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Abstract: Cancer is one of the main causes of morbidity and mortality. Although a

number of techniques are available for treatment, these methods still have a num- ., =l
ber of drawbacks, destroying healthy tissues and cells to cause various side effects.
Here we present the synthesis and biological application of a composite nanomate-
rial, folic acid (FA)-conjugated graphene oxide (GO) nanosheets functionalized with o
manganese dioxide (MnO,) nanoparticles. While FA-conjugated GO nanosheets can
be used for targeted photothermal therapy (PTT) when irradiated with a near infra-
red (NIR) light, MnO, nanoparticles degrade hydrogen peroxide (H,0,) in the cancer
microenvironment, countering hypoxia. Further the nanoparticles can be used as a
contrast agent in MRI imaging. We demonstrated that MnO,-FA-GO nanosheets
were uptaken by HeLa cells overexpressing FA receptors to induce NIR irradiation-
mediated hyperthermia (35% viability). Therefore, this composite Mn0O,-FA-GO

nanosheet could be a powerful carrier for cancer targeting and PTT applications.
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1. Introduction

With 14 million new cases and 8 million cancer related death in
2012, cancer is one of the major causes of morbidity and mor-
tality.! Currently, surgery, chemotherapy, and radiotherapy are
used in clinical therapies. However, these conventional meth-
ods suffer from various drawbacks, such as damaging healthy
tissues, attacking the immune system, and increasing the risk
of the development of secondary cancers.** Hypoxia, which is a
decrease in the oxygen level in the tissue, is a common charac-
teristic of tumor tissues. It influences proliferation, angiogene-
sis, and metastasis* as well as increases the resistance of the
cancer against radio- and chemotherapy.>” Due to these draw-
backs, a number of researchers have been motivated to seek
for alternative treatment methods. One promising option is
hyperthermia, where the target tissue is exposed to high tem-
peratures compared to the surrounding healthy tissues.® The
cancer cells can directly be destroyed by thermal ablation with
temperatures above 47 °C. Alternatively, the temperature can
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be raised to 41-45 °C, increasing the cancer cells susceptibility
to other treatments, by increasing blood flow to the tissue coun-
tering hypoxia. A common method of applying heat to the target
tissue is photothermal therapy (PTT) in which a photosensitizer
(PS) is excited by light, releasing heat in the surrounding matrix
through vibrational energy.

Nanomaterials are a promising candidate for cancer treatment
due to their unique properties (e.g., small size, biocompatibil-
ity, and optical property). Furthermore, the use of nanomateri-
als could significantly reduce the cost of treatment.” Nanoparticles
can also be used for PTT as light can induce resonance of free
electrons through surface plasmon resonance (SPR). The absorp-
tion wavelength of the materials can be tuned to the optical win-
dow in the near infrared (NIR) (650-900 nm wavelength) to
ensure deep penetration of tissues.'® Gold nanoshells have pre-
viously been used for PTT due to their tunable absorption wave-
length of NIR irradiation. In addition, gold nanospheres,*
nanorods," and nanodrites'* have been employed for PTT applica-
tions. Apart from gold, other materials (eg, NaY(MoO,), nanorods™
or magnetic nanoparticles extracted from the magnetic bacte-
rium Magnetospirillum magneticum'®) have previously been
developed. Graphene is quickly becoming an alternative to con-
ventional nanomaterials, due to its large surface area, chemical
and mechanical stability as well as biocompatibility."” Further-
more, graphene can easily be gained from graphite and features
high absorption in the NIR range due to the partially restored
aromaticity of the graphene sheets.'® PTT can be combined with
chemotherapy or photodynamic therapy (PDT) by binding the
PS or drug directly to the reduced graphene oxide (rGO) nanosheets.
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For example, doxorubicin can be bounded to rGO and selec-
tively released when the material is heated by NIR irradiation.”
In combined PDT and PTT, CulnS,/ZnS nanocrystals were
incorporated into rGO nanosheets by Wu et al.?’ This leads to a
decrease in toxicity of the nanocrystals, while the PTT efficiency
was increased. BaGdFs nanoparticles fixed on graphene oxide
(GO) nanosheets were used as a contrast reagent for magnetic
resonance imaging (MRI) and computer tomography (CT) in
other demonstrations of composite nanomaterials.?*

Alternatively, manganese oxide nanoparticles attached to car-
bon nanotubes can be used for PTT combined with a contrast
agent for MRI applications.? In addition to acting as a contrasting
agent for MRI, manganese dioxide (MnO,) nanoparticles can also
be used for alleviating hypoxia by decomposing hydrogen per-
oxide (H;0,) in the cancer into 0,.** Although nanomaterials are
a promising carrier for active compounds for cancer treatment
capable of controlled release,”>*® chemicals used for PTT, PDT,
and chemotherapy often accumulate in healthy tissues of the
patient which can cause to side effects. To reduce these side
effects, several different targeting strategies are available lead-
ing to a more selective targeting of cancer cells of the active
compound.”*® Arginine-glycine-aspartic acid (RGD) peptide
has been used to target cancer cells by targeting the a,3; recog-
nition.?**° Passive accumulation of MnO, hybrid nanoparticles
in cancer cells via enhanced permeability and retention effect
was achieved by Gordijo et al** By covering the nanoparticles
with a graft terpolymer, the hydrophobicity of the material could
be tailored, limiting the decomposition of H,0, to the cancer
environment. Alternatively, the folate receptor-mediated endocy-
tosis can be used to deliver macromolecules and nanoparticles
into cells by covalently linking them to folic acid (FA).* Since
receptors for FA are typically overexpressed on human cancer
cells, targeting can be achieved with this method.* It has previ-
ously been used to target cancer cells with Mn-ZnS quantum
dots,** quercetin-loaded mesoporous silica nanoparticles,® and
doxorubicin-loaded liposomes.*® Here, we present the synthe-
sis of GO nanosheets functionalized with FA and MnO, nanoparti-
cles. GO can be used as a PS for PTT applications with its absorption
characteristics in the NIR window of tissues. The MnO, nanoparti-
cles alleviate hypoxia in cancer cells reducing immunity towards
conventional drugs used in chemotherapy and PDT applica-
tions, while destabilizing the hypoxia-inducible-factor-1alpha
(HIF-1a). Further they can be used as a contrast agent in MRI
imaging. The FA-conjugation of the nanomaterial allows for a
targeting of cancer cells with the material reducing possible side
effects on healthy tissues during PTT applications.

2. Experimental

2.1. GO synthesis

GO was prepared through a modified Hummer’s method.'**’
Briefly, 1 g of graphite flakes (Sigma Aldrich, USA) was ground
with 50 g of NaCl (Samchun, Korea) for 15 min. The resulting
powder was mixed with deionized (DI) water, filtered to remove
the sodium chloride, and dried in an oven at 80 °C overnight.
The dried graphite flakes were mixed with 50 mL of a sulfuric
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acid (Duksan, Korea)/phosphoric acid (Sigma Aldrich, USA) (9:1)
mixture and 6 g of potassium permanganate (Junsei, Japan) at
0 °C for 8 h. Afterwards the solution was warmed to 40 °C for
30 min and subsequently to 68-80 °C for 1 h. Addition of 50 mL
DI water led to a temperature increase to 100 °C. Under vigorous
stirring, 150 mL of DI water was added, followed by the addi-
tion of 10 mL of 35 v% H,0, solution (Duksan, Korea). The pow-
der was washed three times with 5 v% HCl-solution (Duksan,
Korea) and centrifuged at 4,690 rpm for 10 min before freeze
drying. Prior to functionalization, the GO was exfoliated using
sonication (500 kHz, 2 h) in DI water.

2.2. Surface modification of GO

For surface modification, 50 mL exfoliated GO solution (1 mg/mL
in DI water) mixed with 5 g chloroacetic acid (Sigma Aldrich,
USA) and 6 g of sodium hydroxide (Sigma Aldrich, USA). It was
subsequently sonicated for 3 h (300 W) to convert the hydroxyl
groups into carboxyl groups. Afterwards the solution was neu-
tralized with DI water and centrifuged. The obtained graphene
pellet was suspended in 20 mL of 50 mM methanesulfonic acid
(MES) (Sigma Aldrich, USA) in a concentration of 1 mg/mL before
adding 100 mg N-hydroxysuccinimide (NHS) (Sigma Aldrich,
USA) and 50 mg 1-ethyl-3,3-dimethylaminopropyl carbonodiim-
ide (EDC) (Sigma Aldrich, USA). After sonication (300 W) for 1 h,
100 mg of FA (Sigma Aldrich, USA) was added to the solution
and stirred overnight at room temperature. The resulting solu-
tion was centrifuged and the supernatant was removed. After-
wards the remaining pellet was freeze dried overnight to obtain
a FA-modified GO powder.

2.3. Synthesis of MnO, nanoparticles on FA-GO nanosheets

50 mg FA-GO nanosheets were diluted in 100 mL of 1 M NaOH
solution (Sigma Aldrich, USA) and sonicated (300 W) for 2 h
before dialyzing the solution three times against DI water (3.5-
5.0 kDa membrane, Spectrumlabs, USA). Nanoparticles were
synthesized by chemical precipitation similar to ZnO nanoparti-
cles previously synthesized on GO.*® Afterwards 100 mg of
Mn(NOs), hydride (Sigma Aldrich, USA) was added and the solu-
tion was stirred at room temperature for 24 h for ion exchange.
The resulting solution was dialyzed again to remove salts and
6 mL of 3M NaOH solution (Sigma Aldrich, USA) was added.
The solution was stirred at 60 °C for 6 h. In a final dialysis step
against DI water (3.5-5.0 kDa tube membrane), the mixture
was washed before freeze drying to obtain MnO, nanoparticles
covalently bound FA-modified GO (MnO,-FA-GO) nanosheets.

2.4. Characterization of MnO,-FA-GO nanosheets

Morphologies of GO, FA-GO, and MnO,-FA-GO nanosheets were
confirmed by transmission electron microscopy (TEM) with an
accelerating voltage of 200 kV (JEM1100F, JEOL Ltd, Japan). Fou-
rier transformed-infrared (FT-IR, Vertex 70, Bruker, USA) and
Raman spectra (LabRam Aramis, Horriba Jovin Yvon, Japan) as
well as UV-visible spectra (UV-1800, Shimadzy, Japan) were ana-
lyzed for all three materials. Surface charges were determined

Macromol. Res., 26(6), 557-565 (2018)



Macromolecular Research

using dynamic light scattering (Zetasizer, Malvern Instruments
Ltd., United Kingdom). The photothermal effect was character-
ized by illuminating samples with a NIR laser (808 nm, 5 W/cm?,
BWEF?2, B&W, USA) and recording the temperature of the solution
every 60 seconds using a temperature sensor (DTM-318, Tecpel
Co. Ltd,, Taiwan). T;-weighted MRI phantom images of MnO,-
FA-GO solutions with various concentrations of MnO,-FA-GO
nanosheets were acquired using a 9.4 T (400 MHz) MRI scanner
(Agilent Technologies, USA). The following MRI parameters were
used: eco time (TE) of 8.71 ms, repetition time (TR) of 500 ms,
matrix size of 192x192, field of view (FOV) of 60x35 mm, and a
slice thickness of 1 mm.

2.5.Degradation of H,0, by MnO,-FA-GO nanosheets

To observe the ability of the MnO,-FA-GO nanosheets to degrade
H,0,, asolution of 30 pg/mL nanosheets in cell culture medium
(Life Technologies, USA) was used. The pH of the solution was
adjusted to 7.8, 6.8, and 5.8 using hydrochloric acid. 120 uM H,0,
(Duksan, Korea) was added and degradation was observed
over time using PeroXquant assay kit (Pierce, USA) according
to the manufacturer’s instructions. Control experiments were
conducted using medium without the addition of Mn0O,-FA-GO
nanosheets.

2.6. Cellular uptake of MnO,-FA-GO nanosheets

For fluorescence labeling, MnO,-FA-GO and MnO,-GO nanosheet
solutions with a concentration of 1 mg/mL were mixed with
2mg/mL fluorescein isothiocyanate (FITC)-labeled dextran
(10 kDa, Sigma Aldrich, USA) in DI water. Following stirring
overnight, the supernatant was removed after centrifugation
and the remaining nanosheets washed with phosphate-buffered
saline (PBS) (Intron Biotechnology, Korea) three times. HeLa
and NIH3T3 fibroblast cells were seeded (6x10* cells/well)
into 8-well culture plates (Ibidi, Germany) before treatment
with 200 pL of 30 pg/mL fluorescently labeled MnO,-FA-GO or
MnO,-GO solution in PBS. Then cells were incubated at 37 °C
for 5 h, followed by a washing step with PBS. 4% Paraformalde-
hyde (Sigma Aldrich, USA) was used to fix the cells. After another
washing step with PBS, cells were permeabilized using 1% Tri-
ton X-100 (Sigma Aldrich, USA) in PBS at room temperature for
15 min and subsequently washed with PBS. After incubation
for 2 h at 37 °C, the staining was performed using Alexa Fluor
594 Phalloidin (Thermo Fisher, USA) in PBS for 20 min at 37 °C
and 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher, USA)
for 5 min. Finally, the cellular uptake of MnO,-FA-GO nanosheets
was analyzed using confocal laser-scanning microscopy (LSM-
710, Carl Zeiss, Germany).

2.7. Fluorescence activated cell counting (FACS) analysis

For quantitative analysis of cellular uptake, the cells were treated
with trypsin-ethylenediaminetetraacetic acid (EDTA) (Thermo
Fisher Scientific, USA) after initial incubation with the fluores-
cent-labeled MnO,-FA-GO nanosheets. Cells were fixed with
formaldehyde at room temperature for 30 min. The superna-
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tant was discarded and the cells were dispersed in PBS. The anal-
ysis of cellular uptake was performed by FACS (FACS Calibur,
BD Bioscience, USA) and results were visualized using the Flow-
Jo software (BD Bioscience, USA). FACS experiments for the
quantitative analysis of cellular uptake were conducted in trip-
licate.

2.8. Toxicity of MnO,-FA-GO nanosheets

100 pL solution containing 5x10* HeLa or NIH3T3 fibroblast
cells was seeded in a 96-well plate and incubated at 37 °C for 24 h.
Cell culture medium was removed and replaced with 100 pL
medium containing MnO,-FA-GO nanosheets of different con-
centrations (0-50 pg/mL). After 5 h of incubation, 5 L of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-
labelling reagent (Roche, Switzerland) was added and cells were
incubated for an additional 4 h. 100 pL of solubilisation reagent
(Roche, Switzerland) was added. Cell viability was measured
using a spectrophotometrical plate reader (EL800 Microplate
Reader, BioTek, USA) after further incubation overnight.

2.9. PTT effect of Mn0O,-FA-GO nanosheets

100 uL 5x10° HeLa cells were incubated in 96-well plates at
37°C in a 5% CO, incubator overnight. MnO,-FA-GO nanosheets
were added in a concentration of 30 pg/mL and incubated for
5 h. Samples were irradiated with a NIR laser (808 nm, 5 W/cm?)
for 3 min. After NIR irradiation, 5 uL. MTT labeling reagent (Roche,
Switzerland) was added to each well and cells were incubated
for 3 h at 37 °C in a 5% CO, incubator. 100 uL, MTT solubilisation
reagent (Roche, Switzerland) was added and cells were incubated
overnight. After controlling complete solubilisation, absorbance
was measured using a spectrophotometrical plate reader. Con-
trol experiments were conducted without NIR irradiation and
without the addition of MnO,-FA-GO nanosheets. Further live/
dead fluorescence images were taken after PTT. For this, 400 pL
solution containing 2x10° HeLa cells was seeded into confocal
culture dishes (SPL Life Science, Korea) and the cells were incu-
bated overnight. The culture medium was removed and replaced
with fresh medium containing 30 pg/mL MnO,-FA-GO nanosheets.
After 5 h of further incubation, the cells were washed with PBS
(Intron Biotechnology, Korea) and fresh culture medium was
added. Samples were irradiated with a NIR laser (808 nm, 5 W/cm?)
for 3 min and washed with PBS. The live/dead staining carried
out with live/dead cytotoxicity kit (Thermo Fisher Scientific,
USA) according to manufacturer’s recommendations. After 40
min of incubation, the cells were washed with PBS and fluores-
cent microscopy images were taken.

3. Results and discussion

3.1. Synthesis of Mn0,-FA-GO nanosheets

GO nanosheets functionalized with FA and MnO, nanoparticles
were synthesized from graphite (Figure 1). After preparation

of GO nanosheets, functionalization with FA and MnO, nanoparti-
cles were synthesized via chemical precipitation. This was shown
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Figure 1. Schematic illustration of the three step synthesis of Mn0O,-FA-GO nanosheets. In a first step, rGO nanosheets are modified with carbox-
ylic acid groups. In a second step, FA is attached to the GO nanosheets in a solution containing EDC and NHS. In a last step, an MnO, nanoparticles

are synthesized by chemical precipitation.

FA-GO

r A

MnO,-FA-GO

Figure 2. TEM images of GO (A), FA-GO (B), and MnO,-FA-GO nanosheets (C). GO is recognizable as a grey film on TEM images, while the MnO,

nanoparticles are visible as black squares.

in TEM images (Figure 2). The light grey layer in TEM images
are GO nanosheets. As can be seen from the comparison of Fig-
ure 2(A) and 2(B), the addition of FA to the nanosheets did not
lead to a dramatic change visible by TEM. The successful chem-
ical precipitation and synthesis of MnO, nanoparticles on the
surface of the nanosheet can be concluded from the black square
crystals on the GO nanosheets in the TEM image (Figure 2(C)). The
average size of GO, GO-COOH, FA-GO and MnO,-FA-GO nanosheets
was measured by DLS analyzer, showing that the size of GO and
GO-COOH was approximately 243+26.3 nm and 207+3.9 nm,
respectively. The size of FA-GO nanosheet was about 400+4.4 nm.
The size of FA-GO nanosheet is larger than GO and GO-COOH, because
the carboxylic and amine group of folic acid onto graphene oxide

© The Polymer Society of Korea and Springer 2018
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were aggregated by hydrogen bonding. The size of MnO,-FA-
GO nanosheet is approximately 155£3.9 nm. The size of MnO,-
FA-GO nanosheet is smaller than the size of FA-GO nanosheet,
because MnO, nanoparticles formed by ion exchange interrupted
hydrogen bonding between carboxylic and amine group of FA-
GO nanosheet. The average size of MnO, nanoparticles on the
GO nanosheets is approximately 15.3+2.9 nm.

3.2. Analysis of MnO,-FA-GO nanosheets
FTIR spectra, Raman spectra, and UV-visible spectra were ana-

lyzed (Figure 3(A)-(C)). In the FTIR spectrum of GO (Figure 3(A)),
characteristic peaks can be seen at 3,370 nm, corresponding to

Macromol. Res., 26(6), 557-565 (2018)
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Figure 3. FT-IR spectra, Raman spectra, UV-visible spectra, and Zeta potentials of GO, FA-GO, and MnO,-FA-GO nanosheets. (A) Analysis of FT-IR
spectra. (B) Raman spectra show the G and D bands of GO at 1574 cm™ and 1350 cm™* (MnO,-FA-GO: red line, FA-GO: green line, GO: black line).
(C) UV-visible spectra confirm the presence of GO (peak at 275 nm) and the MnO, nanoparticles (absorption band between 370 and 430 nm). (D)

Analysis of Zeta potentials.

-OH vibrations, and 1,629 nm, C=C stretching vibrations. Peaks
with the same wavelength have previously been reported for a
GO sandwich material for applications in supercapacitors. Char-
acteristic peaks at 3,333 nm and 1,270 nm, corresponding to
OH and C-N vibrations, indicated the successful addition of FA.
Similar peaks have also been described by Muhammad et al. who
functionalized ZnO quantum dots with FA.*’ The transmittance
intensity of 1,730 nm of GO and FA-GO is lower than 1,629 nm
range, as previously described.** FA was conjugated with GO-
COOH using EDC/NHS coupling, showing that -carboxylic posi-
tion of FA was conjugated with GO-COOH surface. Thus, 1,730 nm
intensity of FA-GO nanosheets is lower than GO nanosheets.
The addition of MnO, nanoparticles leads to a slight shift in peaks
as observed by Han et al. for GO-MnO, sandwich materials.*’
Furthermore, an absorption band at 650 nm indicates successful
synthesis of the MnO, nanoparticles onto FA-GO nanosheets.
All Raman spectra show two distinct peaks (Figure 3(B)). The
first peak at 1,574 cm™ is the G band, corresponding to sp®-hybrid-
ized carbon-carbon bonds, while the second peak at 1,350 cm™,
the D band, originating from lattice disorder of GO. These peaks
are characteristic for GO monolayers as previously described.*
This confirms the presence of GO during all steps of the synthe-
sis. In the UV-visible spectra, the original absorption peak of GO at
230 nm shifts to a wavelength of 275 nm through the attach-
ment of FA to GO nanosheets (Figure 3(C)), as reported by P.
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Huang et al. who described FA-conjugated GO as a carrier for PS
for PDT applications.* The attachment of MnO, nanoparticles to
the FA-GO nanosheets can be deducted from the increased
absorption developing between 370 and 430 nm in the UV-visible
spectrum, which is similar wavelength to the absorption band
found for colloidal manganese dioxide.** Zeta potentials were
measured for the nanomaterials (Figure 3(D)). For all materials,
negative zeta-potentials were found with GO, having the small-
est at-29 mV. FA-GO and MnO,-FA-GO nanosheets have larger
Zeta-potentials at -49 and -40 mV, respectively. This indicates
that MnO,-FA-GO nanosheets have good stability and are resis-
tant against aggregation. The possibility of manganese-related
MRI imaging was tested with T;-weighted MRI phantom images.
A brighter, dose dependent contrast was observed in MRI images
(Supplemental Figure S1). Hence, the MnO,-FA-GO nanosheets
could be used as a potential T; MRI contrast agent.

3.3. PTT properties of Mn0,-FA-GO nanosheets

PTT properties of the synthesized MnO,-FA-GO nanosheets were
tested by irradiating with a NIR laser for 10 min (Figure 4(A)).
All nanosheet materials (GO, FA-GO, and MnO,-FA-GO) display
a temperature increase when irradiated by the NIR laser, due
to the absorption properties of GO nanosheets. It can be deducted
that the FA-GO and MnO,-FA-GO nanosheets show better PTT
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Figure 4. (A) Temperature analysis of GO, FA-GO, and MnO,-FA-GO
nanosheets in solution when irradiated with an NIR laser (808 nm).
(B) Temperature analysis of suspensions containing different concen-
trations of MnO,-FA-GO nanosheets when irradiated by a NIR laser.
(C) Decomposition of H,0,, demonstrating the hypoxia reliving prop-
erties of MnO,.

performance than the unmodified GO with temperature increases
of 20°C and 30 °C after 10 min of NIR irradiation. A possible expla-
nation for this observed effect might be energy transfer in the
modified GO material.***¢ Also, the concentration of MnO,-FA-
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GO nanosheets required to obtain a temperature above 47 °C,
which is required for thermal ablation, was tested (Figure 4(B)).
The required temperature can be achieved with a concentra-
tion of 30 ug/mL MnO,-FA-GO nanosheets after 3.5 min of NIR
irradiation starting from room temperature. Concentrations
lower than 30 ug/mL are not able to reach the temperature required
for thermal ablation, while higher concentrations could accelerate
the heating rate. However, with a concentration of nanosheets
of 30 ug/mlL, temperatures of 47 °C can be reached in less than
5 min, which would be suitable for PTT applications.

3.4. Degradation of H,0, by MnO,-FA-GO nanosheets

We demonstrated the ability of MnO,-FA-GO nanosheets to
degrade H,0, (Figure 4(C)). Experiments were conducted in cell
culture medium with a pH adjusted to 7.4, 6.8, and 5.5. Under all
pH conditions, fast degradation of H,0, was observed due to the
large surface area of the MnO, nanoparticles on the GO nanosheets.
Two protons are consumed for every peroxide molecule con-
sumed. Thus, the faster degradation of peroxide that was observed
in acidic conditions could be expected from the reaction kinetics.
The initial concentration of H,0, measured did not correspond
to the prepared concentrations. This is caused by the fast initial
reaction, decomposing significant amounts of H,0, in the short
time period between preparing samples and the first measure-
ment of concentration. Gordijo et al. have reported degrada-
tion of H,0, by embedded polyelectrolyte-MnO, nanoparticles
in suspension.® They observed fast degradation rates with
complete degradation of H,0, in less than 10 min. Here, we have
observed similar rates and complete degradation in the same
time, indicating that the reactivity of the MnO, nanoparticles
has not been reduced by the attachment to the GO nanosheets.

3.5. Cellular uptake of MnO,-FA-GO nanosheets

Nanomaterial uptake was tested with HeLa and NIH3T3 fibro-
blast cells by treating the cells with fluorescent-labeled MnO,-
FA-GO nanosheets. To evaluate the influence of FA on the uptake
properties, control experiments were conducted with fluores-
cent-labeled MnO,-GO nanosheets. The cellular uptake was ana-
lyzed using laser scanning confocal microscopy (Figure 5) and
FACS (Figure 6). From the confocal microscopy images, it can
be observed that HeLa cells readily take up the nanosheets
(Figure 5(C)), while the uptake efficiency of NIH3T3 fibroblast
cells is significantly lower (Figure 5(F)). As suggested by Torrano
etal,” confocal z-stack images were taken to confirm uptake of
MnO,-FA-GO nanosheets into the cells (Supplemental Figure S2).
Scanning through a single HeLa cell from bottom to top, it can
be seen that a majority of the nanosheets accumulates inside
the cytosol of the HeLa cells. In comparison to the FA-conjugated
nanosheets, uptake of nanosheets without FA conjugation could
not be observed in NIH3T3 fibroblast cells (Figure 5(E)), while
only single HeLa cells took up small amounts of nanosheets
(Figure 5(B)). This indicates the importance of the folate recep-
tor endocytosis for the uptake of the nanosheets. As NIH3T3
fibroblast cells are negative for the folate receptor, less uptake
was observed. The fluorescent images display no morphological
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Figure 5. Confocal fluorescence microscope images of cellular uptake of MnO,-FA-GO nanosheets by HeLa cells and NIH3T3 fibroblast cells.
MnO,-FA-GO Nanosheets are stained in green, cell membranes in red, and cell nuclei in blue. Control experiment of HeLa cells without nanosheets (A),
HeLa cells incubated with 30 pg/mL MnO,-GO nanosheets (B), and HeLa cells incubated with 30 pg/mL MnO,-FA-GO nanosheets (C). Control
experiment with FA-negative NIH3T3 fibroblast cells (D), NIH3T3 fibroblast cells incubated with 30 pg/mL MnO,-GO nanosheets (E), and

NIH3T3 fibroblast cells incubated with 30 pg/mL MnO,-FA-GO nanosheets (F). Scale bars are 20 um.
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Figure 6. Cellular uptake of Mn0O,-FA-GO nanosheets as quantified by FACS analysis. Uptake of nanosheets in control of NIH3T3 fibroblast cells
(A) and HeLa cells (B). Fractions of cells displaying uptake of the fluorescent-labelled MnO,-FA-GO nanosheets (C).

difference between treated and untreated cells (Figure 5(A),(D)).
For quantitative assessment of nanosheet uptake, FACS analy-
sis was performed (Figure 6). The threshold fluorescence for
uptake was defined from the untreated cell peak in a manner
that 99% of the untreated cells are below the fluorescence
threshold value. As expected from confocal microscopy images,
the MnO,-GO nanosheets without FA modification show only
low uptake by both cell types. FA-conjugated nanosheets, in con-
trast, were uptaken by a significant portion of HeLa cells (Figure
6(B)), while a smaller fraction of NIH3T3 fibroblast cells displayed
uptake of the MnO,-FA-GO nanosheets (Figure 6(A)). While almost
60% of HeLa cells display uptake of the MnO,-FA-GO nanosheets,
only 20% uptake is shown in FA receptor-negative NIH3T3
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fibroblast cells (Figure 6(C)). This illustrates how targeting can
be achieved through FA modification of the MnO,-FA-GO nanosheets
utilizing the receptor-mediated endocytosis of the overexpressed
folate receptors on HeLa cells.

3.6. Toxicity of MnO,-FA-GO nanosheets

The toxicity of the MnO,-FA-GO nanosheets was tested using a
MTT assay (Supplemental Figure S3). After 24 h, the viability of
NIH3TS3 fibroblast cells was higher compared to a low viability
of HeLa cells. This is a consequence of the NIH3T3 fibroblast cells
taking up less of the MnO,-FA-GO nanosheets compared to HeLa
cells. After 24 h, a cell viability of more than 80% could be observed
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for NIH3T3 fibroblast cells for Mn0,-FA-GO nanosheet concen-
trations of up to 50 pg/mL, while those of HeLa cells were lower at
around 65% for the same concentration range. Hence, the tox-
icity of the MnO,-FA-GO nanosheets is comparable to the toxic-
ity reported for recently presented rGO-conjugated with CulnS,/
ZnS nanocrystals®® and gadolinium polytungstate nanoclusters
used for PTT combined with dual mode of MRI/CT imaging,*®

3.7. PTT applications of MnO,-FA-GO nanosheets

The MnO,-FA-GO nanosheets were tested in in vitro testing of
PTT effect using HeLa cells (Figure 7). First, the PTT effect of the
MnO,-FA-GO nanosheets was assessed qualitatively (Figure
7(A)). In control experiments without MnO,-FA-GO nanosheets,
no difference in cell viability before and after NIR irradiation
could be observed. In contrast, when the MnO,-FA-GO nanosheets
were applied, the cells within the irradiation area of the NIR
laser died during the PTT treatment, while cells outside of the
irradiation area remained viable due to endocytosis of MnO,-
FA-GO nanosheets. Second, MTT assays were conducted to quan-
tify the PTT effect of the Mn0O,-FA-GO nanosheets (Figure 7(B)).
The NIR irradiation in control experiments did not adversely
affect viability of HeLa cells. Addition of nanosheets, however,
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Figure 7. Analysis of PTT experiments employing the MnO,-FA-GO
nanosheets in HeLa cells. Live (green)/dead (red) fluorescence images
of HeLa cells before and after NIR irradiation with 30 ug/mL MnO,-FA-GO
nanosheets (A). Scale bars are 100 pm. MTT analysis of PTT experiments
with 30 ug/mL MnO,-FA-GO nanosheets (B) (*p<0.05, **p<0.01).
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leads to a decrease in cell viability before NIR irradiation due to
the dark-toxicity of the MnO,-FA-GO nanosheets. The NIR irra-
diation leads to a significant decrease in cell viability. After only 3
min of irradiation, more than two thirds of the HeLa cells were
dead, indicating the usefulness of the MnO,-FA-GO nanosheets
for PTT applications. The increase of temperature is affected by
the presence of manganese nanoparticles, as previously described.*
Surprisingly, in fluorescence images, cell death from the dark
toxicity of the nanosheets is not observable in the extent expected
from the MTT assays. The cells, which die through the dark tox-
icity of the nanomaterial, may be detached from the surface of
the confocal culture dishes. The dead cells free floating in solution
are out of the focal plane of the fluorescent microscope and thus not
visible in the images. It might be possible to reduce the dark
toxicity of MnO,-FA-GO nanosheets by modifying the MnO,
nanoparticles with a polymer matrix material.*!

4. Conclusions

We synthesized MnO,-FA-GO composite nanosheets. The GO
nanosheets acts as a PS for PTT applications. The cancer cells
can be targeted through the FA-conjugation of the Mn0O,-FA-GO
nanosheets, leading to a faster uptake in HeLa cells overexpressing
FA-receptors. MnO, nanoparticles attached to the GO nanosheets
relive hypoxia in cancers by degrading H,0,. Furthermore, they
can be used as a contrast agent for MRI imaging applications.
Due to the large surface area of the nanosheets, fast degradation
of H,0, under different conditions was observed. PTT analysis
was also successfully demonstrated that the viability of HeLa
cells treated with MnO,-FA-GO nanosheets and NIR irradiation
was significantly decreased. Therefore, this MnO,-FA-GO com-
posite nanosheet could provide a new efficient method of can-
cer targeted PTT combined with treatment of hypoxia.

Supporting information: Information is available regarding
the MRI images of MnO,-FA-GO nanosheets, confocal z-stack
images of cellular uptake with MnO,-FA-GO nanosheets, and
cytotoxicity analysis of the cells cultured with MnO,-FA-GO
nanosheets. The materials are available via the Internet at
http://www.springer.com/13233.
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