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Background: Triple-negative breast cancer (INBC) is a highly diverse group of cancers characterized by
tumors that does not express estrogen and progesterone receptors, as well as human epidermal growth factor
receptor 2 (HER?) gene expression. TNBC is associated with poor prognosis due to high rate of recurrence
and distance metastasis, lack of response to hormonal or HER2-targeted therapies, and partial response to
chemotherapy. Hence, development of new therapeutic strategies to overcome such limitations is of great
importance. Here we describe the application of photosensitizer-conjugated and camptothecin (CPT)-
encapsulated hyaluronic acid (HA) nanoparticles as enzyme-activatable theranostic nanoparticles (EATNP)
for near-infrared (NIR) fluorescence imaging and photodynamic/chemo dual therapy of TNBC.

Methods: For the preparation of EATNPs, chlorin e6 (Ce6), a second generation photosensitizer, was
covalently conjugated to a monomethoxy poly(ethylene glycol)-grafted HA backbone. Ce6-conjugated HA
(Ce6-HA) formed self-assembled nanoparticles (i.e., Ce6-HA NPs) in an aqueous solution. Subsequently,
CPT, a topoisomerase 1 inhibitor with remarkable anticancer efficacy but with low water solubility, was
encapsulated inside the hydrophobic core of Ce6-HA NPs thereby forming EATNPs.

Results: Fluorescence and singlet oxygen generation (SOG) of EATNPs are quenched in its native state.
Treatment of EATNPs with hyaluronidase (HAdase) induces enzyme concentration-dependent activation
of NIR fluorescence and SOG. Moreover, HAdase-mediated degradation of the nanoparticles also triggers
the release of CPT from the EATNPs. In vitro confocal microscopy and cytotoxicity tests confirmed
that EATNPs were efficiently introduced into MDA-MB-231 TNBC cell line, thereby inducing better
cytotoxicity than that by free CPT. Additional light irradiation onto the EATNP-treated cells significantly
increased therapeutic efficacy in TNBC, which indicates that EATNP plays an important role in enzyme-
activated NIR fluorescence imaging and photodynamic/chemo dual therapy of TNBC.

Conclusions: We found that HAdase may switch on NIR fluorescence and SOG of EATNPs. Moreover,
CTP release from the nanoparticles is triggered by the enzyme HAdase. In vitro cell study showed potential
utility of EATNPs for fluorescence imaging and photodynamic/chemo dual therapy of TNBC.
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Introduction

Triple-negative breast cancers (I'NBC) are characterized
by tumors that does not express estrogen and progesterone
receptor, as well as human epidermal growth factor receptor
2 (HER?2) gene expression (1,2). TNBC patients account
for approximately 15% of total breast cancer patients.
It is associated with poor prognosis due to high rate of
recurrence and distance metastasis, lack of response to
hormonal or HER2-targeted therapies, and partial response
to chemotherapy (3). Therefore, development of new
strategies to overcome therapeutic limitations of TNBC is
of great importance. In the recent studies, nanomedicine-
based chemo/gene dual therapy and chemo/photothermal/
gene triple therapy of TNBC showed high potential as a
new therapeutic option for TNBC (4,5).

Photodynamic therapy (PDT) using combinations of
chemical photosensitizers, light, and molecular oxygen
has emerged as an effective therapeutic option for
various cancers (6,7). Photosensitizers are considered to
be potential theranostic agents as they simultaneously
generate fluorescence signals for imaging and singlet
oxygen for therapy upon excitation by a specific wavelength
of light. However, limited tumor selectivity, unfavorable
pharmacokinetics, and prolonged skin photosensitivity
of water-insoluble PDT agents have been the main
obstacles to their clinical applications. In PDT, most of the
anticancer drugs used in chemotherapy show low water
solubility and severe side effects due to their poor tumor
selectivity. Therefore, various drug delivery systems such
as nanoparticles and polymer-drug conjugates have been
tried to enhance the specificity of photosensitizers and
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chemotherapeutic drugs to cancer sites (8-15).

Here, we propose the application of photosensitizer-
conjugated and anticancer drug-loaded polymeric nanoparticles
as an enzyme-activatable theranostic nanoparticle (EATNP)
for selective near-infrared (NIR) fluorescence imaging and
photodynamic/chemo dual therapy of TNBC (Figure 1).
For the preparation of EATNPs, chlorin e6 (Ce6), a second
generation photosensitizer, was covalently conjugated to a
monomethoxy poly(ethylene glycol)-grafted hyaluronic acid
(HA) backbone. Ce6-conjugated HA (Ce6-HA) formed
self-assembled nanoparticles (i.e., Ce6-HA NPs) in an
aqueous solution. Subsequently, camptothecin (CPT),
a topoisomerase 1 inhibitor with remarkable anticancer
efficacy but with low water solubility (16,17), was
encapsulated inside the hydrophobic core of Ce6-HA
NPs thereby forming EATNPs. We hypothesized that the
aggregated photosensitizers inside EATNPs are optically
quenched and therefore its fluorescence and singlet oxygen
generation (SOG) are turned off while circulating in the
blood. However, the preferential accumulation of the
nanoparticles in tumors via enhanced permeability and
retention (EPR) effect, followed by endocytosis into cancer
cells, might cause degradation of the HA backbones by
intracellular hyaluronidase (HAdase), resulting in triggered
release of both Ce6s and CTPs from the nanoparticles.
Subsequent fluorescence emission and SOG of the released
Ce6s as well as chemotherapeutic action by the released
CPTs may enable not only selective fluorescence detection
with high target-to-background ratio but also subsequent
photodynamic/chemo dual therapy of TNBC. HA, a linear
polysaccharide abundant in the extracellular matrix, is

Figure 1 Schematic diagram of enzyme-activatable fluorescence imaging and photodynamic/chemo dual therapy of cancer. CPT,

camptothecin; Ce6, chlorin e6.
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degradable by tumor-associated enzyme HAdase. Studies
have shown positive correlation between the HAdase levels
and tumor progressions (18,19); especially HAdase levels of
breast metastatic tumors were shown to be 4 times higher
than the primary breast cancer tumors (20,21).

Materials and methods
Materials

HA (MW 6.63x10* Da) was purchased from
Lifecore Biomedical (Chaska, MN, USA). 1-Ethyl-3
(3-dimethylaminopropyl) carbodiimide (EDC), sulfo-
N-hydroxysulfosuccinimide (sulfo-NHS), adipic acid
dihydrazide (ADH), (S)-(+)-CPT; and HAdase (1,228 unit/mg)
were purchased from Sigma-Aldrich (MO, USA).
Monomethoxy poly(ethylene golycol)-amine (mPEG-
amine, MW =5,000 Da) was purchased from Sunbio
(Anyang, Korea). Ce6 and dialysis membranes (MWCO:
10,000 and 50,000 Da) were purchased from Frontier
Scientific (UT, USA) and Spectrum Laboratories (CA,
USA), respectively. Singlet Oxygen Sensor Green (SOSG)
was purchased from Invitrogen (NY, USA). Amicon ultra
centrifugal filter tube was obtained from Merk Millipore
Corp (Darmstadt, Germany).

The MDA-MB-231 human breast cancer cell line was
obtained from the American Type Culture Collection
(MD, USA). The cell line was maintained in RPMI 1640
medium (GIBCO®, ThermoFischer Scientific, NY, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS)
and 1% antibiotic-antimycotic solution in a humidified
incubator (37 °C, 5% CO).

Synthesis of Ce6-HA

Ce6-HA was synthesized using a standard EDC/NHS
chemistry (Figure 2). At first, amine-functionalized and
mPEG-grafted hyaluronic acid (ADH-mPEG-HA) was
prepared by conjugating both ADH and mPEG-amine
with the carboxylic acids of HA. Briefly, 200 mg HA was
dissolved in sodium phosphate buffer (pH 7.4, 20 m); EDC
(240 mM, 0.5 mL) and sulfo-NHS (250 mM, 0.5 mL)
were sequentially added to the HA solution and stirred for
30 min. Both ADH (27 mg) and mPEG-amine (150 mg)
dissolved in sodium phosphate buffer (pH 7.4, 1 mL) and
were added to the activated HA solution. The conjugation
reaction was allowed to proceed overnight at room
temperature. The reactant was dialyzed against deionized
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(DI) water for purification and then lyophilized by freeze-
drying. Conjugation of ADH and mPEG in a HA polymer
backbone was analyzed by 'H-NMR analysis (Figure SI).
Next, second generation photosensitizer Ce6 was
conjugated with ADH-mPEG-HA. At first, the carboxylic
acid of Ce6 (34 mg, 1 mL) was activated with EDC (2 mM)
and sulfo-NHS (5 mM) in DMSO. Then, ADH-mPEG-
HA (122 mg) was dissolved in DMF:H,O cosolvent (1:1 v/v,
6 mL) and mixed with the activated Ce6 solution, and then
conjugation reaction was allowed to proceed overnight at
room temperature. Ce6-conjugated mPEG-HA (i.e., Ce6-
HA) was purified by dialysis method against phosphate buffer
(pH 7.4, 10 mM) and DI water for several times, and then the
final product was freeze-dried. The degree of substitution of
ADA and mPEG molecules per unit (2 glucose rings) of HA
was analyzed with "H-NMR. To calculate the concentration
of Ce6, the absorbance of Ce6-HA (dissolved in 0.1 M
NaOH/0.1% SDS) was measured at 400 nm. Ce6 has a
molar extinction coefficient of 1.5x10° M'em™ at 400 nm

(22,23).

Preparation of CPT-loaded Ce6-HA nanoparticles

Ce6-HA forms self-assembled nanoparticles in aqueous
solution during dialysis procedure as it consists of hydrophilic
mPEG-grafted HA backbones and hydrophobic Ce6s.
Therefore, enzyme-activatable theranostic nanoparticles
(EATNP) were prepared by encapsulating anticancer drug
CPT with self-assembled Ce6-HA nanoparticles by using
the dialysis method. Ce6-HA (9 mg), dissolved in DMF:H,O
(1:1 v/v, 6 mL) cosolvent, was mixed with CPT (1 mg,
200 pLL. DMSO) and stirred for 1 h for complete dissolution.
Then, the solution underwent dialysis against DI water to
form self-assembled nanoparticles. Ce6-HA nanoparticles
without CPT (i.e., Ce6-HA) were also prepared by dialysis
method for comparison. Final products were freeze-dried
and preserved at refrigerator for further use.

UV/Vis absorption spectra of Ce6-HA NPs and EATNPs
were analyzed by UV/Vis spectrophotometry (DU730,
Beckman Coulter, Brea, CA, USA). The hydrodynamic size
of CPT/Ce6-HA NPs and Ce6-HA NPs were characterized
using a zeta potential/particle sizer (Malvern Instrument,
Malvern, UK). The CPT/Ce6-HA NPs were dispersed in
phosphate buffered saline (PBS) (6.7 mM, pH 7.4, NaCl
154 mM) and free Ce6 was dissolved in 0.1 M NaOH/ 0.1%
SDS solution to analyze the optical characters. Fluorescence
spectra were recorded on a multifunctional microplate
(Tecan, Safire 2, Switzerland) with excitation at 400 nm.
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Figure 2 Synthesis of enzyme-activatable theranostic nanoparticles (EATNPs) by EDC/NHS chemistry. EDC, carbodiimide; NHS,

N-hydroxysulfosuccinimide; HA, hyaluronic acid; Ce6-HA, Ce6-conjugated HA.
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Analysis of fluorescence and SOG

To observe fluorescence quenching and recovery, free
Ce6 was dissolved in 1% (v/v) Tween20/PBS to prevent
the self-quenching effect resulting from aggregation.
Then EATNPs were dissolved in PBS without Tween20.
Degradation of HA backbones by HAdase released Ce6
with an increased HAdase concentration that resulted in
the recovery of the fluorescence signal. After the addition
of HAdase (0-1,200 unit/mL), the fluorescence response
of EATNP solution (1 pM Ce6 equivalent, 100 pL) was
measured at 120 min (excitation: 400 nm, emission: 430-
800 nm).

To evaluate the inhibitory and recovery characteristics
with respect to SOG, EATNPs were dispersed in PBS
solution (saturated with oxygen gas) and then treated with
various concentrations of HAdase for 2 h (n=4). Next,
singlet-oxygen-detecting-reagent (SOSG) was dissolved in
HAdase-treated EATNP solution. The final concentration
of SOSG reagent in the test solution was maintained at
1 pM. Each solution was irradiated with a 670 nm CW
laser (irradiation dose rate: 68 mW/cm’). Relative SOG of
EATNPs with and without HAdase treatment was analyzed
by measuring the increase in SOSG fluorescence during
120 s light illumination with laser.

Drug release test

EATNPs dispersed in PBS solution was mixed with either
acetate buffer solution (pH 4.5, 100 mM) or HAdase-
contained acetate buffer solution (1,200 U/mL), and then
enzyme reaction was carried out at 37 °C for 24 h. At
each time point, the sample solutions were collected and
transferred to amicon ultra centrifugal filter tube (MWCO
3k), and then centrifuged for 10 min at 14,000 xg. After
addition of Tween20 (1 v/v %), the absorbance (UV/V) of
the solution was measured at 365 nm and compared with
a standard curve of free CPT to calculate the amount of
released CPTs.

In vitro cytotoxicity and phototoxicity test

The cells were seeded onto a 96-well plate at 1x10* cells/well
and incubated for 24 h. Then, free CPT and EATNPs were
diluted in RPMI 1640 culture medium (GIBCO®) containing
10% FBS to obtain different concentrations of 0-20 pM
CPT equivalent (that was corresponding to 0-10 pM Ce6
equivalent for EATNPs). The culture medium was replaced

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

with fresh medium containing free CPT or EATNPs, and
the cells were incubated for 6 h. Thereafter the cells were
washed three times and fresh cell culture medium was added.
The cells in the PDT-treated group were irradiated with
670 nm CW laser (dose rate: 50 mW/cm’, dose: 10 J/cm®).
After incubating the cells for an additional 18 h, viability of
cells was analyzed using a CCK-8 solution. Absorbance was
measured at 450 nm (reference =650 nm) using a microplate
reader (Tecan Safire 2). Untreated control cells served as
100% viable cells and the medium served as the background.
Data are expressed as the mean (SD) of four data samples.

Confocal fluorescence images

For confocal images, MDA-MB-231 cells were seeded at
a density of 1x10° cells/well onto a LabTek 1T Chambered
Coverglass (ThermoFischer Scientific, NY, USA) and
incubated for 24 h for cell attachment. EATNPs were
dispersed and diluted with RPMI 1640 medium (GIBCO®)
containing 10% FBS to obtain 1 pM Ce6 equivalent. The
cell culture medium was replaced with EATNPs-containing
cell culture medium. After incubation for 6 h, the cells were
washed three times and were transferred to a fresh culture
medium. Fluorescence images of the cells (excitation: 405
nm, emission: 650 nm long-pass filter) were captured using
a confocal scanning-laser microscopy (CSLM, ZEISS LSM
510 META).

Results and discussion

Ce6-HA NPs were prepared with Ce6-HA, as mentioned
above. Ce6-HA NPs were round shaped as observed using
scanning electron microscope (SEM) (Figure 3), and its
hydrodynamic size and zeta potential were 170.9£34.67 nm
and -27.9+5.55 mV, respectively, confirming the formation
of self-assembled nanoparticles. Negative zeta potential
value of the nanoparticles indicated that the hydrophilic HA
backbones are localized at the outer layer of Ce6-HA NPs.
Significant broadening of the Soret band region of HA-
Ce6 NP UV/V is spectrum (Beckman Coulter, CA, USA) is
the hallmark of Ce6 aggregation, and explains fluorescence
quenching of HA-Ce6 NPs compared with the free Ce6 at
the same equivalent concentration.

Next, CPT-loaded HA-Ce6 NPs (i.e., EATNPs) were
prepared by encapsulating hydrophobic CPT drugs with
the self-assembled Ce6-HA NPs using dialysis method.
Ce6-HA (9 mg) was dissolved in dimethylformamide:H,O
cosolvent (1:1 v/v, 6 mL) and mixed with CPT (1 mg,
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Figure 3 Characterization of Ce6-conjugated HA nanoparticles (Ce6-HA NPs). (A) Hydrodynamic size and (B) scanning electron
microscopic (SEM) image of Ce6-HA NPs before encapsulation of CPT; (C) comparison of UV/Vis spectrum and (D) fluorescence intensity
with free Ce6 and Ce6-HA NPs at 2 pM Ce6 equivalent. Ce6, chlorin e6.

200 pL dimethyl sulfoxide) and stirred for 1 h. Then the
solution underwent dialysis against distilled water to form
CPT-loaded nanoparticles. The hydrodynamic size and
zeta potential of the prepared EATNPs in aqueous solution
were 88.78£6.49 nm and -25.424.48 mV, respectively.
Hydrodynamic size of EATNPs was about two times smaller
than Ce6-HA NPs, while its zeta potential value was slightly
higher than that of Ce6-HA NPs. Hydrophobic interactions
between Ce6s and CPT5 inside the nanoparticles tighten the
core of the self-assembled nanoparticles, thereby reducing
its hydrodynamic size (Figure 44). Fluorescence of CPT as
well as Ce6 was significantly quenched inside EATNPs as
shown in Figure 4B (inset image).

As mentioned above, HAdase are overexpressed in
various tumors and its levels are much higher in breast
metastatic tumors than the primary breast tumors (20,21),
indicating that HAdase might be used as a molecular switch
for selective imaging and therapy of metastatic TNBCs.
Therefore, we confirmed whether treatment of EATNPs
with HAdase stimulates recovery of NIR fluorescence and
SOG in addition to releasing CTP from the nanoparticles.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

NIR fluorescence intensity of EATNPs increased with
increasing concentration of HAdase, indicating degradation
of the nanoparticle by HAdase and subsequent recovery
of Ce6 fluorescence, as shown in Figure 5A,B. The
fluorescence intensity of EATNPs was three-fold higher
than that of buffer-treated nanoparticles when treated with
1,200 unit/mL HAdase. Then, SOG from EAPNPs was
measured in the absence and presence of HAdase, using
SOSG as a singlet-oxygen-detecting reagent (Figure 5C,D).
As in the fluorescence experiment, treatment with HAdase
triggered enzyme concentration-dependent recovery of
SOG. About 4.1-fold increase in SOG was obtained by
treatment with 1,200 unit/mL HAdase.

We tested the effect of HAdase on CPT release from the
EATNPs (Figure 6A). In the absence of HAdase, only 17%
and 29% of CPT were released from the nanoparticles at
6 h and 24 h, respectively. In contrast, treatment with
HAdase (i.e., 1,200 unit/mL) induced 51% release of
CPT within 6 h, which is about three times higher than
that of non-enzyme treated control. After 24 h of HAdase
treatment 58% CTP was released from EATNPs. This
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Figure 4 Characterization of EATNP. (A) Hydrodynamic size distribution and scanning electron microscopic (SEM) image of enzyme-
activatable theranostic nanoparticle (EATNP); (B) comparison of UV/Vis absorption spectra of free Ce6 (red), EATNP (black), and free
CPT (blue) at 2 pM Ce6 and 5 pM CPT equivalent concentrations. Inset image: Fluorescence images of free Ce6, EATNPs, and free CPT
in aqueous solutions under 380 nm UV light. Ce6, chlorin e6; CPT, camptothecin.
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Figure 5 HAdase-mediated recovery of fluorescence and SOG of EATNP. (A) Fluorescence intensity of enzyme-activatable theranostic
nanoparticles (EATNPs) (1 pM Ce6 equivalent) measured after 2 h of HAdase treatment at various concentrations; (B) fluorescence
spectra of EATNPs (1 pM Ce6 equivalent) treated with buffer solution or HAdase (1,200 unit/mL) for 2 h; (C) relative SOG vs. HAdase
concentration. EATNPs were treated with HAdase at various concentrations and then SOG of the EATNPs was measured after laser
irradiation (670 nm laser); (D) time-dependent SOG of HAdase-treated EATNPs during irradiation (670 nm CW laser, 68 mW/cm?, n=4).
Ce6, chlorin e6; SOG, singlet oxygen generation.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. www.amepc.org/qims  Quant Imaging Med Surg 2015;5(5):656-664



Quantitative Imaging in Medicine and Surgery, Vol 5, No 5 October 2015 663

A 80;

—— 0 unit/mL
—@— 1200 unit.mL

60 A

40 4

CPT release (%)

20 1

0

12 16 20 24
Time (h)

0 4 8

B 120
100
80 3

60 4

Cell viability (%)

40 1
+ Free CPT
20 { -0~ EATNP

—@— EATNP-+Light
0 - "

0.01 0.1 1 10
Concentration (um)

Figure 6 HAdase-activatable drug release and PDT effect. (A) HAdase-dependent release profile of CPT from enzyme-activatable
theranostic nanoparticles (EATNPs) (2 pM CPT equivalent, n=4); (B) viability of MDA-MB-231 cells after treatment with free CPT and
EATNP at various concentrations of CPT equivalent (n=4). CPT, camptothecin.

Bright-field Fluorescence

Merged

Non-treated

Figure 7 Confocal laser fluorescence images (Ex. 405 nm, Em. 650
nm long-pass filter) of the cells treated with cell culture media and
enzyme-activatable theranostic nanoparticles (EATNP) (1 pM Ce6
equivalent) for 6 h. Red colour indicates fluorescence signals from
Ce6 inside the cells. Ce6, chlorin e6.

data matched well with fluorescence recovery of HAdase-
treated EATNPs indicating HAdase-mediated nanoparticle
degradation and subsequent release of both Ce6s and CTPs.

We then evaluated the therapeutic efficacy of EATNPs
in TNBC cell line, MDA-MB-231 cells (Figure 6B). The
cells were treated with free CPT and EATNPs at various
concentration of CPT equivalent for 6 h and washed three
times with fresh cell culture media. MDA-MB-231 cells
in the EATNP plus light group additionally received light
irradiation with a 670 nm CW laser (dose rate: 68 mW/
cm?, dose: 10 J/cm®). After incubating the cells for an
additional 18 h, viability of the cells was analyzed. As a
result, about 28% of the cells were dead after treating the
cells with EATNPs at 1 pM CPT equivalent, while 12%

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

of cell death was recorded with free CPT treatment at the
same concentration. Upon additional light illumination
for PDT, 67% of the cells were killed. Also, cell viability
of the EATNP plus light group (20 pM CPT equivalent)
was reduced to 2%, while cell viability of EATNP- and free
CPT-treated groups were 50% and 68%, respectively.

Strong fluorescence signals of the EATNP-treated cells
were observed in the images obtained using a confocal laser
scanning microscope, which may indicate efficient cellular
uptake of EAT'NPs by the cells and fluorescence recovery
inside the cells (Figure 7).

Conclusions

In summary, we found that HAdase may switch on NIR
fluorescence and SOG of EATNPs. Moreover, CTP release
from the nanoparticles is triggered by the enzyme HAdase.
In vitro cell study showed potential utility of EATNPs
for fluorescence imaging and photodynamic/chemo dual

therapy of TNBC.
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Figure S1 "H-NMR spectra of ADH-mPEG-HA conjugates in D,O/DMSO-d6 cosolvent (1:1 v/v). The protons of the acetamido methyl
group of the HA backbone, -OCH2CH2- group of mPEG, and -CH2CH2- of ADH were observed at 2.03 ppm (a), 3.72 ppm (b), and 1.69
and 2.37 ppm (c), respectively. The "H-NMR spectrum of ADH-mPEG-HA conjugates confirmed the successful conjugation of mPEG and
ADH onto the HA backbones. ADH-mPEG-HA , amine-functionalized and mPEG-grafted hyaluronic acid.



