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ABSTRACT Photodynamic therapy (PDT) is a highly specific anticancer treatment modality for
various cancers, particularly for recurrent cancers that no longer respond to conventional anticancer
therapies. PDT has been under development for decades, but light-associated toxicity limits its clinical
applications. To reduce the toxicity of PDT, we recently developed a targeted nanoparticle (NP) platform
that combines a second-generation PDT drug, Pc 4, with a cancer targeting ligand, and iron oxide (10)
NPs. Carboxyl functionalized 10 NPs were first conjugated with a fibronectin-mimetic peptide (Fmp),

which binds integrin 1. Then the PDT drug Pc 4 was successfully encapsulated into the ligand-
conjugated 10 NPs to generate Fmp-10-Pc 4. Our study indicated that both nontargeted 10-Pc 4 and
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nonformulated Pc 4. As expected, both 10-Pc 4 and Fmp-10-Pc 4 reduced the size of HNSCC xenograft

tumors more effectively than free Pc 4. Using a 10-fold lower dose of Pc 4 than that reported in the
literature, the targeted Fmp-10-Pc 4 NPs demonstrated significantly greater inhibition of tumor growth than nontargeted 10-Pc 4 NPs. These results suggest
that the delivery of a PDT agent Pc 4 by 10 NPs can enhance treatment efficacy and reduce PDT drug dose. The targeted 10-Pc 4 NPs have great potential to

serve as both a magnetic resonance imaging (MRI) agent and PDT drug in the clinic.
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ead and neck cancer accounted for
H an estimated 53 640 new cases and

11520 deaths in the US in 2013
It is one of the most common cancers and
is responsible for almost 200000 deaths
around the world every year? About
33—50% of patients with head and neck
squamous cell carcinoma (HNSCC) develop
locoregional recurrence, which is a major
factor contributing to poor prognosis and
quality of life.®> For many of these patients,
surgery and radiation therapy approaches
have been exhausted, and conventional
chemotherapy is the remaining option but
with limited efficacy and often intolerable
toxicity. Nonspecific distribution, which re-
sults ininsufficient drug accumulation in the
tumor, off-target attack of normal cells, and
unacceptable toxicity are the major limita-
tions of current chemotherapeutic agents.*
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New therapeutic strategies that feature tar-
geted drug delivery and low side effects are
much needed for the treatment of HNSCC.

Photodynamic therapy (PDT) is increas-
ingly being recognized as an attractive al-
ternative treatment for various cancers.>® It
involves the activation of a photosensitizer
(PS) with light of specific wavelength, which
interacts with molecular oxygen to generate
singlet oxygen and other reactive oxygen
species (ROS), leading to tumor cell death
through apoptosis and necrosis.” PDT has
proven to be effective in combination with
other therapeutic modalities, such as sur-
gery, chemotherapy, and radiotherapy.®? It
is a promising alternative for superficial
malignant or premalignant lesions of the head
and neck.'®~"® PDT has also proven useful for
those with recurrent surface disease after sur-
gery or radiotherapy.'" Silicon phthalocyanine
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photosensitizer Pc 4 [HOSiPcOSi(CH3),(CH,)3N-(CHs),]
is a new generation of photosensitizer." It has been
shown to be effective in the treatment various types of
cancer in animal models.”>~?* In addition, several
clinical trials have been carried out to examine the
clinical applicability of this photosensitizer."®

Early clinical results suggest nanoparticle (NP)-based
therapeutics for cancer show enhanced efficacy and
reduced side effects as a result of their properties such
as targeted localization in tumors and active cellular
uptake.” In the past decade, nanocarriers have chan-
ged the landscape of healthcare drastically, particularly
in several areas of diagnosis and drug delivery. Among
the various types of nanocarriers that have been
explored for drug delivery, iron-oxide nanoparticles
(I0) have shown particular promise in magnetic reso-
nance imaging (MRI) in diagnostic radiology.?*~2° 10
NPs have significant advantages as biomedicines
because they are biocompatible and nontoxic to
humans®’ and accordingly have been approved as an
MRI contrast agent by the U.S. Food and Drug Admin-
istration (FDA).?®2° Therefore, IO NPs have the poten-
tial to serve as both nanocarrier and imaging agent.

To enhance the accumulation of IO NPs in HNSCC
tissues, we selected integrin 51 as a target for the
targeted delivery of 10 NPs. Association of integrin 1
with HNSCC has been reported in several studies.3%*'
Eke et al. demonstrated integrin 81 is essential for head
and neck cancer resistance to radiotherapy.? Our own
study has recently shown that integrin 31 expression
is higher in metastatic than nonmetastatic HNSCC
and plays a major role in HNSCC metastasis.>® These
previous studies suggest integrin 1 could be an
appropriate target for head and neck cancer therapy.
Fibronectin mimetic peptide (Fmp) has been shown to
effectively bind to integrin 31 in vivo and be useful as a
ligand for targeted therapy.>**® In the current study,
we have developed an integrin f1-mediated targeted
PDT nanomedicine, which has the potential to be used
to treat localized tumors such as residual or recurrent
HNSCC of the oral cavity, pharynx, larynx, and derma
and with reduced side effects.

RESULTS

Synthesis and Characterization of 10 Nanoparticles. Fmp
was conjugated to carboxyl functionalized IO NPs with
diameter of 10 nm in a molar ratio of 30:1. The molar
ratio of Fmp to IO NPs was 27:1 in the final product
since the conjugation efficiency of Fmp was 89.5% as
determined by HPLC analysis (Supporting Information,
Figure S1). For drug loading, 1 mg of Pc 4 dissolved in
methanol (1 mg/mL) was added to 1 mg of Fmp-IO
(1 mg (Fe)/ml). The loading was confirmed by running
the mixture through a spin column (MWCO: 10K) to
check the color of flow through. On the basis of the
molar extinction coefficient of Pc 4 (668 nm, 230 000)
and 10 nm IO NPs (500 nm, 4700000), each 10 NP
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contains an estimated 142.6 molecules of Pc 4.
Figure 1A shows a schematic illustration of the synthe-
sis of water-soluble Fmp-10-Pc 4. As shown by TEM
imaging in Figure 1B, the 10 NPs are highly uniform
with an average size of 10 nm. The hydrodynamic size
of Fmp-lO-Pc 4 is 41 nm measured by dynamic light
scattering (DLS). Figure 1C shows size-dependent mi-
grations of the different sized IO, Fmp-lO and Fmp-lO-
Pc 4 in 2% agarose gel. Since Fmp-lO-Pc 4 has the
largest molecular weight and size, it migrated with the
slowest speed in the gel. Absorption spectra showed
that the synthesized Fmp-l0-Pc 4 (purple) has a similar
specific absorption at around 675 nm as the free Pc 4
(blue) (Figure 1D).

In Vitro Efficacy of Fmp-10-Pc 4 in HNSCC Cell Lines. To verify
the bioactivity of nanoparticlized Pc 4, four HNSCC
cell lines M4E, M4E-15, 686LN, and TU212 were ex-
posed to Pc 4, 10-Pc 4 and Fmp-lO-Pc 4 at the same
concentrations of Pc 4. M4E-15 is an integrin 1
knock-down derivative of the M4E cell line isolated
after integrin1-specific shRNA transfection.3® Laser
treatment was given after 24 h of drug administration.
Sulforhodamine B (SRB) assay was performed 24
and 48 h later to evaluate the efficacy of newly syn-
thesized nanoparticle drugs. As shown in Figure 2, both
Fmp-lO-Pc 4 and 10-Pc 4 had equal efficacy as free
Pc 4 in the SRB study, indicating that conjugated Pc 4 in
IO NPs is as biologically active as free Pc4. There were
no significant differences in the sensitivity of these cell
lines to Pc 4 PDT in vitro. This observation was con-
firmed by singlet oxygen measurement after laser
activation of Pc 4, 10-Pc 4, and Fmp-10-Pc 4 in aqueous
conditions (pH 7.0) using singlet oxygen sensor green
(S05G).>® Similar amounts of singlet oxygen were
generated by the three agents under equivalent Pc 4
concentrations, indicating that Pc 4 activity is not
affected by its encapsulation into 10 NPs (data not
shown).

Preferential Binding of Fmp-10-Pc 4 to Integrin £1 Positive
Cells. To evaluate the specificity of Fmp targeting to
HNSCC cells, we conducted an in vitro binding assay.
MA4E control cells and integrin 1 knock-down M4E
derivatives (M4E-15) were exposed to 10-Pc 4 and
Fmp-IO-Pc 4 for 2 h at 4 and 37 °C. Cells were then
washed and fixed. Pc 4 binding was imaged using a
Nuance Multispectral Image System Nuance 3.1
(Caliper/PerkinElmer Life Sciences and Technology,
Hopkinton, MA). As shown in Figure 3, at 4 °C only
Fmp-lO-Pc 4 was able to bind to the M4E control cells
that express integrin 51, while 10-Pc4 failed to bind
MA4E cells (Figure 3A). The imaging result also showed
that Fmp-lO-Pc4 was not able to bind to M4E-15
cells whose integrin 31 expression was reduced by
integrin 51 specific sShRNA. On the other hand, at 37 °C,
both 10-Pc 4 and Fmp-lO-Pc 4 showed positive Pc 4
staining in both M4E cells and M4E-15 cells through
endocytosis (Figure 3B). Figure 3C and Figure 3D show
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Figure 1. Construction of targeted 10 nanoparticles carrying Pc 4. (A) Schematic illustration of synthesis of water-soluble
Fmp-10-Pc 4 using Ocean's amphiphilic polymer-coated 10 nanoparticles. (B) TEM image of 10 NPs, which are highly
homogeneous with an average size of 10 nm. (C) Size-dependent migration of different sized |10, Fmp-10 and Fmp-10-Pc 4 NPs
in 2% agarose gel. Since Fmp-10-Pc 4 has the largest molecular weight and size, it migrated slowest in the gel. (D) The
absorption spectra of synthesized Fmp-10-Pc 4. As shown, Fmp-lO-Pc 4 (purple) has a similar absorption at around 675 nm as
the free Pc 4 (blue) while 10 (red) and solvent (green) show no specific absorption at 675 nm.

the quantified fluorescence signal of Pc 4 in IO NPs in
the indicated cell lines. At 4 °C, the binding signal for
Fmp-lO-Pc 4 in M4E cells was significantly higher than
that in M4E-15 cells (p < 0.001). Furthermore, the
binding signal for Fmp-lO-Pc4 in M4E cells was sig-
nificantly higher than that of 10-Pc 4 (p < 0.001)
(Figure 3C). The specific binding of Fmp-10-Pc 4 was
further confirmed in M4E and M4E-15 cells at 4 °C
and observed by confocal microscopy (Zeiss LSM 510
META system, Carl Zeiss Microimaginginc., Thornwood
NY) (Supporting Information, Figure S2). On the other
hand, at 37 °C, Fmp-lO-Pc 4 showed a significantly
higher Pc 4 signal than 10-Pc 4 (p < 0.001), but there was
no significant difference in Fmp-IO-Pc 4 internalization
between M4E and M4E-15 cells (Figure 3D).

Efficacy of 10-Pc 4 NPs in an HNSCC Animal Model. In a
xenograft tumor animal model study, human HNSCC
MA4E cells were injected on both sides of each mouse.
When tumors reached 5—7 mm in diameter, the mice
were randomized into four groups with 6 mice in each
group. Each group was given a single equivalent dose
of 0.4 mg/kg Pc 4 in the form of free Pc 4, 10-Pc 4, and
Fmp-10-Pc 4 by intravenous (L.V.) injection, accordingly.
Mice in the control group were given phosphate-
buffered saline (PBS). Laser treatment of the tumors
was conducted 48 h after administration of the drugs
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on the right side tumors only. Left side tumors re-
mained untreated. Tumor size was measured every
2 days. Figure 4A shows that both targeted (Fmp-lO-Pc 4)
and nontargeted (IO-Pc 4) NPs significantly reduced
tumor growth compared to the PBS control group
(p < 0.003 and 0.022, respectively), while free Pc 4 only
marginally reduced the tumor size as compared
with the PBS control (p < 0.07). 10-Pc 4 and Fmp-1O-Pc
4 treated groups had significantly smaller tumor volume
than the free Pc 4 group (p = 0.05 and 0.04, respec-
tively). To rule out any effect of the 10 nanoparticles on
tumor growth under laser treatment, since IO may be
heated up under laser frequency, we performed the
same in vivo experiment as described using the same
IO concentration as Fmp-lO-Pc 4 (1.35 mg/kg Fe). No
significant difference in tumor growth was observed
between laser treated and nontreated tumors in the IO
group (Supporting Information, Figure S3). There was
no significant difference in treatment efficacy between
Fmp-lO-Pc 4 and 10-Pc 4 (p = 0.9).

To further explore if the targeted Fmp-lO-Pc 4 NPs
have any advantage in efficacy over the nontargeted
IO-Pc 4 NPs, we administered the mice I0-Pc 4 and
Fmp-lO-Pc 4 at a low dose of 0.06 mg/kg Pc 4 equiva-
lent. As shown in Figure 4B, growth of the tumors after
laser illumination was significantly slower than without
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Figure 2. In vitro inhibition of HNSCC cell growth. SRB assay shows that both free Pc 4 and NP-based Pc 4 have good drug efficacy
in several HNSCC cancer cell lines, M4E, M4E-15, 686LN, and TU212. The cancer cells were grown in medium with 50 nM or
100 nM Pc 4, 10-Pc 4 or Fmp-lO-Pc 4 at equivalent concentrations of Pc 4 for 24 h. Cells were then subjected to laser treatment. SRB
assay was performed 24 and 48 h post laser treatment. (A) 24 h after laser treatment, both Fmp-10-Pc 4 and 10-Pc 4 showed dose
dependent efficacy equal to that of free Pc 4. (B) 48 h after laser treatment, all treatments caused death of the majority of cells at the
same concentration of 50 nM, indicating that the encapsulated Pc4 in Fmp-lO-Pc 4 or I0-Pc 4 is as biologically active as free Pc 4.

laser in both 10-Pc 4 and Fmp-IO-Pc 4 groups over time laser illuminated groups, the growth of tumors in the
(p < 0.001 and p < 0.001, respectively). Comparing the Fmp-IO-Pc 4 NPs (targeted) group was significantly
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Figure 3. In vitro binding assays to compare targeted Fmp-10-Pc 4 with nontargeted 10-Pc 4 NPs in HNSCC cells. M4E, an
integrin 31-positive cell line, and M4E-15, an integrin 51 knock-down derivative of M4E, were seeded on chamber slides at
3000 cells per well. 10-Pc 4 and Fmp-10-Pc 4 at 100 nM were added 24 h later. Cells were kept at 4 or 37 °C for 2 h. (A) At 4 °C
only Fmp-10-Pc4 bound to integrin 31-positive M4E cells, while very low positive signals were detected for nontargeted 10-
Pc4. Very low Fmp-lO-Pc 4 binding was detected in M4E-15 cells. (B) At 37 °C, binding of both Fmp-10-Pc 4 and 10-Pc 4 was
detected to M4E and M4E-15 cells, but Fmp-10-Pc 4 had a significantly higher signal than 10-Pc 4. Quantified Pc 4 signals on
the cells as indicated at 4 °C (C) and 37 °C (D) were obtained using the Nuance Multispectral Image System Nuance 3.1.

slower than that in the 10-Pc 4 NPs (nontargeted)
group over time [stratified analysis for laser illumina-
tion only with generalized estimating equation (GEE)
model, p < 0.025].

To explore any potential toxicity of Pc 4,10-Pc 4, and
Fmp-lO-Pc 4 used in the efficacy study at a concentra-
tion of 0.4 mg/kg Pc 4, body weights of the mice were
recorded, and hematoxylin and eosin (H&E) staining for
the major organs was conducted for indications of
possible drug toxicity. No body weight loss or tissue
damage was observed, indicating no drug related
toxicity during these treatments (Supporting Informa-
tion, Figure S4 and S5).

Comparison of Biodistribution of Fmp-10-Pc 4 with Free Pc 4
and Nontargeted 10-Pc 4 in HNSCC Xenografted Tumors and Major
Organs of Mice. To understand our observation of im-
proved treatment efficacy when using NP-based Pc 4
compared with free Pc 4, the biodistribution of all three
drugs was tracked using CRi Maestro imaging system
(Caliper/PerkinElmer Life Sciences and Technology,
Hopkinton, MA). Mice were given Pc 4, 10-Pc 4, and
Fmp-lO-Pc 4 at an equivalent dose of 0.4 mg/kg Pc 4.
Both whole-body and organ images of the mice were
taken at 4, 24, and 48 h after drug administration.

WANG ET AL.

Figure 5AB,C shows the fluorescence images and
measured signals at different time points in different
organs including xenografted tumors from the free
Pc4,10-Pc 4, and Fmp-lO-Pc 4 groups. Figure 5D shows
the Pc 4 signals in whole-body images from Pc 4,
IO-Pc 4 and FmP-IO-Pc4-treated groups at different
time points. As illustrated, the Pc 4 signals from the
targeted NP Fmp-lO-Pc 4 group were slightly higher in
tumors than those from the nontargeted NP |10-Pc 4
group at4 and 48 h after drug injection. Both Fmp-lO-Pc
4 and 10-Pc 4 had significantly higher tumor retention
than free Pc 4 (p < 0.05 in both cases) at 4, 24, and 48 h.
Both 10 Pc 4 NPs also showed a higher level of Pc 4
biodistribution in all major organs than free Pc 4 at 4 h,
but the Pc 4 level in most of the organs except the skin
was largely reduced after 48 h. Meanwhile, after 24 or
48 h, both 10-Pc 4 and Fmp-IO-Pc 4 maintained similar
fluorescence signals as free Pc 4 in various organs,
indicating that there is no prolonged NP drug retention
in major organs compared to free Pc 4.

To examine whether the accumulation of NP-based
Pc 4 occurred in tumor cells, tumors were collected and
sectioned 24 h after drug injection. The tissue sections
were examined for Pc 4 fluorescence signals using
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Figure 4. Inhibition of xenograft tumor formation by Pc 4 PDT delivered by 10 nanoparticles. (A—D) Tumor growth and
representative images of tumors on both sides of the mice in the PBS control, free Pc 4, 10-Pc 4, and Fmp-lO-Pc4 groups,
respectively. Pc 4 was given at a concentration of 0.4 mg/kg. Laser treatment was performed 48 h after the drug
administration. Three out of six mice from each group are shown as representatives. Statistical analysis indicated a significant
difference in the longitudinal tumor volume across the 5 groups within the right side (laser treated), (p < 0.0013). Both 10-Pc 4
and Fmp-10-Pc 4 groups had a significantly lower tumor growth volume than the PBS control group (p < 0.022 for |0-Pc 4 and
0.0038 for Fmp-10-Pc 4). The Pc 4 group had a marginally significantly lower tumor growth volume than the control group
(p < 0.071). The Pc 4 group had a significantly higher tumor growth volume than both the 10-Pc 4 and Fmp-l0-Pc 4 groups
(p < 0.049 for 10-Pc 4 group and 0.040 for Fmp-10-Pc 4). No tumor growth difference was found between 10-Pc 4 and Fmp-10-
Pc 4 groups (p = 0.98). There was no significant difference in the longitudinal tumor volume across the 4 groups on the left side
tumor (no laser treatment, p = 0.4987). None of the pairwise comparisons in tumor volume between any two groups with
untreated left tumors was significantly different (results are omitted). (E) Tumor growth curve using a lower dose (0.06 mg/kg)
and shorter period of time between drug administration and laser treatment than used in (A—D). Tumors in the Fmp-10-Pc 4
(targeted) group grew significantly slower than those in the 10-Pc 4 group (nontargeted) (p < 0.025).

confocal microscopy (Zeiss LSM 510 META system). As
shown in Figure 5E, there was more Pc 4 accumulation
in the tumor cells from Fmp-lO-Pc4 treated mice than
in those from 10-Pc 4 treated mice. Both groups treated
with NP-based Pc 4 had greater Pc4 accumulation in
tumor tissues than in those treated with free Pc 4,
suggesting the NP-based Pc 4 delivery utilized both
the enhanced permeability and retention (EPR) and

WANG ET AL.

targeted endocytosis to achieve higher Pc 4 accumula-
tion in tumor cells than that of free Pc 4. To confirm the
specific accumulation of NP-based Pc 4 in tumor cells,
we also conducted Prussian Blue staining. Figure 5F
shows no blue staining in tumors from free Pc 4 treated
mice. A greater level of blue staining was found in
tumors treated with Fmp-lO-Pc 4 than tumors treated
with [O0-Pc 4 (Figure 5F).
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Figure 5. Tissue biodistribution of free Pc 4 and both targeted and nontargeted 10-Pc 4 NPs. Drug distribution studies show
that Fmp-10-Pc 4 has a more prolonged existence in xenografted tumors than free Pc 4 and nontargeted 10-Pc 4. Mice were
given Pc 4, 10-Pc 4 or Fmp-lO-Pc 4. Mouse whole-body images and organ images were taken 4, 24, and 48 h after drug
administration. (A—C) Images of different organs, including the xenograft tumors, and levels of Pc 4 delivered as free Pc 4, |0-
Pc 4 and Fmp-lO-Pc 4 at different time points, respectively (images represent 1 out of 3 mice). (D) Levels of Pc 4 delivered as
free Pc 4, 10-Pc 4, and Fmp-10-Pc 4 in tumors at different time points by whole-body imaging. As shown, the targeted
nanoparticle Fmp-10-Pc 4 has a more prolonged retention in tumors than either free Pc4 or the nontargeted nanoparticle 10-
Pc 4. (E) Pc4 staining in fixed tumor tissue from the free Pc 4, 10-Pc 4, and Fmp-10-Pc 4 groups. 4 ,6-Diamidino-2-phenylindole
(DAPI)was used for nuclear labeling. Greater Pc 4 presence was observed in tumor tissues in Fmp-10-Pc 4 treated mice than in
those treated with 10-Pc 4 or free Pc 4 (images represent 1 out of 3 mice). (F) Tumor sections from 3 mice injected with free
Pc 4, 10-Pc 4 and Fmp-l0-Pc 4, respectively. No blue staining was found in tumor cells from free Pc 4 treated mice. Higher
numbers of tumor cells with blue staining were observed in tumors from Fmp-l0-Pc4 treated mice than from 10-Pc 4 treated
mice.

WANG ET AL. VOL.8 = NO.7 = 6620-6632 = 2014 ACNJANIC)

WWwWW.acsnano.org

6626



125
120

115

(7]

£

=

o 110

3

(L)

> 105

~N

-
100

Fmp-I10 10
Nanoparticle

Figure 6. In vitro MRl imaging experiment of Fmp-lO-Pc 4. MR imaging and T2 maps of tumor cells incubated with Fmp-10 or
10 nanoparticles were collected. (A) shows significant T2 signal decrease in the cells incubated with Fmp-1O as compared to 10
nanopatrticles or the control without 10. The first well of the upper panel of M4E cells shows a decrease in T2 contrast (darker)
for Fmp-10. The lower panels display the level of T2 values measured by T2 relaxometry mapping method. A low T2 value
(green color) correlates with a higher iron concentration, indicating higher level of specific binding of Fmp-10 nanoparticles to
tumor cells (image represents 1 out of 3 experiments). Quantitative measures of T2 values show that the cells with Fmp-10 had
lower T2 values (107.6 + 0.47 ms) as compared to those with 10 (118.5 £+ 1.94 ms) as shown in (B).

Comparison of Effect of Targeted 10 Nanoparticle with Non-
Targeted 10 Nanoparticle on MRI T2 Signal. An in vitro MRI
study was carried out to determine if specific inter-
nalization of the targeted Fmp-lO-Pc 4 into cancer cells
results in any MRI contrast change, which would
suggest that the synthesized Fmp-lO-Pc 4 can poten-
tially serve as both a nanocarrier and an MR imaging
agent. MRI scan showed significant T2 signal decrease
in M4E cells incubated with targeted Fmp-lO as com-
pared with nontargeted 10 nanoparticles or the control
cells without 10. As shown in Figure 6A upper panel,
MA4E cells incubated with Fmp-1O exhibited a decrease
in MRI signals (darker for Fmp-lO). The lower panel
displays the T2 values for Fmp-IO, 10, and the control,
as measured by T2 relaxometry mapping method. A
lower T2 value (green color) correlated with a higher
iron concentration, indicating a higher level of specific
binding of Fmp-10 nanoparticles to M4E cells. Quanti-
tative measurement of T2 values showed that cells with
FMP-IO had lower T2 values (107.6 + 0.47 ms) as
compared to those with 10 (118.5 &+ 1.94 ms).

DISCUSSION

In head and neck cancer patients, new therapeutic
strategies are much needed for the treatment of
recurrent tumors given the limitations of conventional
therapies. PDT has been demonstrated to be a safe and
efficient option in the treatment of various cancers.®
The first-generation photosensitizing drug Photofrin is
US-FDA approved for use in PDT in human cancer
patients. Using the FDA-approved drug, preliminary
PDT studies in HNSCC show that patients with early
stage cancers or early recurrences in the oral cavity and
larynx tend to have an excellent response to PDT.'*"3
However, Photofrin has several limitation including
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skin burns, short absorption wavelength, and serious
side effects.>” The second-generation PDT agent Pc 4
has advantages over the older generation of PDT drugs
because it exhibits shortened patient photosensitivity
(good clearance) and has long wavelength absorption,
thus it lacks important factors contributing to the
limitation of photosensitizers in PDT."* The NCI's Drug
Decision Network sponsored preclinical toxicity and
pharmacokinetics evaluations of Pc 4 and developed a
formulation appropriate for its use in humans.*® There
are currently two clinical trials evaluating Pc 4-based
PDT, and there has been a sustained, significant effort
to move Pc 4-PDT into clinical trials for treating
patients.>®

However, free PDT agents alone are not cancer
specific. Since PDT agents distribute in both tumor
and normal cells, once laser treatment is given, all cells
will be subject to cell toxicity effects of PDT agents. To
minimize these nontarget side effects, we have taken
advantage of the EPR effect of nanoparticle drugs and
also employed Fmp as a targeting agent to specifically
increase the biodistribution of PDT agent in cancer
cells. Our study demonstrated that Pc 4-PDT delivered
by targeted IO NPs is effective in the treatment of head
and neck cancer in animal models. We were able to
reduce the administered NP Pc 4 dose compared to
free Pc 4, while achieving a greater efficacy than that of
free Pc 4 due to enhanced tumor tissue accumulation
of the PDT agent at the same concentration.

Our initial animal studies demonstrated that both
targeted (Fmp-lO-Pc 4) and nontargeted (IO-Pc 4) NPs
had greater efficacy than free Pc4, although there
was no significant difference in treatment efficacy
between I0-Pc 4 and Fmp-lO-Pc 4 (Figure 4A). Since
the mice were treated with an equivalent dose of Pc 4
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in different formats, the increased efficacy maybe a
result of the EPR effect, which is one advantageous
characteristic of NP-based drug delivery. This specula-
tion is supported by our biodistribution study which
showed that Pc 4 delivered by both 10-Pc 4 and
Fmp-lO-Pc 4 was retained up to 48 h in tumor tissue
at a 10-fold higher level than that of free Pc 4
(Figure 5B,C vs A). Furthermore, though there was no
significant difference in Pc 4 accumulation in tumor
tissues between |0-Pc 4 and Fmp-IO0-Pc 4 treatment
groups, fluorescence imaging of xenograft tumor tis-
sue sections clearly showed higher Pc 4 accumulation
in tumor cells after administration of the targeted
IO NPs than the nontargeted 10 NPs (Figure 5E).
We, therefore, performed a second animal experiment
in which mice were treated with a lower dose of NP
Pc 4. Using 0.06 mg/kg Pc 4, which is 10-fold lower than
the commonly used dose for free Pc 4,2' we found that
the targeted Fmp-l0-Pc 4 NP was significantly more
potentin PDT than the nontargeted I0-Pc 4 (Figure 4B),
suggesting that in addition to taking advantage of EPR
effect, the targeted |0 NPs could facilitate higher tumor
cell accumulation of Pc 4, thus achieving a better
treatment efficacy than the nontargeted 10 NPs. This
indication was also supported by our in vitro binding
studies (Figure 3).

Targeted therapy offers the ability to circumvent
side effects and improve the efficacy of cancer ther-
apeutic drugs. In head and neck cancer, several mol-
ecules have been reported to be efficient targeting
ligands.***" We selected integrin 31 as a HNSCC target
based on its reportedly high level of expression in this
cancer type3'*? Our own study also showed that
integrin 31 plays a pivotal role in head and neck cancer
metastasis.>> A recent report from Eke et al. demon-
strated that integrin 51/FAK/cortactin signaling is es-
sential for human head and neck cancer resistance to
radiotherapy. Fmp has been shown to efficiently bind
to integrin A1 in several studies.>>** Our in vitro bind-
ing assay results clearly showed that the Fmp-10-Pc 4
NP specifically bound to integrin S1-positive cells,
while no binding to integrin 81 knock-down cells was
observed at 4 °C. These results suggest that Fmp can
serve as a reliable targeting ligand for integrin (1-
positive head and neck cancer, which is consistent with
the findings of other researchers.** While the merit of
using targeted nanotherapeutics in terms of drug
efficacy is still under debate, previous studies by our
group and others have consistently shown benefit
from the targeted delivery of nanotherapeutic
agents.***~* |n our current study, although no dif-
ference in therapeutic effect between targeted and
nontargeted 10-Pc 4 NPs was observed in the animal
study at a dose of 0.4 mg/kg Pc 4, the targeted Fmp-IO-
Pc 4 NPs clearly showed a higher accumulation in
tumor tissues than the nontargeted 10-Pc 4 NPs in
both biodistribution studies in whole body/organs and
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Pc4 fluorescence imaging in tumor tissue sections.
Since singlet oxygen only exists for a very short time
(seconds) and travels a very short distance (nm), only a
PDT sensitizer that binds and internalizes into cancer
cells can have an optimal cytotoxicitic effect in these cells.
In this regard, we expect that targeted delivery of nano-
therapeutic PDT can enhance cancer cell damage and
reduce nonspecific side-effects in noncancerous cells.

Several publications have shown the delivery of PDT
agents by NPs, such as micelle-NPs,*®*° liposome-
NPs,> and silica-NPs;*" however, our 10 NPs are unique
in potentially providing two functions, MRI and PDT, in
one agent. The growing needs in biomedical applica-
tions have driven the development of multifunctional
nanoparticles that simultaneously provide contrast for
different imaging modalities and targeted delivery of
drugs.>? Numerous efforts have been focused on com-
bining imaging and therapeutic agents within the
same particle in the past decade.**>* The combination
of imaging and therapy in the same nanoparticle
improves personalized medicine by reducing the in-
convenience of separate diagnosis and treatment in-
terventions for patients. Poliquen et al. reported 10 NPs
as suitable MRI agents with an improved biodistribu-
tion.>> Numerous studies have focused on developing
improved IONPs for MRI.>**%In the meantime, IONPs
have also been demonstrated to provide a safe, reliable
nanocarrier for chemotherapeutic drugs.?**” 10 NPs
have unique paramagnetic properties, which generate
significant susceptibility effects resulting in strong T,
and T*, contrast, as well as T, effects at very low
concentrations.*®~®" In addition, IO NPs have a long
blood retention time and are generally biodegradable
and are considered to have low toxicity.®® Their bio-
logical safety in humans has been tested, with non-
targeted 10 NPs currently being used in cancer
patients to detect liver tumor lesions or lymph node
metastases.®*** Recent studies have demonstrated
that IO NPs can be internalized by various cell lines,
which allows for magnetic labeling of the targeted
cells.5>% These unique 10 NP features are particularly
valuable for in vivo tumor imaging and drug delivery.
Our in vitro MRI results demonstrated that Fmp-lO not
only can specifically internalize into cancer cells as a
PDT drug carrier, but also has the potential to serve as
an MRI contrast agent.

Finally, although NP have been widely studied in
drug and gene delivery, there has been increasing
concerns regarding the long-term fate of nanoparticles
in biological systems and the associated side effects
these agents might have. Carbon nanotubes have
been shown to induce DNA damage, oxidative stress,
and inflammation.5”%® Other studies suggest that iron
oxide nanoparticles induce ROS formation, which
causes disruption of the actin cytoskeleton and altera-
tion of endothelial cell morphology and mechanics.®®
Thus, further studies focusing on the long-term
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toxicological aspects of each type of nanoparticle
delivery system, including iron oxide nanoparticles,
need to be emphasized.

CONCLUSION

We have generated a nanotherapeutic drug com-
bining the integrin B1-specific peptide Fmp as a
targeting ligand and 10 NP as a carrier to deliver the

EXPERIMENTAL SECTION

Synthesis of Targeted Iron Oxide Nanoparticle-Based Fmp-10-Pc 4. 10
nanoparticles (10 nm) were synthesized by a thermal decom-
position method.”® A polymer encapsulating method was
employed to produce water-soluble 10 nanoparticles with
carboxylic acid group by following previously published
protocols.”' 73 Fmp peptide was conjugated to carboxyl func-
tionalized 10 nanoparticles with diameter of 10 nm (Ocean
Nanotech Cat #SHP10) via 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide  (EDC)/N-hydroxysulfosuccinimide (sulfo-NHS)
chemistry using a conjugation kit (Ocean Nanotech Cat # ICK).
The molar ratio of Fmp to |0 nanoparticles was initially set as
30:1. The Fmp-lO conjugates were washed by ultrafiltration
(MWCO: 100 K) with borate buffer (20 mM, pH 7.4). HPLC
analysis was carried out on an Agilent 1100 Chemstation with
an Agilent Zorbax ODS C18 column (4.6 x 250 mm). A 25 min
gradient of acetonitrile—water-trifluoroacetic acid (10:20:0.001,
viviv) (5 to 65%) in water-trifluoroacetic acid (100:0.1, v:v)
at a flow rate of 1.0 mg/mL was used as elution. Standard
Fmp (1 mg/mL), Fmp in the conjugation mixture before reaction
(0.16 mg/mL) and the supernatant after the conjugation reac-
tion were subjected to HPLC analysis. For drug loading, 1 mg of
Pc 4 dissolved in methanol (1 mg/mL) was added to 1 mg (Fe) of
Fmp-IO (1 mg (Fe)/ml) dropwise under continuous stirring. The
mixture was stirred for another 2 h at room temperature in the
dark. Loading was confirmed by running the mixture through a
spin column (MWCO: 10K) to check the color of the flow-
through. On the basis of the molar extinction coefficient of
Pc 4 (668 nm, 230 000) and 10 nm IO (500 nm, 4 700 000), each
10 NP contained an estimated 142.6 molecules of Pc 4.

Cell Culture. The HNSCC cell lines M4E, 686LN, and TU212
were maintained as a monolayer culture in Dulbecco's modified
Eagle's medium (DMEM)/F12 medium (1:1) supplemented with
10% fetal bovine serum (FBS) as previously described.>>74
The integrin 1 knock-down cell line M4E-15 was generated
using shRNA as described previously.>*

SRB Assay. The sulforhodamine B (SRB) assay was used for
cell growth determination. Cells were seeded in medium with
50 or 100 nM Pc 4, 10-Pc 4 or Fmp-lO-Pc 4 in a 96-well plate for
24 h. Chemically active Pc 4 was confirmed with singlet oxygen
assay using Singlet Oxygen Sensor Green Reagent (Molecular
Probes Inc., Eugene OR). Laser treatment was given at 5 mW/cm?
and 200 mJ/cm?). Cells were fixed with 10% trichloroacetic
acid (Sigma-Aldrich St. Louis, MO) after an additional 24, 48 h of
culture. Cells then were washed 5 times with distilled and
deionized water. After air drying, 50 uL SRB (Sigma-Aldrich St.
Louis, MO) was added to the cells and incubated for 10 min.
Cells were then washed with 1% acetic acid 5 times. After air
drying, 10 mM Tris solution (pH 10) was added to dissolve the
bound dye. Cell growth was assessed by optical density (OD)
determination at 510 nm using a microplate reader.

In Vitro Imaging and Quantification for Binding Study. M4E
and M4E-15 cells were seeded on Lab-Tek Il chamber slide
(NalgeNunc International Naperville, IL) with 3000 cells per well.
After 24 h, 10-Pc 4 or Fmp-10-Pc 4 was added at a dose of 100 nM
Pc 4. Cells were kept at 4 or 37 °C for 2 h. Cells were then fixed
with zinc formalin (Thermo Scientific Kalamazoo, MI) and
washed with phosphate-buffered saline (PBS). Pc 4 binding
was imaged using Olympus IX71 microscopy with the Nuance
Multispectral Image System Nuance 3.1 (Caliper/PerkinElmer
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second-generation PDT drug Pc4 as a cytotoxic agent.
Our data indicate that Fmp-lO-Pc 4 NP has clear
advantages over the free drug Pc 4 and the nontar-
geted Fmp-lIO-Pc 4 NP in both biodistribution and
treatment efficacy. Therefore, it has great potential to
provide both improved MRI contrast and enhanced
PDT efficacy with reduced nonspecific toxicity for the
treatment of head and neck cancer.

Life Sciences and Technology). After a spectral library was
established for the Pc 4 signal and background autofluores-
cence, a spectral unmixing algorithm was applied to composite
images to determine the intensity and location of Pc 4.

Animal Xenograft Model. Animal experiments were approved
by the Animal Care and Use Committee of Emory University.
Twenty four female nude mice (athymic nu/nu, Taconic, NY,
USA) aged 4—6 weeks were injected with 2 x 10° M4E cells
subcutaneously on both sides. Mice were randomized into
4 groups to ensure similar average tumor size. Pc 4, |0-Pc 4,
and Fmp-10-Pc 4 at the equivalent Pc 4 dose of 0.4 mg/kg body
weight were systemically given by LV. injection when tumor
volumes reached 100 mm?. The control group was injected with
saline. Laser illumination was given 48 h after Pc 4 administra-
tion. For PDT, the tumor was illuminated for 25 min with light of
a 150 J/cm? fluence and 100 mW/cm? irradiance using a diode
laser (Applied Optronics Corp., Newport, CT). The light was
delivered with a wavelength of 672 nm at which Pc 4 attains
maximal absorption. The light was adjusted to illuminate the
whole tumor and spare the surrounding skin which was covered
with black tapes to avoid possible damage. Tumor size and
body weight were measured every 2 days. Mice were eutha-
nized at day 15. Major organs including lung, liver, heart, spleen
and kidney were collected for H&E staining.

A second in vivo experiment employed similar procedures
to the first except that the injected dose of Pc 4 was 0.06 mg/kg.
In addition, the laser treatment was performed 4 h after the
drug administration instead of 48 h.

In Vivo Fluorescence Imaging for Whole Mouse and Organ Biodistribu-
tion. Mice bearing xenografted tumor (3 weeks after the cell
injection) were imaged using the CRi Maestro imaging device.
During imaging acquisitions, the animals were anesthetized
with a continuous supply of 2% isofluorane in oxygen. An
orange excitation filter (586 nm —601 nm) and a 680 nm
long-pass emission filter (640 nm —820 nm) were used to
obtain images from 640 to 900 nm in 10 nm wavelength
increments. Using the in vivo spectral libraries of Pc 4, |0-Pc 4,
Fmp-lO-Pc 4 and the background autofluorescence signals, a
spectral unmixing algorithm was applied to composite images
to determine the intensity and location of the drugs. The signal
at each pixel of a region of interest (ROI) was obtained in a
grayscale representation of the unmixed images. The mean
signals of the ROIs were calculated and analyzed. To determine
whether the difference between these means was statistically
significant, an unpaired student's t test was performed. After the
whole-body scan, mice were euthanized, organs including lung,
heart, brain, liver, spleen, kidney, muscle, skin, and tumors were
harvested and were scanned by the multispectral fluorescence
imaging system as described above.

Prussian Blue Staining of Tumor Tissue. Frozen sections of xeno-
graft tumors were prepared 48h after drug injection. Sections
were fixed with acetone and washed with PBS 3 times. Sections
were then incubated at 37 °C for 4 h with 10% (g/mL) of
K4Fe(CN)g in 5%(V/V) HCI (freshly made). Sections were washed
with PBS 3 times and stained with Fast Red for 30 min at room
temperature.

In Vitro MRI Study. MA4E cancer cells (5 x 10° were harvested
from cell culture after incubating with 10 nM of various 10
nanoparticles for 3 h. Cells were washed with phosphate buffer
saline (PBS) and then embedded in 1% agarose in multiwell
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plates. The cells were then scanned using a 3-T clinical MR
scanner (Magnetom Trio, A Tim System, Siemens Medical Solu-
tions USA, Inc., Malvern, PA) and a multiecho T2 weighted fast
spin echo imaging sequence to collect a series of echo time (TE)
dependent data points simultaneously (15 different TE values
ranging from 11 to 165 ms). FMP-I0-induced MRI signal changes
in tumor cells were measured in the selected region of interest
(ROI). T2 values of each sample were calculated from the
captured MRI by fitting the decay curve on a pixel-by-pixel
basis using the nonlinear monoexponential algorithm of M; =
Mg x exp(—TE;/T2).

Statistical Analysis. Student's t test was applied to evaluate the
difference between two experimental groups in both in vitro
binding assays and in vivo biodistribution studies. For the in vivo
efficacy study, the mean longitudinal tumor volumes in the 4
different treatment groups (control, 0.4 mg/kg Pc 4,10-Pc 4, and
Fmp-lo-Pc 4) at different time points within laser treated or
nontreated groups were first graphically presented (Figure 4A).
The linear mixed model was then used to test (1) whether there
is a significant difference in the longitudinal tumor volume
between the laser treated and nontreated groups, (2) whether
there is any significant difference in tumor volume across the 4
groups within the laser treated and nontreated groups, (3)
whether there is any significant growth trend of tumor volume
over time, and (4) pairwise group comparison of longitudinal
tumor volume within laser treated and nontreated groups. For
the second in vivo efficacy study, the mean and standard error
of the longitudinal tumor volumes of 2 different drug groups
(I0-Pc 4 and Fmp-lO-Pc 4) or 2 different treatment groups at
different time points within laser treated or nontreated groups
were calculated and graphically presented. The generalized
estimating equation (GEE) model was employed to test whether
there were any significant differences in tumor volume over
time across different drug groups and different laser treatment
groups. The significance level for data analysis was set at 0.05.
SAS 9.3 (SAS Institute, Inc., Cary, NC) was used for data analyses
and management.
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