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Synthesis and characterization of bioreducible heparin-polyethyleneimine nanogels:

application as imaging-guided photosensitizer delivery vehicle in photodynamic therapy
T. A. Debele', S. L. Mekuria', S.-Y. Lin’, H. C. Tsai'*
Abstract

Herein, we synthesized and characterized novel bioreducible heparin polyethyleneimine (HPC)
nanogels consisted of heparin, branched polyethyleneimine (PEI) and L-cysteine. "H-NMR and
FTIR analysis confirmed the formation of HPC nanogels while TEM and dynamic light
scattering revealed uniform spherical nanoparticles with average diameter of <200 nm. Zinc
phthalocyanine (ZnPC) was encapsulated via the dialysis method and the drug is released in vitro
from disulfide-containing HPC nanogels in a redox-sensitive manner at low pH. Additionally,
HPC nanogels possess bright blue fluorescence which eliminates the use of additional probing
agent in image-guided drug delivery. Moreover, singlet oxygen detection revealed that nanogels
prevented ZnPc aggregation thus enhancing 'O, generation and photodynamic therapy (PDT)
efficacy. These results showed that disulfide crosslinked HPC nanogels are promising vehicles

for stimulated photosensitizer delivery in advanced PDT.
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Introduction

Photodynamic therapy (PDT) is a non-invasive combinatorial therapeutic modality for cancer
that combines light, photosensitizer (PS), and oxygen. ' When PSs in cells are exposed to
specific wavelengths of light, they are transformed from the singlet ground state (Sy) to the
excited singlet state, followed by intersystem crossing to the excited triplet state (T;). The energy
from T, is transferred to biological substrates and molecular oxygen generates reactive oxygen
species ('0,, H,0,, O,", "OH) that cause cellular damage and tumor cell death through necrosis
or apoptosis. > The majority of PSs currently on the market or under clinical trial is poorly water
soluble, or hydrophobic, and thus have low bioavailability after intravenous administration. *°
Zinc phthalocyanine (ZnPc), a hydrophobic PS, is widely used for cancer PDT due to its high
triplet yield, prolonged half-life, and preeminent singlet oxygen quantum yield. ’ Therefore, a
technology platform that can effectively increase PS solubility and confer targeting potential is
highly sought after. ® ° In recent years, numerous natural and synthetic macromolecular
nanocarriers such as polymeric nanoparticles, liposomes, and micelles have been investigated
and found to resolve challenges of intravenous administration and selective delivery to tumor
sites. '°'? Such targeted transportation of PSs into particular cells offers a novel alternative to

conventional therapy in cancer management.

Hydrogels have received a great deal of attention due to their well-known three-dimensional
physical structure, chemical tunability, high water content, and biocompatibility. > Natural
biopolymers, for example, can be crosslinked to form biopolymer-based hydrogels through the
high degree of available functional groups on most natural biopolymers. '* Nanogels are
dispersions of hydrogel nanoparticles formed from physically or chemically crosslinked
polymeric networks that have been hailed as next generation drug delivery system due to their
relatively high drug encapsulation capacity, diversity of drugs that can be encapsulated,
uniformity, tunable size, ease of preparation, low toxicity, and responsiveness to external stimuli.
13- 15 Naturally-derived nanogels can be prepared from protein polymers, such as collagen,
albumin, and fibrin, and polysaccharide polymers such as chitosan, hyaluronic acid, heparin,

chondroitin sulfate, agarose, and alginate. '® !

Heparin is a highly sulfated, biocompatible, biodegradable, water-soluble, and naturally-

derived anionic polysaccharide composed of major repeating units of 2-O-sulfo-L-iduronic acid,
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2-deoxy-2-sulfamino-6-O-sulfo-a-D-glucose, B-D-glucuronic acid, 2-acetamido-2-deoxy-a-D-
glucose, and a-L-iduronic acid joined through 1—4 glycosidic linkages. '® Functions of heparin
include anticoagulation and inhibition of both angiogenesis and tumor growth. '*** Furthermore,
present in heparin are numerous functional groups such as amino, hydroxyl, and carboxylic
groups that provide opportunities of derivatization via chemical methods. ** The most commonly
used strategy is the derivation of the carboxyl and hydroxyl group which involves amidation and
esterification respectively. *** Several heparin-based micelles and gel nanoparticles have been
chemically modified with cationic polymers such as branched polyethyleneimine and basic
amino acids for use in field areas such drug carriers, gene delivery vehicles, and coating

materials. 2> %’

Polyethyleneimine (PEI) is a highly charged polyelectrolyte with protonated nitrogen on every
third atom along the backbone. *° Therefore, branched PEI has primary, secondary, and tertiary
amine groups that can be protonated at different pH environments. *"*** Due to the protonable
nitrogens in the polymer, PEI exhibits the “proton sponge” effect and absorbs protons in low pH
environments such as the endosome which in turn chronologically increases proton influx,
causes electrolyte imbalance, induces massive influx of chloride ions and water, and disrupts
endosomes to release genes or drugs into the cytoplasm. **>> Furthermore, because PEI contains
amine-rich nano-clusters and undergo electro-hole recombination, the polymer is fluorescent and
can be used as imaging probe. *° Currently, PEI (e.g. 25kDa, 1.8kDa) is utilized for various

applications in drug delivery, gene delivery, and imaging. >’

A stimuli-responsive nanogel drug delivery system (SRDDS) can realize zero premature
release, respond to either external stimuli or local microenvironment differences, and release
encapsulated drugs into the designated location. ** External physical and chemical signals such
as temperature, pH, and ions can alter carrier properties such as volume, molecular interactions,
solubility, conformation, and crystallinity, all of which in turn affect the drug release mechanism.
' In the case of pH-sensitive polymers, their swelling is controlled by various factors such as
charge and pKa of the ionizable monomers, hydrophilicity, crosslinking density, ionic strength,
and composition of the surrounding solution. *' In biological systems, redox potential is another
form of stimuli that results from the difference in the concentration of reduced glutathione in the

intracellular matrix (2-10 mM) and extracellular matrix (2-20uM). Furthermore, results have
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shown that the concentration of reduced glutathione is 4-fold higher in the cytosol of cancer cells
in comparison to that of normal cells. ** ** Consequently, a variety of disulfide crosslinked
nanocarriers and nanogels have been developed based on the introduction of cleavable disulfide
linkages to the backbone, side chain, or crosslinker region of bioreducible systems. ***
Reductive-sensitive nanogels are stable in the extracellular environment and oxidized state but
respond rapidly to intracellular glutathione (GSH) levels to release drugs into the cytosol and cell

nucleus where most drugs take their therapeutic effect. *’

In this study, we synthesized novel disulfide-crosslinked nanogels, prepared from heparin,
branched PEI, and L-cysteine, to encapsulate photosensitizer ZnPc. Biocompatibility,
encapsulation efficiency, imaging potential, pH- and redox-sensitive drug release property of the
nanogels were studied. Their potential for PDT was evaluated using singlet oxygen sensor green

(SOSG) to detect singlet oxygen generation after appropriate laser irradiation.
Experimental

Materials

Heparin sodium salt from porcine intestinal mucosa, zinc phthalocyanine (ZnPc), 2-(N-
morpholino) ethanesulfonic acid hydrate (MES), DL-dithiothreitol (DTT), branched
polyethyleneimine (25kDa), and L-cysteine (L-Cys) were purchased from Sigma Aldrich. 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) were obtained from Acros Organics. Phosphate buffer saline (PBS) powder was
purchased from Wako. Dulbecco’s modified eagle medium (DMEM), penicillin, sodium
pyruvate, trypsin, sterilized PBS, fetal bovine serum (FBS) and L-glutamine were purchased
from Gibco. Dialysis bag (MWCO: 1, 6-8 and 12-14 kDa) was purchased from CelluSept T1. All
other chemicals and reagents were of analytical grades and were purchased from commercial

sources. Double distilled water was used in all processes.

Preparation of HPC nanogels

Disulfide-crosslinked heparin polyethyleneimine (HPC) was prepared through amide bond
formation that involved the amine groups of branched PEI, the amino group of L-Cys, and the

carboxyl groups of heparin as depicted in Scheme 1. Briefly, 10 mg of heparin was dissolved in
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MES buffer solution (5 mL, 0.01 M) and excess EDC and NHS (10 mg of EDC and 10 mg of
NHS) were added to activate the carboxylic acid groups on heparin. After a 12 hr reaction at
room temperature, different weight ratios of PEI and L-Cys, as shown in Table 1, were added
under constant stirring. The reaction was carried out for 24 hr under room temperature. The HPC
solution was then dialyzed (MWCO= 12-14 kDa) using distilled water for three days with water
exchanged at 8 hr intervals. Lastly, HPC solution was passed through a syringe filter (pore size =
0.45um) and lyophilized to obtain the final sponge-like HPC nanogel product which was stored

for further use.

Characterization of HPC nanogels
Particle size and zeta-potential

Particle size and zeta potential of HPC nanogels were determined using a Nano ZS system
(Zetasizer 3000HS, Malvern Instruments, UK). Briefly the samples were dispersed in deionized
water, filtered (pore size 0.45um), and sonicated for 10 min. A HeNe laser with 633 nm
wavelength was used as the light source. Scattered light was detected at 90° at 37°c. For each

experiment, three sequences of 10 measurements each were performed.

Fourier transformed infrared spectroscopy (FTIR) analysis

Using a micropipette, 2-3 drops of a Img/ml of HPC nanogel solution (distilled water as the
solvent) was transferred onto the center of a salts plate (CaF,) and dried in a vacuum oven to
obtain a homogeneous film. Samples were analyzed by a Perkin Elmer Spectrum FT-IR

Spectrophotometer (Perkin Elmer, Waltham, MA, USA).

Nuclear magnetic resonance (‘H-NMR) analysis

2 mg of HPC was dissolved in D,O for sample preparation. The '"H NMR spectra for all
starting materials and end product were recorded using a Varian Unity-600 (600 MHz) NMR
spectrometer (Varian, Inc., Palo Alto, CA, USA). The trimethylsilane signal at 6=0.0ppm was

used as a reference line.

Transmission electron microscopy (TEM)

1 mg of HPC was dissolved in distilled water and equilibrated at 37°C. A drop of the solution
was placed on a carbon—copper grid (300-mesh, Ted Pella, Inc., USA) and air-dried for 24 hr.
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The sample was then subjected to TEM observation using a FEI-TEM Philips TECNAI F20
system (Philips, Amsterdam, the Netherlands). **

Scanning electron microscopy (SEM)

The morphology of HPC nanogels was observed using field emission scanning electron
microscopy (FESEM) (JSM-6500F, JEOL). Briefly 2 mg of HPC was dissolved in distilled water
and a drop of the solution was placed on the SEM sample holder and air-dried for 2 days. The

sample was then coated with platinum for 10 min prior to SEM observation.

Fluorescence spectrophotometer

The fluorescence intensity of HPC nanogels was assessed at 25 °C using a JASCO FP-8300
spectrophotometer (Jasco, Hachioji, Japan), equipped with Xenon lamp power supply and 1 cm-
path quartz cell, at a slit width of 10 nm, scan rate of 240 nm/min, and PMT voltage 400 V. The
excitation wavelength was fixed at 380 nm and the emission fluorescence was recorded in the

400-600 nm region.

In vitro cytotoxity
Cytotoxicity of HPC nanogels and PEI

The cytotoxicity of HPC nanogels and PEI was investigated. HeLa cells were grown in
DMEM supplemented with 10% FBS, 1% penicillin, 1% glutamine, and 1% sodium pyruvate at
37°C and 5% CO,. Cells were seeded into 96-well plate at a density of 1 x 10° cells/well in
complete DMEM medium and maintained in a humidified incubator at 37°C in 5% CO, for 24
hr. Serial dilutions of HPC nanogels (0.1, 0.5, 1 and 2mg/mL) and PEI (0.1, 0.5, 1 and 2mg/mL)
were added to the culturing medium in each well and incubated at 37°C for 24 h. Cell viability of
untreated cells was used as the control. The medium was removed and MTT solution was added
and incubated at 37°C for 4 hr. The resulting formazan crystals were solubilized using DMSO
(100 puL) and absorbance was read using an enzyme-linked immunosorbent assay (ELISA)

reader (Power Wave XS, BioTek, Winooski, VT) at 570 nm.

Results are expressed as the viable percentage of cells after treatments relative to untreated
cells. Cell viability was calculated by following formula. *°

Cell viability % = Absorbance of test cell X100

Absorbance of controlled cell
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Drug loading
Preparation of ZnPc-loaded nanogels

ZnPc-loaded HPC nanogels were prepared according to the direct dissolution method. *
Briefly, 10 mg of HPC nanogel was dissolved in 5 mL of distilled water under constant stirring.
Excess DTT (equivalent to cysteine used to prepare the nanogel) was mixed with the above
solution in order to reduce disulfide bonds and maintain the sulthydryl group of cysteine in
reduced form (-SH). Then, 0.1 mg of ZnPc was dissolved in 5 mL of DMSO and mixed with the
HPC nanogel solution. Disulfide bonds in HPC were formed by air oxidation and H,O, for 12h.
After drug loading, DMSO was removed through dialysis but unloaded ZnPc still remain in the
dialysis bag. The mixture was then centrifuged at 5000 rpm for 30 minutes to remove unloaded
ZnPc and the supernatant which contains ZnPc loaded HPC nanogels was lyophilized. The
amount of ZnPc loaded was determined by a colorimetric method. Briefly, 1 mg of the
lyophilized ZnPc-loaded HPC nanogel was dissolved in 4 mL of DMSO in the presence of DTT
and sonicated for 15 minutes to extract ZnPc until a clear solution remained in the bath sonicator.
Absorbance of the solution extract was measured using a UV-Vis spectrophotometer. A standard
curve was constructed from ZnPc prepared at various concentrations in DMSO (0.1, 0.05, 0.01,

0.005, 0.001, 0.0005 and 0.0001mM).

The drug entrapment efficiency (EE) was calculated by using the following equations:-

EE= Amount of ZnPc in nanoparticles x100

Initial amount of ZnPc-used for loading

Detection of singlet oxygen generation

Singlet oxygen ('0,) generated from photosensitizer ZnPc was measured by singlet oxygen
sensor green (SOSG). > The SOSG solution was prepared by dissolving 100 pg of SOSG in 33
puL of methanol in dim condition immediately prior to use. To each solution containing ZnPc (1
uM, 5mL D,0) or ZnPc-loaded HPC nanogel (1 uM, SmL D,0O), 1uL of SOSG (1 uM) was
added. Measurements were made for 120 minutes with 10-minute intervals between each
measurement. Laser irradiation at 808 nm was used to photosensitize ZnPc and generate '0,.
Fluorescence emission spectrum between 450 and 750 nm was recorded for SOSG before and

after reaction with 'O,. The increase in fluorescence intensity of SOSG (excitation/emission of

7
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482/535-540 nm) as a result of singlet oxygen generation was monitored using a spectrofluoro

photometer. °!

Drug release study
ZnPc release from HPC nanogels

The in vitro release of ZnPc from nanogels was assessed in 0.0lmM MES buffers at pH of 5.5
and 7.4 using the dialysis method. '® Briefly, 3 mL of the ZnPc solution (1mg/5mL DMSO) was
mixed with the HPC solution (2mg/mL) and dialyzed against distilled water for 24 hr to remove
DMSO. Drug release was measured by dialyzing 2mL of the ZnPc-HPC solution in 6-8 kDa
MWCO membrane against 10 mL of the corresponding release medium containing 2% v/v of
Triton x-100 at 25°C to ensure sink conditions and under constant stirring to prevent ZnPc
aggregation. At each predetermined time point, absorbance of the releasing medium was
measured and the medium was completely exchanged with equal amount of fresh releasing
medium. Four release media including 0.01 M MES (pH 5.5 and 7.4) and 0.01 M MES
containing 2mg/mL GSH (pH 5.5 and 7.4) were used to study pH and GSH dependent drug
release. The ZnPc concentration was determined using a pre-established calibration curve.
Results are expressed as cumulative release % over time + standard deviation of three

experiments. *

Cellular uptake study of ZnPc-loaded HPC nanogels by confocal microscopy

HeLa cells were grown in DMEM supplemented with 10% FBS, 1% penicillin, 1% glutamine,
and 1% sodium pyruvate at 37°C and 5% CO,. Cells were seeded in 35 mm glass bottom culture
dish at a density of 2.5 x10° cells per well and incubated at 37°C with 5% CO, for 24 hr.
Thereafter, cells were co-incubated with ZnPc-loaded HPC nanogel (0.01mM), ZnPc (0.01mM),
and HPC nanogel (0.5mg/ml) for 24 h at 37°C. The cells were washed three times with PBS prior
to visualization using a Leica TCS-SP2 confocal laser scanning microscope (CLSM) (Leica,
Wetzlar, Germany) at the excitation wavelength of 420 nm and 600 nm and emission wavelength
of 450-600 nm and 620—800 nm for HPC nanogel and ZnPc respectively. Results were acquired
and analyzed using Leica LASAF Lite software. *
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Photodynamic cytotoxicity of ZnPc-HPC nanogels and ZnPc

The MTT method was used to study the photodynamic cytotoxic effect. > HeLa cells were
seeded into a 96-well plate at a density of 1 x 10’ cells/well in complete DMEM medium and
grown for 24 hr at 37°C. Then, ZnPc-loaded HPC (0.01, 0.02, 0.05, 0.lmg/mL, based on
concentration of ZnPc) and ZnPc (0.01, 0.02, 0.05, 0.1mg/mL) were added to each well. After 24
hr incubation, the medium in each well was removed and cells were washed three times with
PBS. Fresh complete DMEM medium (100 pl) was added into each well and after 4 hr
incubation, the cells were exposed to 532 nm laser light for an hour followed by further
incubation for 24 hr. MTT assay was conducted by replacing the medium in each well with a
new medium containing MTT (20 pL, 5 mg/mL). The medium was removed after 4 hr and
100uL DMSO was added to each well to solubilize the formazan crystals. The plate was gently
shaken for 15 minutes and its absorbance read at 565 nm using a TECAN Safire microplate
reader (Tecan, Maennedorf, Switzerland). ZnPc-HPC and ZnPC without light irradiation were
used as control groups. Results are expressed as the viable percentage of cells after various
treatments relative to the control cells without any treatment. Cell viability was calculated by
following formula. *

Cell viability % = Absorbance of test cell X100

Absorbance of controlled cell

Results and discussion
Preparation and characterization of HPC nanogels

Heparin is one of the most abundant sulfated glycosaminoglycan (GAGs) that possess anti-
cancer activities and is often used as a nanocarrier in micelle or nanogel form to transport
different photosensitizers for PDT. °"** Modification of the carboxyl groups of heparin has been
studied by several groups and typically involved amidation using amino containing compounds
such as aminated deoxycholic acid, fluorescent amines, aminated retinoic acid, aminated folic
acid, and amino acids in the presence of EDC/NHS coupling agents. ***® The goal of this study
was to prepare a bioreducible heparin derivative from heparin, PEI, and L-Cys by amide bond
formation between functional groups. First, the carboxyl groups on heparin were activated using
excess EDC/NHS and then reacted with the amino group of L-Cys and amine groups of branched

PEI as shown in Scheme 1. The L-Cys carboxyl group and PEI amino groups can also react to

9
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form stable bonds. Most crucially, L-Cys has the tendency to form disulfide linkages through its

side chain SH group to confer reduction-sensitivity.

The chemical compositions of HPC conjugates were confirmed by FTIR (Figure 1) and 'H
NMR spectroscopy (Figure 2). The chemical compositions of HPC conjugates were confirmed
by FTIR (Figure 1) and 'H NMR spectroscopy (Figure 2). Based on the results shown in Figure
1, heparin exhibited the -OH stretching at 3454 cm™ and the C=O stretching at 1615 cm™. The
spectrum of HPC possessed additional absorption bands compared to heparin, which is located at
1561cm™ (N-H bending) which confirms amide bond formation between carboxyl group of
heparin and amine group of PEI and L-Cys. Moreover HPC nanogels possess peaks at 2852-
2956 cm-1 which can be attributed to C-H stretch of PEI and peak at 3350 cm™, which is from
the broad —OH stretch of heparin. Furthermore, unlike IR spectrum of L-Cys which has peak at
2550 cm™', HPC nanogels does not shows any peaks at 2550 cm™ which confirms that SH group
of L-Cys in HPC nanogels forms disulfide linkage.

In addition, the "H-NMR spectrum of HPC nanogels also confirms conjugation of PEI and L-
Cys on the heparin. '"H-NMR of the major repeating monosaccharide of heparin, glucose amine,
glucouronic acid and Iduronic acid where find from 3.26-5.6 ppm and the spectrum region at 1.8-
2.2ppm indicates the proton signal of acetyl groups of heparin. >* Similarly, '"H-NMR of PEI
where found at 2.4-3.05 ppm in HPC nanogels which also indicates successful conjugation
between heparin and PEI. Furthermore, proton signal of L-Cys is also found around 3.05-3.2 and
4.02-4.03ppm which partially overlaps with proton signal of PEI and heparin respectively. The
majority of proton signal intensity from heparin (3.26-5.6 ppm) was shielded to (3.3-4.3 ppm) in
the nanogel and this is may be due to the heparin was covered with highly branched PEI. The
decrease of proton signal of core materials also reported in previous study. >

The particle size, zeta potential, and polydispersity index (PDI) of the nanogels prepared at
different feeding ratios (w/w) are presented in Table 1. The weight ratio of PEI and L-Cys was
varied at a fixed heparin weight. Zeta potential measurement provides important information on
nanogel formation due to the difference in charge between cationic PEI and anionic heparin. All
nanogels synthesized were positively charged which indicates the neutralization of heparin with
PEIL As expected, increasing the PEI ratio resulted in greater zeta potential due to the presence of
multiple amino groups on branched PEI. The magnitude of zeta potential, or surface charge, on

the other hand, gives valuable prediction of the electrostatic repulsion between charged particles

10
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which is crucial to maintaining colloid stability. For HPC nanogels, there was an inverse
relationship between zeta potential and size. Nanogels with smaller particle size were more
densely charged because greater charge likely prevented particle aggregation and growth in
overall particle size. HPC nanogels were well dispersed with mean average particle size of 165.7
+ 5.8, 134.6 £ 49.9 and 117.4 + 20.6 nm and zeta potential of 35.47 + 1.04, 43.4 + 1.32 and 48.5
+ 0.4mV for HPC, 75, HPC, and HPC; respectively. Moreover, TEM microscopy (Figure 4a)
revealed monodispersed HPC nanogels with mean particle size of 100-120 nm. The slight
discrepancy between the size obtained from TEM and dynamic light scattering is due to the
former being a representation of dry particle size while the latter provides estimation of the
hydrodynamic diameter in water. Since HPC nanogels likely absorb large amounts of water, dry
HPC nanoparticles 100-120 nm in size can swell to nanogels with a mean average size of 165.7 +

5.8nm.

Although PEI is widely used alone or in combination with other polymers, the toxicity of PEI
persists as a problem due to its cationic nature. In order to investigate cytotoxicity, cell viability
was determined after cells were treated with different concentrations of the nanogel and PEI, as
summarized in Figure 3. Results show that >75% viability was maintained at low concentrations
of HPC nanogel (0.1 and 0.5 mg/mL) while further increase in concentration resulted in
significant increase in cytotoxicity. However, at all concentrations, branched 25 kDa PEI
exhibited significant toxicity toward cells and resulted in <10% viability. The direct relationship
between PEI content and cell toxicity confirms that cationic amino groups of PEI are the main
cause of cell toxicity. According to these results, low concentration HPC nanogel (<0.5 mg/mL)
with low PEI weight ratio can be used as a carrier for photosensitizers. By taking this into
consideration, HPCy 75 was selected for drug delivery and other experiments in the latter part of

this work.

The morphology of HPC nanogels was visualized by TEM and SEM and revealed to be
spherical and uniformly distributed as shown in Figure 4a and Figure 4b respectively.
Furthermore, elemental analysis of HPC nanogels was conducted using energy dispersive X-ray
spectroscopy (EDS) and the presence of carbon, nitrogen, oxygen, and sulfur supports the

inclusion of all three major components.

11
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Fluorescence properties of HPC nanogels

Fluorescence spectroscopy revealed that when HPC nanogel solutions were excited at a
wavelength of 380 nm, fluorescence intensity was increased in comparison to the weakly
fluorescent PEI at the emission wavelength of 400-600 nm (Figure 5). The fluorescence
emission intensity increment of PEI in the presence of heparin may be due to the covalent
conjugation followed cross linking and electrostatic interactions between the amino (protonated

57, 38 Furthermore, as the

amino) group in PEI and sulfate and carboxylate groups in heparin.
weight ratio of PEI increases, relatively fluorescence emission intensity of the HPC nanogels
also increased (HPC; > HPC, > HPCy75), which is may be due to aggregation induced emission
enhancement. >° Similarly various researchers reported that, the linear relationships between
dendrimers concentration and fluorescence emission intensity (i.e. fluorescence intensity
increase as the concentration of dendrimers increase) which almost has similar structure with
branched PEL °*°' Hence, cellular uptake and distribution of HPC nanogels can be visualized

directly without probing agents and red-shift of fluorescence which are appropriate for in vitro

and in vivo imaging.

ZnPc loading in HPC nanogels

Loading of ZnPc into HPC nanogel is depicted in Scheme 2. Before drug loading, the DTT
was used to reduce the disulfide linkage to facilitate more entrapment of ZnPc in the HPC
nanogels. Then the H,O, was added to re-introduce disulfide linkage (S-S)) which further
increases the hydrophobic nature of HPC nanogels matrix. Since the ZnPc is a hydrophobic
photosensitizer, it was loaded in hydrophobic region of HPC nanogels matrix in physical
encapsulation. A ZnPc solution at the concentration of 0.1 mg/mL was used in order to ensure
the monomeric state of ZnPc in ZnPc-loaded HPC nanogels. ZnPc in DMSO has a characteristic
absorption maximum at 672 nm. The loaded ZnPc was extracted by sonicating lyophilized ZnPc-
loaded HPC nanogels (Img/4ml using DMSO) and was quantified by UV-Vis as shown in
Figure 6a. The encapsulation efficiency was calculated approximately 40.3 + 1.6 %. The particle
size of HPC nanogels are significantly decreased when hydrophobic ZnPc loaded to it. This is
may be due to strong hydrophobic interaction between hydrophobic ZnPc and hydrophobic
region of HPC nanogels matrix, which further drove more water out of a particles and decreasing

the particle size of nanogels. Zeta potential of HPC nanogel is slightly increased when

12
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encapsulated with ZnPc from 35.47 + 1.04 mV to 46.33 £ 1.05 mV. Moreover, fluorescence
emission measurement of the ZnPc loaded in HPC nanogel shows a red shift (Figure 6b).
Fluorescence band shifts for red in the used media (DMSO) may be related with the
incorporation of the ZnPc into hydrophobic matrix of nanogels. ** Furthermore the red shift band

may be due to J-aggregation of the ZnPc in the HPC Nanogel.

In vitro drug release

Redox potential is a unique intracellular signal that can be exploited to activate drug release
inside tumor cells and tumor tissues. As shown in Figure 7, only 2% of the ZnPc was released
after 30 minutes in the absence of GSH at both pH values while 12% of the photosensitizer was
released at pH 5.5 in the presence of reduced glutathione. Approximately 43% and 30.8% of
ZnPc was released after 48 hr at pH 5.5 in the presence and absence of GSH respectively. While
relatively lower drug release was observed in the presence and absence of GSH at pH 7.4 which
seems statistically insignificant. Although the cleavage of disulfide bonds takes place in a
reducing environment, HPC nanogel was still stable due to the existence of chemical linkage
between heparin and PEI at pH 7.4. On the contrary, the PEI of HPC nanogels can be protonated
at low pH value (pH 5.5) and nanogels undergo swelling, which further enhance ZnPc release in
the presence of GSH. These results agree with the prediction that reduced GSH functions as a
reducing agent in disulfide cleavage to facilitate ZnPc release from the HPC nanogel matrix at
pH 5.5. Hence, in comparison to the pH 7.4, the effects of GSH is much clearly seen at pH 5.5,
this shows redox sensitive drug release from HPC nanogels has synergistic effects with proton
sponge effects of PEL. In summary, the low pH and high GSH concentration in cancer cells both

act to govern the rate of ZnPc release from HPC nanogel.

Detection of singlet oxygen generation

When PSs are exposed to specific wavelengths of light they are transformed from the ground
state (PSo) to an excited singlet state (‘PS) followed by intersystem crossing to an excited triplet
state ("PS) which transfers energy to molecular oxygen and generates reactive oxygen species
(ROS). ! The singlet oxygen ('O,) is one of the well-known ROS responsible for the destruction
of target cancer cells in PDT. ® Therefore, the ability of PSs to generate 'O, upon irradiation
with a light source is the most important index in PDT. As a reagent, SOSG is highly selective

for 'O, and does not show noticeable response to superoxide or hydroxyl radicals. * Figure 8a
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shows that the fluorescent intensity of SOSG was noticeably higher after reacting with irradiated
PSs. The maximum emission peak of SOSG endoperoxide (SOSG-EP) at 530-540 nm is the
result of SOSG reacting with 'O, A major concern of ZnPc which limits its application in the
physiological environment is its tendency to severely aggregate and lose '0, generation
efficiency. As shown in Figure 8b, HPC nanogels prevented the aggregation of ZnPc and
maintained ZnPc in monomeric form, thus generating more 'O, to react with SOSG and increase
the fluorescence intensity. On the other hand, histidine (His) served as a quencher by scavenging
'0, and decreasing its availability. The increase in SOSG fluorescent intensity as a function of
time due to singlet oxygen generation from ZnPc, as shown in Figure 8c, suggests that the HPC

nanogel is a well-suited candidate vesicle for ZnPc to enhance PDT activity.

Cellular uptake of ZnPc-loaded HPC nanogels

Cellular uptake of ZnPc-loaded HPC nanogel by HeLa cells after 24 hr co-incubation was
examined by CLSM. Figure 9a shows the typical morphology of HeLa cells under bright field
microscopy. The bright blue color in Figure 9b is attributed to the fluorescence of HPC nanogels
while the scattered red fluorescence in the cytoplasm as shown in Figure 9¢ comes from the
ZnPc PSs. A merged image (Figure 9d) reveals that ZnPc-loaded HPC nanogels were
internalized by the cells, likely through endocytosis, and the ZnPc was released from the
nanogels in the presence of reduced GSH. Hence, HPC nanogels can be used simultaneously as

drug carrier and imaging probe due to its fluorescence property.

Photodynamic cytotoxicity effect of ZnPc-HPC nanogels and ZnPc

Photodynamic cytotoxicity of free ZnPc and ZnPc-loaded HPC nanogels were evaluated
before and after irradiation using a 532 nm laser light source. As shown in Figure 10a and 10b,
PDT using ZnPc-HPC nanogels and free ZnPc resulted in significant cell death at concentrations
of 0.01 mg/mL to 0.1 mg/mL. In addition, the photoactivated cytotoxicity of ZnPc and ZnPc-
HPC was dose dependent due to correlation with the amount of singlet oxygen generated in the
presence of an appropriate light source. Even at a low concentration of 0.01 mg/mL,
photoactivated free ZnPc eradicated approximately 85% of HeLa cells. On the other hand, ZnPc-
loaded nanogels resulted in even greater cytotoxicity due to better dispersion of the
photosensitizer. In the absence of laser irradiation, cytotoxicity that is independent of singlet

oxygen generation was observed. These results, in combination, show that ZnPc is an effective

14



Page 15 of 34

RSC Advances

PDT agent and that the described nanogel carrier system further increased the efficacy of the

treatment.
Conclusion

The multifunctional nanogel system that is redox-sensitive (at low pH) and fluorescent in
nature, as described in this study, not only eliminates the need of an additional imaging probe but
also ensures that the photosensitizers are released into the cytoplasm where they are permitted to
take their full effect once they are internalized into cells. The positively charged nanogels were
approximately 100-170 nm in size and crosslinked with bioreducible disulfide bonds which were
cleaved once the nanogels were internalized into cells. Confocal microscopy revealed that HPC
nanogels were transported across the cellular membrane and their innate blue fluorescence makes
possible image-guided delivery without the use of probing agents. The described nanogel also
enhanced 'O, generation by preventing ZnPc aggregation. Taken together, HPC nanogels
provide multiple advantages and thus is a promising new vesicle for photosensitizer delivery to

enhance PDT efficacy.
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Figure 3. Cell toxicity of various HPC nanogels and branched 25kDa PEI, the data are express as mean + SD,

were n=3
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Figure 4. Characterization of HPC nanogel: a) TEM, b) FE-SEM, and c¢) FE-SEM- EDS-elemental

composition at selected points
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Figure 5. Fluorescence intensity of PEI and HPC nanogels at different weight ratios. Note: HPCy 75, HPCj,
and HPC; represent nanogels prepared using different composition ratios (w/w) of heparin: PEI: L-Cys

(1:0.75:0.75, 1:1:1, 1:3:3) respectively.
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Figure 7. In vitro release profiles of ZnPc loaded in HPC nanogels and submerged in 0.01M MES buffers
with pH values of 5.5 and 7.4 in the presence and absence of GSH (2mg/mL). The data are express as mean
+ SD, were n=3
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Figure 8. Detection of singlet oxygen generation using SOSG. a) Fluorescence emission spectra of SOSG
a) before (0 minutes) and after (10-120minutes) reaction with '0, generated from 1uM ZnPc loaded in HPC.
b) Fluorescence emission spectra of SOSG, ZnPc-HPC-SOSG, ZnPc-SOSG, and ZnPc-HPC-SOSG-His after
60 minutes of irradiation. Increment of fluorescence intensity of ZnPc-HPC-SOSG from 0-120minutes.
Note: SOSG working reagents (1uM SOSG) was prepared by dissolving 1puL of SOSG from stock solution
(5mM) in SmL of D,O. SOSG fluorescence emission was produced using an excitation wavelength of 482

nm.
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Figure 9. Confocal microscopy images of HeLa cells incubated with 0.0lmM of ZnPc-HPC nanogels at
37°c for 24hrs. a) Bright field image of HeLa cells. b) HPC nanogels up taken by HeLa cells (blue
fluorescence: nanogel). ¢) ZnPc dispersed in the cytosol of HeLa cells (red fluorescence: ZnPc). d) Merged

image of ZnPc loaded HPC nanogels. The scale bar is 28.1 um.
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Figure 10. Cell viability after PDT. a) Toxicity of ZnPc (Ir) and ZnPc-HPC (Ir) after light irradiation with

532nm laser light for 1hr. b) Toxicity of ZnPc (C) and ZnPc-HPC (C) in dark after 24hr of incubation. Note:

ZnPc-HPC (C) and ZnPc (C) represents control in dark area, whereas ZnPc-HPC (Ir) and ZnPc (Ir) represent

single light exposure. The data are express as mean + SD, were n=3
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Table 1. The mean particle size, PDI and zeta-potential of HPC nanogels prepared with different feeding

ratio at 37°C (average particle size and zeta potential is presented as mean + SD (n = 3))

S/No | Nanogels Weight ratio (mg) | PDI Particle size (nm) | Zeta potential
Sample of Hep:PEI:Cys (mV)

1 HPCy 75 1:0.75:0.75 0.179+0.119 165.7+5.8 35.47+1.04

2 HPC, 1:1:1 0.717 £0.252 134.6 +49.9 43.4+1.32

3 HPC; 1:3:3 0.55+0.11 117.4 +£20.6 485+0.4

4 ZnPc-HPCy 75 | 1:0.75:0.75 0.246 = 0.129 97.3+4.94 46.33 +1.05

5 Heparin 2mg/ml NA NA -61 £1.78

6 PEI 2mg/ml NA NA 27.33£0.76
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