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Abstract

Graphene, a 2-dimensional carbon nanomaterial, has attracted wide attention in biomedical ap-
plications, owing to its intrinsic physical and chemical properties. In this work, a photosensitizer
molecule, 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha (HPPH or Photochlor®), is
loaded onto polyethylene glycol (PEG)-functionalized graphene oxide (GO) via supramolecular 11-11
stacking. The obtained GO-PEG-HPPH complex shows high HPPH loading efficiency. The in vivo
distribution and delivery were tracked by fluorescence imaging as well as positron emission to-
mography (PET) after radiolabeling of HPPH with *Cu. Compared with free HPPH,
GO-PEG-HPPH offers dramatically improved photodynamic cancer cell killing efficacy due to the
increased tumor delivery of HPPH. Our study identifies a role for graphene as a carrier of PDT
agents to improve PDT efficacy and increase long-term survival following treatment.

Key words: Graphene oxide, HPPH, photodynamic therapy, positron emission tomography, opti-

cal imaging.

Introduction

Photodynamic therapy (PDT) is an FDA ap-
proved modality for the local treatment of a variety of
oncological, cardiovascular, dermatological, and
ophthalmic diseases [1]. PDT utilizes reactive oxygen
species (ROS) produced from light sensitive photo-
sensitizer (PS) molecules, under suitable irradiation
conditions, to induce cytotoxicity [2]. Compared with
chemotherapy or radiotherapy, PDT shows relatively
minimal side effects and improved tumor specific
killing [3]. The need to achieve highly efficient deliv-
ery of photosensitizers to the tumor site in order to
achieve better tumor response has been an intense
focus in this field [4-8]. Approaches such as conju-
gating a receptor ligand or antibody to a photosensi-

tizer to improve tumor selectivity have been many
and largely disappointing. Often the number of lig-
ands required has to be in excess to the number of
receptors to achieve optimum dosage, limiting the use
of targeted photosensitizers for PDT treatments [9,
10]. With high loading and delivery capability, nano-
platforms have been investigated as potential delivery
vehicles for a number of photosensitizers such as
pthalocyanines, porphyrins and others [11-15]. Na-
noparticles offer several advantages: (i) a large surface
area; (ii) easily modifiable surface chemistry for
loading different agents; and (iii) tunable size for easy
accumulation within tumor sites through the en-
hanced permeability and retention effect (EPR).
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Gold nanostructures, polymeric materials such
as chitosan, PLGA, PAA, lipid based nanomaterials
have been used as carriers for photosensitizers. For
example, Chen ef al. utilized newly synthesized gold
vesicles loaded with chlorin e6 (Ce6) as dual photo-
thermal/photodynamic therapeutic agents [15].
Zheng and colleagues reported the use of lipid en-
closed nanostructures called porphysomes for dual
modality imaging of tumors through optical as well as
photoacoustic tomography [16]. Recently Ce6 was
loaded onto the surface of graphene via -1 stacking
and hydrophobic interactions for PDT of cancer cells
[17,18].

2-(1-Hexyloxyethyl)-2-devinyl  pyropheophor-
bide-alpha (HPPH, Photochlor®) is a second genera-
tion photosensitizer, currently progressing through
phase I/1I clinical trials, having a peak absorbance at
665 nm and has shown excellent safety and efficacy
for the treatment of lung, Barrett’s esophageal and
head and neck cancers [19, 20]. More importantly,
HPPH has been found to be safe for use in patients as
a PDT agent, demonstrating significantly lower skin
photo-toxicity compared to another porphyrin-based
agent, Photofrin® [19, 21]. HPPH is also more tumor
selective and shows faster clearance (20-26 hours
plasma half-life) compared to Photofrin®.

As single-layered carbon atoms packed into a
two-dimensional (2D) honeycomb lattice, graphene
has attracted extensive attention in many different
fields including biomedical applications since its dis-
covery in 2004 [17, 22-32]. The high specific surface
area allows graphene to be used as carrier for both
drug and gene delivery [18, 24, 33-36]. Owing to their
intrinsic high near-infrared (NIR) absorbance, func-
tionalized graphene oxide (GO) and reduced gra-
phene oxide (rGO) have also been used as photo-
thermal agents for in vivo cancer treatment [28, 37, 38].
Although pristine graphene or GO without surface
coating has been reported to induce lung toxicity in
mice when delivered orally or through intravenous
injection [39], Liu and co-workers found that surface
functionalized GO and rGO, coated with biocompati-
ble materials such as PEG and other polymers are
non-toxic to cells in vitro and can be cleared from mice
via both renal and hepatic routes when introduced in
vivo with various routes of administration [40, 41].

In this work, we developed a novel nanoformu-
lation with graphene as the carrier and HPPH as the
photosenstizer to treat xenograft tumors with PDT. To
achieve this, PEG functionalized graphene (GO-PEG)
is loaded with HPPH to form GO-PEG-HPPH com-
plex via m-n1 stacking. GO-PEG-HPPH dramatically
increased intracellular delivery of HPPH compared
with free HPPH. In vivo fluorescence imaging and
PET imaging with %Cu labeled HPPH revealed higher

tumor uptake of GO-PEG-HPPH than free HPPH af-
ter intravenous administration. Irradiating the tumor
with low power 671 nm laser after intravenous injec-
tion of GO-PEG-HPPH achieved significant tumor
destruction. This graphene based nanoformulation
showed great potential for HPPH delivery and im-
aging guided PDT.

Materials and Methods

Synthesis of GO-PEG

GO-PEG was synthesized following the proce-
dure reported previously [28, 34, 35]. In brief, GO was
prepared from graphite as an original material based
on a modified Hummer’s method. NaOH (0.05M) was
added to the GO suspension for about 4 h at 50 °C
under stirring. The solution was adjusted to pH =1
using HCI. The resulting solution was neutralized and
purified by repeated rinsing and centrifugation. A
solution of mPEG-NH; (5 mg/ml) was added into the
GO solution (1 mg/ml), and the mixture was soni-
cated for 5 min. 5 mg of N-(3-dimethylaminopropyl-
N-ethylcarbodiimide) hydrochloride (EDC, from
Sigma.) was then added to the mixture in two equal
portions. The reaction was stirred overnight at room
temperature, yielding a GO-PEG solution. The solu-
tion was further purified with dialysis and stored at
4 °C for further use.

Synthesis of GO-PEG-HPPH

HPPH was dissolved in DMSO as the stock so-
lution. 4 mg of HPPH was mixed with GO-PEG (2
mg) in 1% Tween-20/water solution (1 mL), and
stirred overnight at the room temperature. Excess
HPPH was removed by centrifuge filtration through
Amicon centrifugal filters (Millipore) with 100 kDa
molecular weight cutoff (MWCO) and washed with
distilled water for 4-5 times. GO-PEG-HPPH complex
was stored at 4 °C for further use.

Characterization of GO-PEG-HPPH

The absorbance at 680 nm was used as the char-
acterization peak to confirm successful conjugation of
HPPH. The concentration of HPPH loaded on
GO-PEG was determined by the characteristic ab-
sorption peak of HPPH at 680 nm with a molar ex-
tinction coefficient of 2.9 x 10* M-lecm™ after subtract-
ing the absorbance contributed by GO-PEG at the
same wavelength. Fluorescence intensity of the
GO-PEG-HPPH and free HPPH were monitored with
an F-7000 fluorescence spectrophotometer (Hitachi,
Tokyo, Japan) under 414 nm excitation.

The release of HPPH from GO-PEG-HPPH

To measure the release of HPPH from
GO-PEG-HPPH complex, GO-PEG-HPPH complex
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was incubated in pH 5 and pH 7.4 solution for dif-
ferent periods of time (0, 3, 6, 24, and 48 h), respec-
tively. The amount of retained HPPH on GO-PEG was
measured by UV-vis-NIR spectra after removal of
detached HPPH by centrifugal filtration.

Detection of singlet oxygen

GO-PEG-HPPH was fixed at 1.0 pM HPPH
equivalent concentrations. The solutions were irradi-
ated with a 671 nm laser (diode-pumped solid-state
laser system (LASERGLOW Technologies, Toronto,
Canada, 75 mW/cm?). SOSG was dissolved in water
containing 2% methanol with the final concentration
of 1.0 pM. SOSG fluorescence was measured with a
Synergy II microplate reader (BioTek, VT) using an
excitation wavelength of 494 nm. The sample’s singlet
oxygen level was evaluated by the SOSG fluorescence
enhancement compared with the background or con-
trol samples.

Cell uptake assay

The 4T1 murine breast cancer cell line was ob-
tained from American Type Culture Collection
(ATCC, Manassas, VA). The cells were cultured in
RPMI-1640 medium supplemented with 10% FBS
(GIBCO, Grand Island, NY) and 1% penicil-
lin/streptomycin (100 mg/ml) solution at 37 °C and
5% COs. For cell uptake assay, the cells were plated in
Lab Tek II 8-well chamber slides (Nalge Nunc Inter-
nationl, Rochester, NY) with a density of 1 x 10*
cells/ml and grown to 60-80% confluency. Then the
cells were incubated in the dark for 24 h with
GO-PEG, GO-PEG-HPPH and free HPPH at the same
HPPH concentration of 1 uM. The cells were then
washed with 1x phosphate buffered saline (PBS) three
times. Images were acquired by an IX81 epifluores-
cence microscope (Olympus, Hamburg, Germany).

Flow cytometry

The cells were incubated with GO-PEG,
GO-PEG-HPPH, or free HPPH at the same HPPH
concentration of 1 uM for 24 h. The cells were then
washed and resuspended in PBS. The cells were
measured by Accuri C6 flow cytometer using C Flow
Plus software (BD, Ann Arbor, MI). The data were
analyzed by FlowJo version 7.6.5 (FlowJo, Ashland,
OR).

Cell toxicity assay

4T1 cells were cultured in 96-well cell culture
plates at 1x10%/well for 24 h and then treated with
GO-PEG-HPPH, free HPPH, or GO-PEG at a series of
concentrations up to 20 uM). Then, 20 pl of MTT so-
lution (5.0 mg/ml) was added to each well. After the 4
h incubation with the MTT, the media were removed
and 100 pl of dimethyl sulfoxide (DMSO) was added

to solubilize the formazan crystals. The cell toxicity
efficacy was measured with a microplate reader
(Synergy II, BioTek, VT) at an absorbance of 570 nm.

In vitro PDT

4T1 cells were plated in 96-well plates at a den-
sity of 5 x10% cells/well in RPMI-1640 complete me-
dia. The cells were incubated with GO-PEG,
GO-PEG-HPPH, or free HPPH at the same HPPH
concentration of 1 uM for 24 h. The wells were then
washed with PBS three times. 100 pl of fresh medium
was added into each cell, which were immediately
irradiated by the 671 nm laser at various fluence rates
(2-8 mW/cm?) for 3 min. The plates were kept in the
incubator overnight for further cultivation. Cell via-
bility was estimated by the standard MTT assay as
described above.

Animal model

Athymic nude mice were obtained from Harlan
laboratories (Frederick, USA) under protocols ap-
proved by the National Institutes of Health Clinical
Center Animal Care and Use Committee (NIH
CC/ACUCC). The 4T1 tumor models were generated
by subcutaneous injection of 1x10° cells in 100 ul PBS
into the right shoulder of nude mice. The mice were
used for imaging and photodynamic therapy when
the tumor volume reached 100 mm? (5-7 days for 4T1).

In vivo fluorescence imaging of GO-PEG-HPPH

Mice bearing 4T1 xenografted tumors were in-
travenously injected with GO-PEG-HPPH, free HPPH
or GO-PEG (200 pl, 1 mg/kg for HPPH, 0.77 mg/kg
for GO-PEG). Fluorescence imaging was performed
with a Maestro II optical imaging system (Caliper Life
Sciences, Hopkinton, MA) at 0.5, 1, 2, 6, 24, 36, and 72
h post-injection. The HPPH spectrum was separated
from autofluorescence by Maestro II software (Caliper
Life Sciences).

64Cu labeling of HPPH

The copper labeling of HPPH was performed
according to the procedure reported previously with
modification [42]. HPPH (50 pg) was dissolved in
DMSO (50 pul) and then buffered with sodium acetate
(200 pl, 0.1 M, pH 5.5). Then ethanol (200 pl) was
added. Into the solution, #Cu (1 mCi) in sodium ace-
tate buffer (pH 5.5, 75 ul) was added. The mixture was
heated to 100 °C for 30 min. The labeling efficiency
was determined by HPLC. After labeling, the reaction
was neutralized with 10x PBS and mixed with cold
HPPH. Half of the product was used to prepare
GO-PEG-[*Cu]HPPH according to the procedure
mentioned above.
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In vivo PET imaging

PET imaging studies were conducted with In-
veon microPET scanner (Siemens Preclinical Solu-
tion). Static PET images were acquired at 24 hr after
injection of 3.7 MBq (100 pCi) ¢*Cu-labeled HPPH
mixed with wunlabeled HPPH (200 pg) or
GO-PEG-HPPH via the tail vein (n = 4/group). After
15 min of data acquisition, PET images were recon-
structed with 3-dimensional ordered-subsets expecta-
tion maximum (3D OSEM) followed by maximum a
posteriori (MAP) algorithm. Three dimensional re-
gions of interest (ROls) were drawn on tumor and
main organs including liver and muscle using the
Inveon Research Workplace (IRW) Software 4.0. The
mean pixel values in the VOIs were then converted to
the radioactivity in units of MBq/ml. The image de-
rived tumor and tissue uptake, which is percent in-
jected dose per gram (%ID/g), were obtained with
tumor and tissue radioactivity divided by injected
dose assuming the tumor and tissue density are 1
g/cmd,

To further confirm PET image quantification
results, the mice in both groups were euthanized
immediately after imaging. Blood, tumor and main
organs were harvested, wet weighed and measured
by a gamma counter (Wallac Wizard 1470, Perki-
nElmer Inc.). The radioactivity was expressed as per-
centage of injected dose per gram (%ID/g, mean £ SD,

n =4/group).
In vivo photoacoustic imaging

When the tumor size reached ~100 mmS3,
GO-PEG-HPPH (200 pl, 1.0 mg/kg HPPH and 0.77
mg/kg of GO-PET), GO-PEG (0.77 mg/kg), or free
HPPH (1.0 mg/kg) were injected via tail vein. Twen-
ty-four hrs later, the tumor region was exposed to 20
min of laser irradiation at 671 nm, 90 J/cm2, 75
mW/cm?. The oxygen saturation (sO2) change in the
tumor sites before and after PTT treatment was quan-
tified by a photoacoustic (PA) imaging system (Vevo
2100, VisualSonics, Inc.) equipped with a 40 MHz
array linear transducer with 256 elements. A tunable
OPO laser beam was delivered at 750 nm and 980 nm
to compute sO; according to the software provided by
the manufacturer (VisualSonics).

Photodynamic therapy

When the tumor size reached ~100 mm?3, mice
bearing 4T1 tumor were randomized into 6 groups.
Mice in groups 1, 2 and 3 received an intravenous
injection of GO-PEG-HPPH (n = 6, 1.0 mg/kg HPPH
and 0.77 mg/kg GO-PEG), GO-PEG (n = 5, 0.77
mg/kg) or free HPPH (n = 6, 1.0 mg/kg), followed by
20 min of laser irradiation (671 nm, 90 J/cm? 75
mW /cm?) at 24 h post-injection. Mice in groups 4, 5

and 6 were designated as the controls, each received
an intravenous injection of drugs but without laser
irradiation. Mice were monitored for up to 60 days
post PDT treatment for tumor regrowth. Tumor size
was monitored with a digital caliper every other day
and tumor volume was calculated as vol = ab?/2,
where a is the longer diameter and b is the shorter
diameter. Mice were euthanized for ethical consider-
ation when tumor volume reached 2000 mm?. On the
other hand, mice were considered cured if there was
no palpable tumor by day 60. The body weights of all
mice were measured every other day.

Ex vivo histological staining

Major organs were collected from the euthanized
4T1 bearing mice at 24 h after PDT. Tissues were fixed
in a 4% formaldehyde solution at room temperature
for at least 48 hrs. Haematoxylin and eosin (H&E)
staining (BBC Biochemical, Mount Vernon, WA) was
performed and observed with a BX41 bright field mi-
croscopy (Olympus).

Statistical analysis

The level of significance in all statistical analyses
was set at a probability of P < 0.05. Data are presented
as means + SD. Analysis of variance and t tests was
used to analyze the data.

Results and Discussion

Synthesis and in vivo characterization

GO was synthesized by a modified Hammer’s
method [28, 34, 35]. Amino-terminated PEG (5 kDa)
was conjugated to GO via amide formation to form
GO-PEG. HPPH, a PS agent, was loaded onto the
surface of GO-PEG via m-nm stacking (Figure 1a).
Atomic force microscope (AFM) imaging showed that
the size of GO-PEG was less than 50 nm and the
thickness was ~1.5 nm. After loading HPPH, the
thickness of GO-PEG-HPPH increased to ~2 nm
(Figure 1b & Supplementary Material: Figure S1).
GO-PEG exhibited excellent stability in a range of
physiological solutions including water, PBS, cell
medium, and fetal bovine serum (FBS) (Figure 1c).
UV-vis-NIR spectrum showed characteristic absorp-
tion peaks of GO-PEG-HPPH at 414 and 665 nm,
suggesting successful loading of HPPH onto GO-PEG
(Figure 1d). The UV-vis absorption peak at 665 nm
was then used to determine the concentration of
HPPH in GO-PEG-HPPH complex after subtraction of
absorbance contributed by GO-PEG (Supplementary
Material: Figure S2a). A loading efficiency of 131%
(HPPH: GO-PEG weight ratio) was achieved in a re-
action of 4 mg of HPPH mixed with 2 mg of GO-PEG.

In order to understand the interaction between
GO-PEG and HPPH, fluorescence spectra of
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GO-PEG-HPPH and free HPPH were recorded (Fig-
ure 1le). HPPH fluorescence was quenched once it was
loaded onto GO-PEG, likely owing to the direct con-
tact between HPPH and the graphene sheet. The
generation of singlet oxygen (1O2) of GO-PEG-HPPH
and free HPPH were detected using the singlet oxy-
gen sensor green (SOSG) as a detector with 671 nm
excitation. The SOSG’s fluorescence intensity from
both GO-PEG-HPPH and free HPPH exhibits an ex-
posure time-dependent enhancement, indicating in-
creased 'O generation (Supplementary Material:
Figure S3). Although the fluorescence of HPPH was
significantly quenched by GO-PEG, the O, genera-
tion ability of GO-PEG-HPPH was ~60-70% relative to
that of free HPPH (Figure 1f), which allows applica-
tion of GO-PEG-HPPH for PDT of tumors. One ad-
vantage of nanoformulation lies in increased intra-
cellular and intratumoral delivery [35], by which the
decreased 'O; generation of GO-PEG-HPPH could be
compensated.

In vitro PDT

Therefore, we investigated the cellular uptake of
GO-PEG-HPPH and free HPPH with 4T1 murine
mammary cancer cells. The cells were incubated with
GO-PEG-HPPH and free HPPH at equivalent HPPH

(a)

cooH _ cooH
CONH-CH,CH,-(OCH,CH;),-OCHj

concentration (1 uM) for 24 h and then observed with
a confocal microscope. Cells treated with GO-PEG-
HHPH showed stronger fluorescence signal than
those treated with free HPPH (Figure 2a). In fact, the
fluorescence of free HPPH is rather weak. Once it
binds with proteins, the fluorescence intensity in-
creases dramatically (Supplementary Material: Figure
S2b). The similar phenomenon has been observed
with other hydrophobic dye molecules [43]. Thus,
there is no linear relationship between HPPH con-
centration and the fluorescence intensity. However,
the high fluorescence signal from the cells indicate
increased uptake of GO-PEG-HPPH and successful
release of HPPH from the nanoformulation. The cell
staining results were confirmed by flow cytometry
(Figure 2b). We also collected the cells after washing
off the GO-PEG-HPPH or free HPPH from the me-
dium. The in vitro fluorescence imaging of cells
treated with GO-PEG-HPPH also showed very strong
fluorescence intensity (Supplementary Material: Fig-
ure S4). These results supported that the GO-PEG
nanoplatform allowed for increased uptake of the
HPPH into the tumor cells through a more active en-
docytosis process compared to free HPPH which
shows accumulation through passive diffusion [44].

HPPH

Water PBS Cell Medium Serum

0 nm

(e) (f)
S 1500
34 —GO-PEGHPPH = —HPPH 6000
—HPPH ) —— GO-PEG-HPPH s
g —GO0-PEG £ 1000{ — GO-PEG d
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Figure 1. a) Schematic structure of GO-PEG-HHPH. b) AFM images of GO-PEG and GO-PEG-HPPH dispersed in ultra-pure water. Scale bar: 250 nm. c) Stability of
GO-PEG-HPPH in water, PBS, cell medium and serum. No precipitation was observed at 24 h after incubation. d) Normalized UV-vis spectra of GO-PEG, HPPH and
GO-PEG-HPPH. Two characteristic absorption peaks at 414 and 665 nm were observed for GO-PEG-HPPH. e) Fluorescence spectra of free HPPH, GO-PEG and
GO-PEG-HPPH at a concentration of | yM of HPPH and 0.49 ug of GO-PEG. f) Singlet oxygen generation of free HPPH and GO-PEG-HPPH (I pM) after irradiation

with 671 nm laser (75 mW/cm?) for different periods of time.
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Figure 2. a) Fluorescence image of 4T cells incubated with 0.49 ug/ml GO-PEG, | UM free HPPH or equivalent amount of GO-PEG-HPPH (I pM HPPH and 0.49
pg/ml GO-PEG) after 24 h. Scale bars, 20 pym. b) Flow cytometric analysis of mean fluorescence intensity (n = 10,000 cells) in 4T | cells incubated with PBS (red), 0.49
pg/ml GO-PEG (green), | uM HPPH (blue), and GO-PEG-HPPH (black) for 24 h. c) Fluorescence image of Calcein AM/Ethidium homodimer-Istained 4T cells
incubated with | UM free HPPH, 0.49 ug/ml GO-PEG or GO-PEG-HPPH for 24 h after laser irradiation (67 | nm, 2-8 mW/cmz2, 3 min). Scale bars: 100 um. d) Relative
viability of 4T | cells incubated with various concentrations of free HPPH, GO-PEG, GO-PEG-HPPH after irradiation by 671 nm laser (2-8 mW/cm2, 3 min).

The next sets of experiments were performed to
analyze the in vitro phototoxicity of the GO-PEG
HPPH as compared to free HPPH. 4T1 cancer cells
were incubated with GO-PEG, free HPPH or
GO-PEG-HPPH at 1 uM equivalent of HPPH and 0.49
pg/ml of GO-PEG for 24 h. Without laser irradiation,
no cytotoxicity of either GO-PEG alone, free HPPH or
GO-PEG-HPPH was observed following incubation,
as determined by MTT assay (Supplementary Materi-
al: Figure S5). With 4 mW/cm? 671 nm laser irradia-
tion for 3 min, cells treated with GO-PEG-HPPH ex-
hibited significantly higher cell death than that of free
HPPH, as shown by Calcein/Propidium iodide
staining to distinguish the live cells (green color) and
dead cells (red color). It has been reported that GO has
mild photothermal conversion ability under irradia-
tion of an 808 nm laser [45]. However, the cells treated
with GO-PEG showed negligible cell death, indicating
the mechanism of cytotoxicity was through photo-
dynamic action (Figure 2c). It is reasonable since we
used very low concentration of GO plus low laser
power. GO-PEG-HPPH showed more toxicity to cells

than free HPPH and GO-PEG at equivalent concen-
trations under irradiation by the same laser power
density (Figure 2d). The relative cell viability is sig-
nificantly lower for cells treated with GO-PEG-HPPH
(1422 + 0.28 %) than that treated with free HPPH
(67.72 £4.35 %, P < 0.01) and GO-PEG (96.73 + 8.81 %,
P <0.01).

In vivo HPPH delivery and PDT

For in vivo studies, we first investigated the tu-
mor accumulation profile of GO-PEG-HPPH and free
HPPH in 4T1 tumor-bearing mice with both fluores-
cence and PET imaging. Compared with free HPPH,
GO-PEG-HPPH demonstrated significantly higher
fluorescence signal within the tumor region (Figure
3a). Since PDT is usually performed at 24 h after
HPPH injection [44], another group of tumor-bearing
mice were euthanized at 24 h p.i. and the major or-
gans and tumors were collected for ex vivo optical
imaging. Very strong fluorescence intensity within
tumors was observed, while the organs such as liver
and spleen showed very weak fluorescence intensity
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(Figure 3b), which might indicate high tumor selec-
tivity. These results demonstrated high tumor accu-
mulation and release of HPPH through GO-PEG as
the carrier. However, the optical imaging may not
reflect  accurately the  pharmacokinetics  of
GO-PEG-HPPH and free HPPH since it is very diffi-
cult to establish a linear correlation between HPPH
concentration and fluorescence intensity. Moreover,
according to our previous studies, the images do not
accurately reflect the liver and spleen uptake of the
GO-PEG-HPPH. As liver and spleen are pigmented
and light-absorbing, direct fluorescence measurement
of photosensitizer distribution in these organs is thus
of limited value [28].

To accurately determine the accumulation pro-
file of the GO-PEG-HPPH relative to free HPPH, we
labeled HPPH with a positron emitting radioisotope,
copper-64 (%Cu, t1/2=12.7 h) (Supplementary Materi-

05h 1h 2h 6h 24 h 3h 72h (b
1.0
HPPH I
/ k
-
GO-PEG-HPPH l
0

al: Figure 56). Then %Cu labeled HPPH (**Cu-HPPH)
was loaded onto the surface of GO-PEG along with
the unlabeled HPPH to match the therapy dose (1
mg/kg). Different from the results of the optical im-
aging, PET images showed high accumulation of both
GO-PEG-[*Cu]HPPH and [*#Cu]HPPH in the liver at
24 h p.i. (Figure 3c). Compared with [**Cu]HPPH,
GO-PEG-[**Cu]HPPH showed significantly higher
tumor uptake (3.11 * 0.20 vs. 1.28 + 0.35 %ID/g, P <
0.01) and lower liver uptake (26.86 £ 4.76 vs. 36.72
6.70 %ID/g, P < 0.05) (Figure 3d). Following PET
imaging studies, animals were euthanized and the
major organs and tumors were collected to measure
the radioactivity with a gamma counter. Consistent
with PET imaging, other than tumor accumulation,
majority of the remaining radioactivity was observed
in the liver and spleen (Figure 3e).
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Figure 3. a) In vivo near-infrared (NIR) fluorescence imaging evaluation of distribution and tumor delivery of HPPH and GO-PEG-HPPH in 4T| tumor-bearing mice
at different time points after injection. b) Ex vivo near-infrared (NIR) fluorescence imaging of tumor and major organs collected at 24 h after drug injection. H, heart;
L, liver; Sp, spleen; Lu, lung; K, kidney; M, muscle; T, tumor. c) Decay-corrected whole-body coronal microPET images of 4T| tumor-bearing mice at 24 h after
injection of 3.7 MBq (100 pCi) of 64Cu-HPPH mixed with HPPH or é4Cu-HPPH loaded GO-PEG-HPPH. The tumors are indicated by arrows. d) Region of interest
(ROI) analysis of tumor uptake of ¢4Cu-HPPH at 15, 30, 60, and 120 min in 4T| tumor—bearing mice (n = 6/group) as derived from static microPET images. e) Ex vivo
biodistribution of 64Cu-HPPH (3.7 MBq per mouse) in 4T | tumor bearing nude mice at 24 h time points.
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We next carried out an in vivo PDT study with six
groups of 4T1 tumor mice (5-7 mice/group). For the
treatment groups, 4T1 tumor mice were intravenously
injected with GO-PEG-HPPH or free HPPH at the
same HPPH concentration (1 mg/kg) then irradiated
at 24 h p.i. by the 671 nm laser at a power density of 75
mW/cm?2 for 20 min. Tumors treated with
GO-PEG-HPPH under irradiation were effectively
ablated (Figure 4a&c). For HPPH treated group with
laser irradiation, the tumors were partially damaged
and exhibited delayed tumor growth compared with
the control groups (Figure 4a&c). However, tumors in
all the control groups showed similar growth speed,
suggesting that neither laser irradiation alone nor
GO-PEG, GO-PEG-HPPH or free HPPH injections
without laser irradiation affected tumor development
(Figure 4a&c). Importantly, mice in the three control
groups showed average life span of ~16 days, and
mice treated with free HPPH and irradiation showed
average life span of ~ 24 days. While in the group
exposed to GO-PEG-HPPH injection plus laser irra-
diation, the mice demonstrated significantly longer

life span of ~ 40 days (Figure 4b). The tumors from the
treated mice were collected at 24 h after laser irradia-
tion for hematoxylin and eosin (H&E) staining. Tumor
cells from GO-PEG-HPPH and laser irradiation
treated group exhibited significantly more damage
compared to tumors collected from the free HPPH
and laser irradiation treated group. In the other con-
trol groups, negligible damage was observed (Figure
4d). We also used photoacoustic imaging (PAI) to
monitor the average fractional oxygen saturation
(sOz) inside tumors before and after GO-PEG-HPPH
and free HPPH injection and laser irradiation (Figure
4e). Compared with PBS and GO-PEG injected
groups, average tumor sO, was remarkably decreased
in both free HPPH and GO-PEG-HPPH treated
groups (Figure 4f). These results showed that PDT
with GO-PEG-HPPH significantly decreased the ox-
ygen saturation of tumors, which can be evaluated by
PAL

Finally, we investigated the potential in vivo
toxicity of GO-PEG-HPPH and free HPPH with an
equivalent HPPH dose of 1 mg/kg (n = 6/group). We
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did not notice any obvious sign of toxic side effects
and body weight drop of GO-PEG-HPPH and free
HPPH plus laser treated groups (Figure 5a). We also
collected the major organs including liver, spleen,
kidney, heart, and lung from the mice of all groups.
No noticeable signal of organ damage was observed
from H&E stained organ slices (Figure 5b), indicating

that the GO-PEG based formula is safe to administer.
However, our results were obtained after a single in-
jection of therapeutic dose level of HPPH. Further
toxicological studies are demonstrating the safety
issue of GO-PEG are needed to determine the bio-
compatibility of GO-PEG as a potential carrier for
photosensitizing agents.
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Figure 5. a) Body weight curve of 4T | tumor bearing mice after treatment. b) H&E stained images of major organs. No noticeable abnormality was observed in major

organs including liver, spleen, kidney, heart, and lung.
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Conclusion

We successfully developed a novel nanoformu-
lation of GO-PEG loaded with photosensitizer HPPH
for photodynamic therapy of tumors. Although
GO-PEG-HPPH showed somewhat lower singlet ox-
ygen generation efficiency compared to free HPPH, it
does offer dramatically improved photodynamic
cancer cell killing efficacy in vivo due to the increased
accumulation of HPPH to the tumor area and more
effective tumor cell internalization of the photosensi-
tizer, which is evidenced by high tumor signal on
fluorescence imaging and PET imaging. Moreover,
GO-PEG-HPPH induced more oxygen consumption
within the tumor compared with free HPPH upon 671
nm laser irradiation. Our study identifies the role for
graphene as a carrier of PDT agents to improve PDT
efficacy and increase long-term survival of tumor
mice following treatment. The results also suggest the
potential of graphene based nanoformulations for
clinical translation.
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