MNCs at a concentration of 0.15 mg mL™ for
5 min and irradiated using an 808 nm laser for 10 min with a power
density of 2 W cm™2. The scale bars are 100 pm in both fields.

charged and negatively-charged MNCs show a mild annihil-
ation of L929 cells as compared with their pure composite
nanoparticle counterpart.

Fig. 8 shows the fluorescence images of the cells with live-
dead staining. Under the same conditions, only HeLa cells
treated with the positively-charged MNCs with laser irradiation
show a red fluorescence signal, which means that most of the
HeLa cells were killed by the photothermal effect, mediated by
the surface charge. No dead cells were observed for the blank
cells, the cells with laser, and the cells with MNCs without
laser. The infrared thermal camera was used to monitor the
temperature in each well. It was found that the temperature
was the highest in the well containing Hela cells which
adhered to the positively-charged MNCs. However, in other
wells, although the same concentration of MNCs was used, few
of the MNCs remained after several washings due to weak cell-
particle interaction. As a result, the normal cells exhibit high
viability under NIR irradiation (ESI Fig. S71). These photother-
mal treatment results provide strong evidence for effective
electrostatic charge-based targeting and direct photothermal
cancer cell annihilation.

Conclusions

We have developed a charge-mediated cancer cell targeting
and killing strategy that does not rely on any biomarkers and
anticancer drugs. Cell targeting is achieved based on a hall-
mark characteristic of all cancer cells: the negatively-charged
cell surfaces. The lactate-secretion-generated negative surface
charge is a biophysical characteristic common to all cancer
cells, which is regulated by cellular glycolysis. The negative
surface charges can be utilized for cell targeting regardless of
their genomic differences and cancer phenotypes; thus avoid-
ing the inherent complexity in using the conventional bio-
markers. Fluorescent superparamagnetic Fe;O, composite
nanoparticles have been designed with the altered surface elec-
trical charge sign for both cell targeting and direct photother-
mal cancer cell killing. By manipulating the charge sign of the
composite nanoparticles, we have investigated several cell
lines including HeLa and normal cells. Using this unique
surface-charged nano-probe, the cancer cells are shown to be
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negatively-charged, consistent with our previous study.”* The
positively-charged composite nanoparticles selectively bind
onto HeLa cells due to opposite charges. The intimate contacts
between the positive nanoparticles and the negative cancer cells
enable direct and effective annihilation of the cancer cells upon
laser irradiation induced photothermal hyperthermia. In sharp
contrast, no significant binding on cancer cells takes place with
the negatively-charged composite nanoparticles due to the
repulsive force between them, therefore resulting in insufficient
cell killing. The normal cells are found to be electrostatically
unresponsive to the nanoparticles with either positive or nega-
tive charges, indicating that they are essentially neutral.

Experimental
Materials

Iron(u) chloride hydrate (FeCl;-6H,0), ethylene glycol, sodium
acetate, ammonium hydroxide (NH,OH, 28 wt%), and hydro-
chloric acid (37 wt% aqueous solution) were purchased from
Shanghai (China) Reagent Company. Tetraethyl orthosilicate
(TEOS), (3-aminopropyl) triethoxysilane (APTES) and fluor-
escein isothiocyanate (FITC) were purchased from Sigma-
Aldrich (USA). Branched poly(ethylene imine) (PEI, 99%, M,, =
10 000) was purchased from Alfa Aesar. Deionized water (DIW,
18.2 MQ cm resistivity at 25 °C) was made by using a Thermo
Easypure II UF System throughout the entire experiment.

Cell culture materials

RPMI-1640 medium, heat-inactivated fetal bovine serum, peni-
cillin-streptomycin and 0.25% trypsin-EDTA were purchased
from Gibco Corp. Dulbecco’s Modified Eagle’s medium
(DMEM) and phosphate-buffered saline (PBS) were purchased
from Hyclone Corp. The rest of the media for cell culture was
purchased from Corning Corp.

Syntheses of surface-charged magnetic composite
nanoparticles (MNCs)

Magnetic microsphere cores were prepared via a solvothermal
reaction. 0.081 g of FeCl;-6H,0 was first dissolved in 30 mL of
ethylene glycol under magnetic stirring. Subsequently, 0.3 g of
polyacrylic acid (PAA) and 1.8 g urea were added to this solu-
tion. After being stirred for 0.5 h, the solution was heated at
200 °C for 12 h by using a Teflon-lined stainless-steel auto-
clave. When cooled to room temperature, a black product,
namely Fe;O, microspheres, was collected with the help of a
magnet. Followed by washing with ethanol and distilled water
each three times, the Fe;O, microspheres were treated in a
0.15 M HCI aqueous solution under sonication for 15 min and
washed to neutral. They were coated with silica via hydrolysis
and condensation of tetraethyl orthosilicate (TEOS).

To prepare the negatively-charged MNC embedded fluo-
rescence dye, the APTES-FITC complex was reacted under dark
conditions overnight in ethanol. The complex was then grafted
to the microspheres through reaction between APTES and
hydroxyl groups on the Fe;0,@SiO, microsphere in the
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mixture of ethanol and DI water with NH,OH (v/v = 70/30).
30 pL of TEOS was added 4 hours after APTES-FITC complex
addition into the reaction system to ensure the negatively-
charged surface of the microspheres. The reaction lasted for
another 20 h in the dark. After washing, the negatively-charged
fluorescent magnetic microspheres (MNCs©) were prepared.
The positively-charged magnetic composite nanoparticles
(MNCs@®) were synthesized by surface modification of the
negatively-charged MNCs with the polycation polymer PEI

Characterization of MNCs

Dynamic light scattering (DLS) measurement was carried out
at 298.0 K with a Zetasizer Nano-ZS (Malvern, UK) equipped
with a standard 633 nm laser. Transmission electron
microscopy (JEM-2010) and scanning electron microscopy
(JEOL S4800) were used to observe the composite nano-
particles. Magnetic characterization was carried out with a
vibrating sample magnetometer (VSM, LakeShore 7407, USA)
at 300 K. To investigate the photothermal properties of the
MNC s, samples with a volume of 200 pL were deposited into
wells of a 48-well cell culture plate. The wells were irradiated
with an 808 nm NIR laser (Ainajie Optoelectronics Technology,
Beijing, China; fluence: 2 W cm™2, spot size: 5 mm). Pre- and
post-illumination temperature and images were taken by using
a thermocouple and an infrared thermal camera (IRS/S6, Baifa
Technology company, Shanghai, China).

Cell lines and culture conditions

HeLa cells (Human Cervical Cancer Cells) and L929 cells
(NCTC clone 929, mouse fibroblast) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM). The HUVEC
cells (HUVEC, Human Umbilical Vein Endothelial Cells) were
cultured in RPMI 1640 medium. Both were supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.
All the cells were maintained in a humidified atmosphere con-
taining 5% CO, at 37 °C. Depending on the purpose of the
experiment, the cells were seeded on 6-well plates and 24-well
plates, 96-well plates, a confocal dish or 25 cm® flasks. All
sterile plastics were sourced from Corning.

Non-tumorigenic cell lines HUVEC and L929 were used as
control in some experiments. Cell lines used in this study were
obtained from the Chinese Academy of Sciences Cells Bank,
Shanghai, China.

Confocal microscopy imaging

HelLa cells, L929 cells and HUVEC cells were plated on a con-
focal dish for 24 h for cell targeting investigation. Upon incu-
bation with composite nanoparticles (0.15 mg mL™") for 5 min
at 4 °C, the culture medium was removed and the samples
were washed three times with PBS (pH 7.4) to remove the extra
MNCs. The cell nucleus was stained with DAPI (4',6-di-
amidino-2-phenylindole, blue), and the composite nano-
particles were embodied with FITC (fluorescein isothiocyanate,
green). The cells and composite nanoparticles were observed
and analyzed under a Leica TCS SP5 confocal microscope
(Leica, Germany).
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In vitro cytotoxicity assays

Cytotoxicity was assessed by using the Cell Counting Kit
(CCK-8, Keygentec) The cells were seeded on 96-well plates and
incubated for 30 min. After incubation with the composite
nanoparticles for 30 min, 10 pul CCK-8 was added to each
96-well dish and the cells were treated for 3 h. The assay absor-
bance was measured at a wavelength of 450 nm in a
Microplate Reader. Cell survival was expressed as the percen-
tage of absorption of the treated cells in comparison with that
of the control cells.

Flow cytometry analysis

The cells were seeded onto 6-well plates and grown for 24 h
in DMEM (Hela cells) medium containing 10% FBS. 0.15 mg
mL™" MNCs with both positive and negative charges was
added and incubated at 4 °C for 5 min respectively. The cells
were subsequently rinsed three times with ice-cold PBS. The
cells were digested with trypsin enzyme and transferred to
tubes. Cell-associated fluorescence was determined using a
BD FACS flow cytometer. In parallel, samples of the cells were
collected by centrifugation.

Calculation of the photothermal conversion efficiency

The photothermal conversion efficiency, 7, of MNCs was calcu-
lated using the formulations (eqn (1)-(4)}) developed by Roper
et al.?*78

Photothermal toxicity measurements for cells

The CCK-8 assay was adopted to evaluate the photothermal
therapy effect of MNCs. HeLa, HUVEC and L929 cells in logar-
ithmic growth were cultured in 96-well plates for 24 h, and
then incubated with the positively-charged MNCs (MNCs@®)
and the negatively-charged MNCs (MNCs©) at 4 °C for 5 min.
Excess NPs were removed by cold PBS washing. After that, the
cells were irradiated with an 808 nm laser with a power density
of 2 W em™? for 10 min. The viabilities of HeLa cells, and two
normal HUVEC and L1929 cells, as control cell lines, were deter-
mined after irradiation with an 808 nm laser.

Calcein-AM/PI assay

After HeLa cells were incubated with MNCs for 5 min, excess
MNCs were removed by PBS washing. The 808 nm laser was
then applied for 10 min. For calcein-AM/PI assay staining, the
cells were co-stained with a solution mixture containing
calcein-AM (2 mmol L") and PI (8 mmol L™"). The live/dead
cells labeled in green/red colors were examined using a fluo-
rescence microscope. Calcein-AM and PI were excited with the
488 nm and 533 nm lasers respectively.

ICP-AES analysis

After the charged MNCs were incubated with the cells, the
excess MNCs were washed away. The amount of the remaining
MNCs on the surface of the cells was characterized by induc-
tively coupled plasma atomic emission spectrometry
(ICP-AES). For each sample, three duplicates were analyzed.
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Scanning electron microscopy characterization of cells-MNCs
binding

The cells were seeded on cell slides in a 24-well plate and cultured
under standard conditions. When the cells achieved confluence,
they were incubated with 1 mL of 0.15 mg mL~" composite nano-
particles. Blank cells as control were cultured in medium without
composite nanoparticles. After incubation, the cells were washed
twice with PBS. After removing excess PBS, the cells were immedi-
ately fixed in glutaraldehyde at 4 °C for 24 h. Then, the samples
were dehydrated in 50%, 75%, and 100% series of graded alcohol
solutions and dried. Dry cellular constructs were sputtered with
gold and observed by scanning electron microscopy (SEM).
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