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Background: Photodynamic therapy is a safe, noninvasive modality for cancer therapy, in which
the photosensitizer (PS) is a crucial component. Hypericin (Hy) is a promising PS; however,
its clinical application is significantly limited by its poor hydrophilicity.

Materials and methods: To overcome the clinical application limitation of Hy, a novel strategy
is developed here by entrapping Hy into polydopamine (PDA) film formed on the surface of
magnetic iron oxide nanoparticles (MNPs) through the self-polymerization of dopamine under
alkaline condition. The amount of Hy in the Hy-entrapped PDA-MNP composite nanoparticles
(denoted as PHMs) was measured by spectrophotometry. Furthermore, lactose, as the targeting
ligand to asialoglycoprotein receptors, was conjugated to the surface of the PHMs by taking
advantage of the spontaneous reaction of PDA with amino groups.

Results: Spectrophotometry analysis revealed that the amount of Hy in the PHMs was
72 umol g' PHMs. The fabricated Hy-entrapped glyconanoparticle (Lac-PHM) exhibited
excellent water dispersibility, stability, and selectivity for asialoglycoprotein receptors overex-
pressing HepG2 cells. Atomic absorption spectroscopy analysis showed that the amount of the
Lac-PHMs taken in HepG2 cells was 2.1-fold higher than that of the triethylene glycol-modified
PHMs. The results of intracellular reactive oxygen species generation detection, cytotoxicity
study, and apoptosis detection indicated that the Lac-PHMs had a satisfying photodynamic
effect to HepG2 cells.

Conclusion: The strategy developed in this work offers great potential for delivery of a variety
of hydrophobic PSs.

Keywords: hypericin, photodynamic therapy, glyconanoparticles, targeted drug delivery

Introduction

Photodynamic therapy (PDT) has been developed as a safe, noninvasive treatment
modality for a number of diseases.! In cancer therapy, PDT can kill drug- and radio-
resistant tumor cells, reducing the need for delicate surgery and lengthy recuperation,
which makes it an attractive alternative to conventional therapies.>? The photosensitizer
(PS) is the most crucial component of PDT. After accumulating in tumor sites, it can
be excited by light to produce various reactive oxygen species (ROS) through interac-
tion with molecular oxygen in tissues. The ROS can then oxidize cellular components
including unsaturated lipids, amino acid residues, and nucleic acids to induce cell necro-

sis and/or apoptosis.**¢

Hematoporphyrin derivatives are the most classical PSs and
have been widely used in cancer therapy.”’ However, these porphyrin-based PSs have
several disadvantages, including low absorption of light, suboptimal tumor selectivity,

and long-lasting cutaneous photosensitivity.' ! To alleviate the problems encountered

submit your manuscript

Dove n,u

http:

International Journal of Nanomedicine 2018:13 4319-4331 4319
© 2018 Shao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S161262
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:peizc@nwafu.edu.cn
mailto:peiyx@nwafu.edu.cn

Shao et al

Dove

with hematoporphyrin derivatives in PDT application, new
PSs are continuously being explored.!'!3!4

Hypericin (Hy) is a natural compound belonging to the
class of phenanthro-perylenequinone. It has been widely
used as antidepressant, antiviral, and antiretroviral agents
in the past decades.'>'7 Recently, Hy has attracted much
attention as a potent PS with substantial quantum yield, low
photobleaching, a large excitation range, and negligible dark
cytotoxicity.”!”'® However, like most PSs, Hy is highly hydro-
phobic and cannot dissolve in aqueous medium, which reduces
its photodynamic property and shortens its circulation time
in blood in vivo, thus affecting its accumulation in the tumor
site and weakening the effect of PDT for cancer therapy.'®
A promising strategy to overcome this problem is to associate
Hy with a nanocarrier that is biocompatible and dispersible in
an aqueous physiologic environment.?' Solid lipid nanopar-
ticles (SLNs) are the most studied Hy nanocarriers;?*?>? they
show good tolerability and biocompatibility, can protect the
incorporated drug from chemical- and photodegradation, and
the exposed polyethylene glycol (PEG) units on the surface
of SLNs afford good aqueous dispersibility and long circula-
tion potential. The Hy-loaded SLNs exhibit remarkable dark
cytotoxicity and PDT effect on cancer cells. Polylactic acid
(PLA) nanoparticles (NPs) have also been used to carry Hy,
and their performance on PDT is similar to SLNs.** How-
ever, both SLNs and PLA NPs are short on reactive groups
for surface modification.??” Another strategy to deliver Hy
is through conjugation with a hydrophilic polymer through
covalent coupling reactions, and then forming Hy-loaded
NPs through conjugation on NP scaffolds. The hydrophilic
polymer allows the nanosystems to disperse well in aqueous
solution, and the physicochemical property of the NP scaf-
folds can provide extra function to the nanosystems.?® This
method also prevents the aggregation of Hy in an aqueous
environment and increases its cellular accumulation.??*
Indeed, the accumulation of PS in target cells is essential
for PDT efficiency.?*° To our knowledge, despite targeting
moieties based on active targeting strategy being one of the
most powerful and promising pathways to increase the drug
accumulation in the lesion for treatment, none of the current
Hy nanocarriers have incorporated this strategy.’'-?

In this work, we present a facile and novel strategy to
design a nanocarrier for Hy delivery: Hy was first entrapped
into polydopamine (PDA) film through the process of
dopamine polymerization on the surface of magnetic iron
oxide nanoparticles (MNPs). Subsequently, lactose, which
can specifically interact with asialoglycoprotein receptors
(ASGP-R), was conjugated to the PDA surface of the as-
fabricated PDA-Hy—MNP composite nanoparticles (PHMs)

through Michael addition or Schiff base reaction under
alkaline condition.’*3¢ The final fabricated Hy-entrapped
glyconanoparticles (denoted as Lac-PHMs) have the follow-
ing properties: excellent stability and dispersibility in aqueous
environment, fair targeting ability for ASGP-R-overexpress-
ing cancer cells, negligible cytotoxicity in the absence of
light, and a satisfying performance in PDT. Furthermore, the
strategy we designed for Hy delivery is very versatile and eas-
ily expandable, with not only Hy being replaceable by other
hydrophobic PSs, but the conjugated targeting moieties, and
the scaffold as well, to perform different functions.

Materials and methods

Materials

All chemicals and solvents were of analytical reagent grade
and used as received unless specified. Emodin, which is the
raw material for the synthesis of Hy, was purchased from
Xi’an Natural Field Bio-Technique Co., Ltd (Xi’an, China).
Iron (III) chloride hexahydrate, ethylene glycol, sodium
acetate, acetic anhydride, and N, N-dimethylformamide were
purchased from Tianjin Bodi Chemical Co., Ltd. (Tianjin,
China). Dopamine hydrochloride (DA-HCl), lactose, tri-
ethylene glycol (TEG), poly(ethylene glycol) 2000 (PEG
2000), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride, triethyleneglycol monochlorohydrin, sodium
methylate, p-toluenesulfonic acidmonohydrate, 2°,7’-
dichlorofluorescin diacetate (DCFDA), boron trifluoride
diethyl etherate, p-nitroso-dimethylaniline (RNO), imidazole,
methylene blue (MB), N-acetylcysteine (NAC), and dihydro-
ethidium (DHE) were purchased from Aladdin Chemistry
Co., Ltd. (Shanghai, China). Dimethylsulfoxide (DMSO) and
Tris(hydroxymethyl)aminomethane were obtained from Sigma-
Aldrich Co. LLC. (Darmstadt, Germany). The 5% Pd/C was
purchased from Shaanxi Rocknew material Co., Ltd. (Xi’an,
China). MTT was obtained from Xiya reagent (Linshu, China).
Annexin V—fluorescein isothiocyanate (FITC) fluorescence
microscopy kit was purchased from Beyotime Biotechnology
Inc. (Shanghai, China). Column chromatography was per-
formed using silica gel with a grain size 0f 40—-63 um (Qingdao
Haiyang Chemical Co., Ltd., Qingdao, China). DMEM, RPMI
1640 medium, and trypsin-EDTA solution were obtained from
Gibco BRL Co., Ltd. (Grand Island, New York, USA). Fetal
bovine serum (FBS) was purchased from Yuanhengjinma Co.,
Ltd. (Beijing, China). Penicillin/streptomycin was purchased
from KeyGen Biotech. Co., Ltd. (Nanjing, China). Human
hepatocellular carcinoma cancer cell line HepG2 and the
human breast adenocarcinoma cell line MCF-7 were obtained
from the Type Culture Collection of the Chinese Academy of
Science (Shanghai, China). In the synthesis of Hy, a Rayonet
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PRP-100 photochemical reactor (Brandford, USA) and a
CEM Discover-SP W/Activent Microwave Synthesis System
(Matthews, NC, USA) were used. The ultrasonic treatment
in this work was conducted with an L-650Y ultrasonicator
(Shanghai LNB Instrument Co., Ltd., Shanghai, China). MNPs
were prepared with a Teflon-lined stainless-steel autoclave
(10 mL capacity) in a drying oven (DGX-9243B-1, Shanghai
Fuma Laboratory Instrument Co., Ltd., Shanghai, China). A
permanent magnet was used to collect and purify NPs in all
processes. The LED array photosource (50 W) used in PDT
treatment and ROS generation research was purchased from
Shenzhen Kiwifruit Co., Ltd. (Shenzhen, China).

Characterization

"H nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Advance 500 instrument (Bruker BioSpin
GmbH, Rheinstetten, Germany) in CDCI, or CD,0D using
the residual signals from CHCI, ('"H: 6=7.26 ppm) or CH,OH
("H: 6=3.31 ppm) as internal standards. The hydrodynamic
diameters and {-potentials of NPs were determined by a
Delsa Nano C analyzer (Beckman Coulter, Inc., Miami, FL,
USA). Transmission electron microscope (TEM) images
were taken with a HitachiH-600 instrument (Hitachi Ltd.,
Tokyo, Japan) operated at 75 kV. UV-Vis absorption detec-
tion was conducted on a UV-Vis-near infrared spectrometer
(Shimadzu UV-1750, Kyoto, Japan). Fluorescence spectra
of free Hy and Lac-PHMs were obtained with an Agilent
Cary Eclipse fluorescence spectrophotometer (California,
CA, USA). Infrared spectra were obtained using the KBr
pellet method and recorded with a Bruker Tensor 27 Fourier
transform infrared (FT-IR)-instrument (Bruker Optik GmbH,
Ettlingen, Germany). The amount of cellular uptake of NPs
was measured with a Hitachi Z2000 polarized Zeeman atomic
absorption spectrometer (Tokyo, Japan). A microplate reader
(Tecan, infinite M200 PRO, Tecan Deutschland GmbH,
Crailsheim, Germany) was used for MTT assay. Fluorescence
images were taken with a Leica TCS-SP8 laser scanning
confocal microscope (LSCM, Leica, Germany).

Synthesis

The amino-modified lactose 1 and amino-modified TEG
2 (the chemical structure of 2 is shown in Figure S1)
were synthesized according to the published procedures,
respectively.’’*® Their NMR spectra data were consistent
with the published data. Hy was synthesized according to a
method developed in our lab.** MNPs were prepared through
solvothermal reaction.** Briefly, FeCl,-6H,0 (1.35 g) was
first dissolved in ethylene glycol (40 mL), then PEG 2000
(1.00 g) and NaOAc (3.60 g) were added and mechanically

stirred for 30 minutes. The resulting solution was trans-
ferred into a Teflon-lined stainless-steel autoclave (50 mL).
The autoclave was sealed and heated at 200°C for 8 hours
and then cooled to room temperature. The precipitate was
washed with ethanol and deionized water several times and
collected with a permanent magnet. The final product was
redispersed in ethanol for future use.

Fabrication of PHMs and PMs

The formation of PDA film on MNP surface was completed
through a solution oxidation method.***! To fabricate PHMs,
MNPs (3.0 mg) were first dispersed in a Tris—HCI buffer
solution (10 mM, pH 8.5, 35 mL), then Hy (5.0 mg), dis-
solved in acetone (5.0 mL) and DA-HCI (25.0 mg), was
added to the buffer solution. After 3 hours of continuous
stirring at room temperature, the precipitate in the mixture
was magnetically separated and washed with ultrapure water
and PBS (pH 7.2) until there was no Hy in the supernatant
(determined by UV-Vis spectroscopy). The obtained PHMs
were dispersed in ultrapure water.

PMs (PDA-coated MNPs) were fabricated with a similar
procedure in the absence of Hy acetone solution. The volume
of Tris—HCl buffer was changed to 40 mL and the reaction
time was shortened to 1 hour.

Fabrication of Lac-PMs, TEG-PMs,
Lac-PHMs, and TEG-PHMs

The as-prepared PHMs and PMs (fabricated from 3.0 mg
MNPs) were dispersed in Tris—HCI buffer (10 mM, pH 8.5,
15 mL), respectively, then 25 mg of amino-modified lactose 1
or 15 mg of amino-modified TEG 2 was added and stirred at
room temperature for 6 hours. Lac-PHMs, TEG-PHMs, Lac-
PMs, and TEG-PMs were washed with ultrapure water and
pH 7.2 PBS several times then collected with a permanent
magnet and redispersed in pH 7.2 PBS for further use.

Cell culture

HepG2 and MCF-7 cells were, respectively, maintained as
monolayer cultures in RPMI 1640 and DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin at 37°C in
a humid atmosphere (5% CO,). The cells were precultured
until confluence was reached before each experiment.

Quantification of cellular uptake of free
Hy and the Hy loaded in Lac-PHMs/

TEG-PHMs

HepG2 and MCF-7 cells were, respectively, seeded into
six-well plates at 1x10° cells per well. After 24 hours of
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incubation (37°C, 5% CO,), the mediums were, respectively,
replaced by fresh RPMI 1640 and DMEM mediums, which
contained free Hy (1.0 uM, in 0.2% DMSO), Lac-PHMs,
or TEG-PHMs (at Hy equivalent concentration of 1.0 uM),
respectively. After incubation at 37°C for 4 hours, the
mediums were removed. The cells were washed three times
with PBS, and then digested using 0.25 w/v% trypsin/0.03
w/v% EDTA. The suspensions were centrifuged at 1,000 rpm
for 5 minutes at 25°C, and the pellets were then resuspended
in PBS for cell counting. Subsequently, the cells were centri-
fuged to obtain the cell pellets for quantification analysis.

In the quantification of cellular uptake of free Hy, 0.5 mL
ultrapure water was used to, respectively, resuspend the
cell pellets and the cells were fully disrupted with the ultra-
sonicator. The solutions were then, respectively, diluted
with 0.9 mL acetone, and the fluorescence intensities of the
solutions at 650 nm (excitation wavelength was 590 nm)
were measured. The Hy concentration in the mixture solu-
tion can be calculated using the standard curve (Figure S2).
The amount of Hy in HepG2 cells and MCF-7 cells can be
calculated from Equation 1:

c =5><10"’><CHy1
Hy
. N

where C,, | stands for the concentration of Hy in the mixture
solutions((uM); N stands for the cell numbers; C,, stands
for the amount of Hy in HepG2 cells or MCF-7 cells
(fmol cell™).

In the quantification of cellular uptake of Lac-PHMs and
TEM-PHMs, 1.2 mL HCI1 (18%) was added to the cell pellets
to digest cells in boiling water for 2 hours. Then the diges-
tion solutions were filtered with 0.22 pm filter membrane
and the atomic absorption of iron element in the filtrates
was detected using an atomic absorption spectrometer. The
amount of iron element in each sample can be determined
by comparison to the standard curve (Figure S3), and the
amount of iron element in HepG2 cells and MCF-7 cells can
be calculated according to Equation 2:

1.2><109><CF0
TN

where C, stands for the concentration of iron element in the
samples (Lg mL™"); N stands for the cell numbers; M, stands
for the amount of iron element in HepG2 cells or MCF-7
cells (fg cell™).

The mass ratio of Lac-PHMs and TEG-PHMSs to the
MNPs is 1.24, and the mass of Lac-PHMs and TEG-PHMs
in HepG2 or MCF-7 cells can be calculated by Equation 3:

M=1.24x£xM
168 Fe

where M, stands for the amount of iron element in HepG2
cells or MCF-7 cells (fg cell™!); M stands for the amount
of Lac-PHMs or TEG-PHMs in HepG2 or MCF-7 cells
(fg cell™).

The amount of Hy in Lac-PHMs and TEG-PHMs was
obtained, and thus the corresponding concentration of Hy
loaded in Lac-PHMs and TEG-PHMs in HepG2 or MCF-7
can be calculated.

In the quantification study, the results are the averages
of three independent measurements.

Qualitative and quantitative detection

of intracellular ROS generation

ROS generation in cells upon light irradiation was studied
using DCFDA as an indicator. For the qualitative detection
with an LSCM, HepG2 and MCF-7 cells were, respectively,
seeded onto 35 mm cell-culture dishes (5x10* cells) and
incubated for 24 hours (37°C, 5% CO,), then RPMI 1640
or DMEM containing free Hy (1.0 uM, in 0.2% DMSO
medium) or the NPs (at Hy equivalent concentration of
1.0 uM for Lac-PHMs and TEG-PHMs, at a concentration
of 15 ug mL™" for Lac-PMs and TEG-PMs) was employed
to replace the previous mediums. After further incubation
at 37°C for 4 hours, the mediums were removed and the
cells were washed twice with PBS. Here, the cells without
treatment were used as PBS control, the cells treated with
10.0 mM NAC for 12 hours were used as negative control,
and the cells treated with 2.0 mM H, O, for 2 hours were used
as positive control. Subsequently, 1.5 mL DCFDA solution
(20.0 uM) was added to each dish and incubated at 37°C for
30 minutes. After removing the non-entrapped DCFDA, the
cells were washed with PBS three times and then exposed to
an LED array photosource (A =595-600 nm, 8.6 mW cm2)
for 30 minutes. Immediately after this, fluorescent images of
the cell-culture dishes were taken with an LSCM. The fluo-
rescence of 2’,7’-dichlorofluorescein (DCF) was excited by
blue light 488 nm and observed through the green channel.
For the quantitative detection, HepG2 and MCF-7 cells
were, respectively, seeded onto 96-well plates at a density
of 7x10° cells per well, and the subsequent experimental
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procedure was the same as that in the qualitative detection
until the PDT treatment was conducted. After the PDT treat-
ment, the supernatants were removed and a mixture of DMSO
and FBS (150 uL, DMSO/FBS =9:1, v/v) was added to each
cell containing well. Then the 96-well plates were shaken
for 20 minutes and the fluorescence intensity of DCF was
detected immediately with a microplate reader. The excita-
tion wavelength was 488 nm and the emission wavelength
was 520 nm. Data are presented as average = SD (n=3).

Cytotoxicity study

To detect the dark toxicity of the Hy nanocarriers, HepG2
and MCF-7 cells seeded in 96-well plates were precultured
for 24 hours, then the mediums were replaced with 90 uL.
fresh mediums and 10 pL of the Hy nanocarriers (dispersed
in PBS) or free Hy (in 0.2% DMSO-PBS). The final con-
centrations of Hy were 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 uM,
respectively. After 4 hours of incubation, the noninternalized
Hy nanocarriers and free Hy were washed with PBS three
times and the cells were further cultured for 24 hours. The cell
viabilities were determined by MTT assay. For phototoxicity
detection, the influence of irradiation time was first studied.
After 4 hours of respective incubation with free Hy and the
Hy nanocarriers, the cells were washed twice with PBS and
exposed to the LED array photosource (A=595-600 nm,
8.6 mW cm™) for different time frames (0, 5, 10, 20, and
30 minutes), then cultured for 24 hours (37°C, 5% CO,).
Following this, MTT assay was performed. The influence of
Hy concentration on the phototoxicity was also evaluated,
where the light irradiation time was fixed at 30 minutes and
the Hy concentrations were the same as those used for the
dark toxicity detection. Here, the effect of light stimulation
on PS-untreated cells was also investigated. The cells with-
out any treatment and irradiation were used as control. The
cytotoxicity data are presented as average = SD (n=5).

Annexin V-FITC/propidium iodide (PI)
staining

HepG2 and MCF-7 cells were, respectively, seeded in
35 mm cell-culture dishes (5x10* cells) and precultured
for 24 hours, then, respectively, incubated with free Hy
(1.0 uM, in 0.2% DMSO medium), Lac-PHMs, and TEG-
PHMs (at Hy equivalent concentration of 1.0 uM) in fresh
medium for 4 hours. Cells without treatment were used as
control. The cells were subsequently washed with PBS and
irradiated with the LED array photosource (A=595-600 nm,
8.6 mW cm™) for 30 minutes. After a further incubation for

24 hours, the cells were washed twice with PBS. Thereafter,
the Annexin V-FITC binding solution (0.6 mL) and Annexin
V-FITC apoptosis detection reagent (with 12 uL. Annexin
V-FITC and 24 puL PI) were added to each cell-culture dish
in succession. The cells were cultured for 15 minutes in the
dark, and then washed three times with PBS to remove free
dyes. Following this, fluorescent images of the cell-culture
dishes were taken immediately with a LSCM. The fluores-
cence of FITC and PI were excited with 488 nm and 552 nm,
respectively, and observed through the green channel and red
channel, respectively.

Results and discussion
Fabrication and characterization of
Hy-entrapped composite NPs

Low cost, good mechanical stability, convenience in synthe-
sis, and especially their unique superparamagnetic property
make MNPs one of the most widely used NPs. In this work,
MNPs were employed as a scaffold to fabricate Hy delivery
systems. The MNPs were synthesized through the solvo-
thermal method.* Dynamic light scattering (DLS) analysis
showed their average hydrodynamic diameter to be 291 nm
(Figure S4). The fabrication of the Lac-PHMs is illustrated
in Figure 1. The coating of PDA on the surface of MNPs was
conducted through the classical solution oxidation method.*
In this experiment, the MNPs were dispersed in Tris—HCl
buffer (pH 8.5) with ultrasonic treatment and the suspension
was stirred with a mechanical stirrer, then Hy dissolved in
acetone was added to the dispersion followed by the addition
of DA-HCl dissolved in pH 8.5 Tris—HCI buffer. The entrap-
ment of Hy was accomplished by stirring the mixture at room
temperature for 3 hours. Finally, the PHMs were obtained
by repeated washing with pH 7.2 PBS and ultrapure water
until no Hy could be detected in the supernatant. To test
the entrapment stability of Hy, PHMs were redispersed in
PBS and left standing at room temperature in the absence
of light for 1 week. No fluorescence could be detected in
the supernatant, indicating that the entrapment of Hy in the
PHMs was stable.

In the process of fabricating PHMs, Hy was dissolved in
acetone before being added to the reaction system in order to
avoid its aggregation. To evaluate the influence of acetone on
dopamine polymerization, a control experiment was run in
which Hy and acetone were not added to the reaction system
and the time of dopamine polymerization on the MNP surface
was decreased to 1 hour. The PHMs and the product of the
control experiment (PDA-MNP composite nanoparticles,
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Figure | Schematic representation of the fabrication of Lac-PHMs.
Notes: a) Tris—HClI buffer (pH 8.5), dark, room temperature, stirring, 3 hours; b) Tri
Abbreviations: MNPs, magnetic iron oxide nanoparticles; PHMs, hypericin-entrappe

denoted as PMs) were then observed by TEM. The TEM
images revealed that the mean thickness of the PDA film on
PHMs was 8 nm, while that on PMs was 14 nm (Figure 2).
This result demonstrated that the addition of acetone dis-
tinctly decreased the polymerization rate of dopamine.

The FT-IR spectra of PDA, Hy, MNPs, PMs, and PHMs
are shown in Figure S5. The absorption peaks at 1,333 and
1,510 cm™ (C=N and C-N—C stretching vibration) appeared
in the spectra of PDA, PMs, and PHMs, indicating that PDA
film had been successfully coated on the surface of MNPs in
both the fabrication processes of PMs and PHMs; the absorp-
tion peak at 1,261 cm™ (C—O stretching vibration) appeared
in the spectra of Hy and PHMs, suggesting that Hy had been
entrapped into the PDA film of PHMs.

The Lac-PHMs were fabricated through conjuga-

tion of lactose to the surface of PHMs by simply mixing

8nm i

100 nm

r 14 5
100 nm

Figure 2 TEM images of (A) PHMs and (B) PMs.
Note: The thickness of the PDA film on PHMs is 8 nm, while that on PMs is 14 nm.

Abbreviations: TEM, transmission electron microscope; PHMs, hypericin-
entrapped polydopamine-MNP composite nanoparticles; PMs, polydopamine-MNP
composite nanoparticles.

O,

HO OH

N NH
HNTN

OH HO OH

dopamine

v

S

Lac-PHMs

s—HCI buffer (pH 8.5), dark, room temperature, stirring, 6 hours.
d polydopamine—-MNP composite nanoparticles; Lac-PHMs, lactose-modified PHMs.

amino-modified lactose 1 with PHMs at room temperature
in pH 8.5 Tris—HCI buffer for 6 hours. The reaction was a
Schiff base reaction or a Michael addition between the amino
group of compound 1 and quinone oxidized from the catechol
on the PDA surface.* Besides Lac-PHMs, TEG-conjugated
PHMs (TEG-PHMs), lactose-conjugated PMs (Lac-PMs),
and TEG-conjugated PMs (TEG-PMs) were also fabricated
through this method. The {-potentials, hydrodynamic diam-
eters, and polydispersity indexes of all NPs in this work were
measured in ultrapure water by DLS and the results are shown
in Table 1. The average {-potential of MNPs was 0.54 mV,
meaning that there was almost no charge on the surface of
MNPs, while the {-potential of PMs changed to —8.03 mV
because of the existence of the catechol group in the PDA

Table | The average {-potentials of the fabricated nanoparticles

Nanoparticle Average Polydispersity Average
diameter index (-potential
(nm)* (mV)

MNPs 291 0.186 0.54

PMs 396 0.155 -8.03

PHMs 349 0.195 —14.46

TEG-PMs 574 0.203 -10.29

Lac-PMs 569 0.224 -9.15

TEG-PHMs 447 0.246 —-12.23

Lac-PHMs 553 0.238 -9.47

Note: *Measured by dynamic light scattering (DLS).

Abbreviations: Lac-PHMs, lactose-modified PHMs; Lac-PMs, lactose-modified
PMs; MNPs, magnetic iron oxide nanoparticles; PMs, polydopamine-MNP composite
nanoparticles; PHMs, hypericin-entrapped polydopamine-MNP composite nano-
particles; TEG-PHMs, triethylene glycol-modified PHMs; TEG-PMs, triethylene
glycol-modified PMs.
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structure. The {-potential of PHMs was —14.46 mV, which
is much higher than that of PMs, because of the phenolic
hydroxyl groups of Hy entrapped in the PDA film. The
C-potentials of Lac-PHMs and TEG-PHMs, respectively,
changed to —9.47 and —12.23 mV, while the {-potentials
of Lac-PMs and TEG-PMs, respectively, changed to —9.15
and —10.29 mV. In addition, the hydrodynamic diameters
of the NPs also changed with the surface modification. DLS
analysis showed that the average hydrodynamic diameter of
PHMSs was 349 nm, while that of Lac-PHMs and TEG-PHMs
was, respectively, 553 and 447 nm. The increase in hydro-
dynamic diameter was also observed when comparing Lac-
PMs and TEG-PMs with PMs (Figure S6). The changes in
{-potential and hydrodynamic diameter indicated that lactose
and TEG had been successfully conjugated to the surfaces
of PHMs and PMs, respectively. Unlike the {-potentials or
hydrodynamic diameters, the polydispersity indexes of the
NPs showed little change with the surface modification,
ranging from 0.155 for PMs to 0.246 for TEG-PHMs.

The amount of Hy in PHMs, Lac-PHMs, and TEG-PHMs
was measured by UV-Vis spectroscopy and calculated based
on a standard curve (Figure S7). Spectrophotometry analysis
showed that the amount of Hy in PHMs, Lac-PHMs, and
TEG-PHMs was, respectively, 72, 66, and 69 umol g
NPs (for measurement, see the Supplementary material).
The amount of lactose and TEG on Lac-PMs, Lac-PHMs,
TEG-PMs, and TEG-PHMs was, respectively, 140, 170,
180, and 240 pumol g NPs; this was directly determined by
calculating the weight differences between the modified NPs
and the unmodified NPs.

After dispersing 15 pg mL™" of Lac-PHMs, TEG-PHMs,
Lac-PMs, and TEG-PMs in pH 7.2 PBS for 24 hours, no
obvious precipitates could be observed, illustrating their

good dispersibility in aqueous medium.

The 'O, quantum yields (®) of Lac-PHMs in PBS and free
Hy in 0.2% DMSO-PBS were measured by RNO-bleaching
method (see the Supplementary material for experiment),?
where MB (@, = 0.52) was employed as a standard refer-
ence. The calculated @, ... in PBS was 0.092, while the
®,, in 0.2% DMSO-PBS was 0.064.

The absorption spectrum of Lac-PHMs was recorded
and compared with that of free Hy (in 0.2% DMSO-PBS).

The main absorption peaks in the two spectra appeared at

the same position (Figure S8). Considering that the interac-
tion between PS and FBS may cause blue- or red shift of its
spectrum and thus affect its PDT efficiency, the spectrum of
Lac-PHMs in 10% FBS was obtained after 24 hours of incu-
bation at 37°C. As shown in Figure S9, no obvious change

was observed for the main absorption peaks. To investigate
the stability of Lac-PHMs in FBS, the NPs were dispersed in
10% FBS and shaken at 37°C for 48 hours. After magnetic
separation, the supernatant was measured by UV-Vis and no
Hy was detected, which demonstrated that the Lac-PHMs
were stable in FBS.

After irradiation with the LED array (A=595-600 nm,
8.6 mW cm™2) for 30 minutes, photobleaching was observed
from the fluorescence spectrum of Hy (dissolved in DMSO,
the excitation wavelength was 590 nm) (Figure S10), but not
from Lac-PHMs (dispersed in DMSO) (Figure S11). This
result indicates that the entrapment of Hy into the PDA film
could protect Hy from photobleaching.

Cellular uptake quantification of free Hy
and Hy loaded in Lac-PHMs/TEG-PHMs

Cancer-targeted drug delivery systems are generally designed
to achieve better cancer therapeutic efficiency through active
accumulation at tumor site. In this work, HepG2 cells that
overexpress ASGP-R were used as the lactose-positive cell
model,* while MCF-7 cells that have a low-level ASGP-R
expression were employed as the lactose-negative cell
model.** Concurrently, Lac-PHMs and TEG-PHMs were
used as ASGP-R-positive and -negative Hy nanocarriers,
respectively. In this experiment, the cellular uptake of free
Hy (in 0.2% DMSO-DMEM) was also examined for com-
parison. The cellular uptake quantification results are shown
in Figure 3. For Lac-PHMs and TEG-PHMs, the results
were converted to the loaded Hy concentrations. The results

05F Free Hy
:I? 58 Lac-PHMs 1
I 4L | T TEG-PHMS %
o
oY 7
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Figure 3 The uptake amount of free Hy and the Hy loaded in Lac-PHMs/TEG-PHMs
into HepG2 and MCF-7 cells.

Notes: The cells were incubated with free Hy (in 0.2% DMSO medium), Lac-PHMs,
and TEG-PHMs (at Hy equivalent concentration of 1.0 uM) for 4 hours at 37°C.
Data are presented as the average + SD (n=3).

Abbreviations: Hy, hypericin; PHMs, hypericin-entrapped polydopamine-MNP
composite nanoparticles; Lac-PHMs, lactose-modified PHMs; TEG-PHMs, triethylene
glycol-modified PHMs.
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revealed that the uptake amount of Lac-PHMs was 2.1-fold
higher than that of TEG-PHMs in HepG2 cells after 4 hours
incubation, which was similar to the uptake of both PHMs
in MCF-7 cells. This demonstrated that the Lac-PHMs can
effectively target HepG2 cells through a receptor-mediated
mechanism from the specific interaction between lactose
and ASGP-R. The uptake of free Hy by both HepG2 and
MCF-7 cells was higher than that of the NPs, which might
be due to diffusion being an additional possible cellular
internalization pathway, while PHMs can only enter cells
through endocytosis.

Intracellular ROS generation monitoring

The intracellular ROS generation is a crucial step of PDT.
In this work, the intracellular ROS generation induced by
Hy nanocarriers upon light irradiation was systematically
evaluated by using DCFDA, a fluorescent ROS indicator.
The fluorescence of DCFDA is negligible when incubated
with cells; however, after the PS inside cells is activated by
light irradiation, the generated ROS will cause the structure
conversion of DCFDA to DCF, which emits strong green
fluorescence upon 488 nm excitation,***’ and the fluores-
cence intensity is proportional to the amount of ROS. The
ROS generated by free Hy (in 0.2% DMSO medium), Lac-
PHMs, TEG-PHMs, Lac-PMs, and TEG-PMs in HepG2 and
MCF-7 cells was first studied qualitatively with an LSCM,
where the concentration of free Hy and Hy in Lac-PHMs
and TEG-PHMs was 1.0 uM. The concentration of Lac-PM
and TEG-PM was 15 ug mL™', which was the same as the
mass concentration of Lac-PHMs. Free Hy and the NPs
were, respectively, incubated with HepG2 or MCF-7 cells
for 4 hours, then DCFDA was added and incubated with cells

PBS control

NAC

HepG2 cells

MCF-7 cells

t - ‘
[

for 30 minutes, followed by irradiation for 30 minutes with
an LED array photosource (A=595-600 nm, 8.6 mW cm?).
Cells without any treatment were used as PBS control, and
the H,O,- and NAC-treated cells were, respectively, used
as the positive and negative controls. After the PDT treat-
ment, fluorescence images of DCF were taken and shown
in Figure 4. No fluorescence was observed in the negative
control group as the reducing compound NAC could clear
the intracellular ROS. In contrast, very strong fluorescence
was observed in the positive control group and free Hy
group. There was very weak fluorescence in the PBS control
groups and the Lac-PMs or TEG-PM groups, which meant
that negligible ROS was generated as the Hy-less NPs had
no photodynamic effect. For the Hy-containing NPs, the
fluorescence in Lac-PHMs-added group was stronger than
that in TEG-PHMs-added group in HepG2 cells, whereas
in MCF-7 cells the two NPs generated similar fluorescence
intensity, which meant that more ROS was induced by Lac-
PHMs in HepG2 cells because of the increased accumulation
due to the specific interaction between lactose and ASGP-R.
The quantitative ROS generation study was performed with
a microplate reader. The results are summarized in Figure 5
and are consistent with the qualitative results. It can be seen
that the fluorescence intensity generated by Lac-PHMs in
HepG?2 cells was about 1.7-fold higher than that detected in
MCF-7 cells, and comparable to those found in H,O, groups
(positive) and free Hy groups. The fluorescence intensi-
ties generated by TEG-PHMs in the two cell lines were at
a similar level to that generated by Lac-PHMs in MCF-7
cells, while none or very weak fluorescence intensity was
detected from PBS, NAC (negative control), Lac-PM, and
TEG-PM groups.

TEG-PHMs TEG-PMs Lac-PMs

Lac-PHMs

Figure 4 Fluorescence images of DCF in HepG2 and MCF-7 cells incubated with free Hy, TEG-PHMs, Lac-PHMs, TEG-PMs, and Lac-PMs after receiving 595-600 nm light
exposure for 30 minutes (scale bar: 50 nm).

Notes: The concentration of free Hy and Hy in Lac-PHMs and TEG-PHMs was 1.0 uM. The concentration of Lac-PMs and TEG-PMs was |5 pg mL™". The cells were,
respectively, incubated with free Hy or the NPs for 4 hours at 37°C before irradiation. Cells without any treatment were used as PBS control; the H,0,- and NAC-treated
cells were used as the positive and negative controls, respectively.

Abbreviations: Hy, hypericin; NAC, N-acetylcysteine; PMs, polydopamine-MNP composite nanoparticles; PHMs, hypericin-entrapped polydopamine-MNP composite
nanoparticles; TEG-PMs, triethylene glycol-modified PMs; Lac-PMs, lactose-modified PMs; TEG-PHMs, triethylene glycol-modified PHMs; Lac-PHMs, lactose-modified PHMs;
DCFDA, 2',7’-dichlorofluorescin diacetate; DCF, 2,7’-dichlorofluorescein.
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Figure 5 Fluorescence intensity of DCF in HepG2 and MCF-7 cells incubated with
free Hy, TEG-PHMs, Lac-PHMs, TEG-PMs, and Lac-PMs after receiving 595-600 nm
light exposure for 30 minutes.

Notes: The concentration of free Hy and Hy in Lac-PHMs and TEG-PHMs was
1.0 uM. The concentration of Lac-PM and TEG-PM was 15 ug mL™'. The cells
were, respectively, incubated with free Hy or the NPs for 4 hours at 37°C before
irradiation. Cells without any treatment were used as PBS control, and the Hzoz-
and NAC-treated cells were used as the positive and negative controls, respectively.
Data are presented as the average + SD (n=3).

Abbreviations: Hy, hypericin; NAC, N-acetylcysteine; PMs, polydopamine—
MNP composite nanoparticles; PHMs, hypericin-entrapped polydopamine-MNP
composite nanoparticles; TEG-PMs, triethylene glycol-modified PMs; Lac-PMs,
lactose-modified PMs; TEG-PHMs, triethylene glycol-modified PHMs; Lac-PHMs,
lactose-modified PHMs; DCFDA, 2’,7’-dichlorofluorescin diacetate; DCF, 2/,7’-
dichlorofluorescein.

The intracellular ROS generation monitoring was
further conducted with the fluorescent probe DHE. DHE is
a cell-permeable blue fluorescent dye and can be oxidized
by ROS to oxyethidium, which can intercalate with intra-
cellular DNA and emit a red fluorescence. The results
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obtained were consistent with those mentioned above
(see Figures S12 and S13).

Dark toxicity test

The dark toxicity of Lac-PHMs and TEG-PHMs was evalu-
ated with HepG2 and MCF-7 cell lines, and compared with
that of free Hy (at Hy equivalent concentrations of 0.0, 0.2,
0.4, 0.6, 0.8, and 1.0 uM, respectively). After coincubation
for 4 hours, the cells were washed with PBS three times to
remove the noninternalized Hy or NPs and further cultured
for 24 hours before MTT assay. The cell viability of Lac-
PHMs or TEG-PHMs for both investigated cell lines are
displayed in Figure 6. As can be seen, the cell viability
changed little for all the studied groups, indicating that the
dark toxicity of Lac-PHMs and TEG-PHMs is comparable
to that of Hy and is negligible.

Phototoxicity test and apoptosis assay

The phototoxicity was evaluated from the two main factors
which decide the effect of PDT; irradiation time of photo-
source, and concentration of Hy. To evaluate the impact of
irradiation time, HepG2 and MCF-7 cells were, respectively,
incubated for 4 hours in the presence of Lac-PHMs, TEG-
PHMs, or free Hy (at Hy equivalent concentration of 1.0 uM),
washed with PBS, and then irradiated using LED array
photosource (A=595-600 nm, 8.6 mW cm) for different
time frames (0, 5, 10, 20, and 30 minutes, respectively). Fol-
lowing 24 hours culture after the irradiation, the cells were
subjected to phototoxicity determination through MTT assay.
The results are summarized in Figure 7A and B. As shown
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Figure 6 The dark toxicities of free Hy, Lac-PHMs, and TEG-PHMs: (A) HepG2 cells; (B) MCF-7 cells.
Notes: The cells were incubated with Hy or the NPs for 4 hours, respectively. After washing and a further 24-hour incubation at 37°C, the cells were subjected to

cytotoxicity evaluation by MTT assay. Data are presented as the average £ SD (n=5).

Abbreviations: Hy, hypericin; PHMs, hypericin-entrapped polydopamine-MNP composite nanoparticles; Lac-PHMs, lactose-modified PHMs; TEG-PHMs, triethylene glycol—

modified PHMs.
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Figure 7 The influence of irradiation time on the phototoxicities of free Hy, Lac-PHMs, and TEG-PHMs to (A) HepG2 cells and (B) MCF-7 cells; the concentration of
entrapped Hy was fixed at 1.0 uM; the PS-untreated cells were employed to study the influence of light stimulation on the cells; the influence of Hy concentration on the
phototoxicities of free Hy, Lac-PHMs, and TEG-PHMs to (C) HepG2 cells and (D) MCF-7 cells, and the irradiation time was fixed at 30 minutes.

Notes: In the experiments, the cells were incubated with free Hy and the NPs for 4 hours at 37°C, respectively, then washed with PBS. After irradiation, the cells were
further cultured for 24 hours at 37°C before cytotoxicity determination through MTT assay. Data are presented as the average + SD (n=5). The cells without any treatment
and irradiation were used as control.

Abbreviations: Hy, hypericin; PHMs, hypericin-entrapped polydopamine-MNP composite nanoparticles; Lac-PHMs, lactose-modified PHMs; TEG-PHMs, triethylene glycol—

modified PHMs.

in Figure 7A, for PS-untreated cells, the light stimulation
caused no cell viability loss even after 30 minutes irradiation,
meaning that the light source employed here had no photo-
toxicity to the cells; for PS-treated cells, a longer irradiation
time caused a lower viability of HepG2 cells, irrespective
of whether the PS was free Hy, Lac-PHMs, or TEG-PHMs.
However, Lac-PHMs showed a higher phototoxicity than
TEG-PHMs at the same irradiation time. For instance, with
30 minutes irradiation, Lac-PHMs caused a decrease in the
cell viability to 77% compared to 56% for TEG-PHMs.
This can be ascribed to the increased accumulation of Lac-
PHMs in HepG2 cells due to specific interaction of lactose
on the surface of Lac-PHMs with ASGP-R overexpressing
on the cell membrane of HepG2. In contrast, no obvious

differences were observed in the MCF-7 cell groups, no
matter the cells were treated with Lac-PHMs, TEG-PHMs
or free Hy (except for at 30 minutes, where the cell viability
of free Hy dropped to 60%, see Figure 7B). Similar results
were obtained in the study on the effect of Hy concentration
on photocytotoxicity, where the irradiation time was fixed at
30 minutes, and free Hy and the two Hy nanocarriers were
added at Hy equivalent concentrations of 0.2, 0.4, 0.6, 0.8,
and 1.0 uM, respectively (see Figure 7C and D). In both the
cell lines, free Hy induced more viability loss than the Hy
nanocarriers because of free Hy’s superior cell internalization
efficiency, as observed earlier.

As a qualitative comparison of the MTT assay results,
Annexin V-FITC and PI were applied to stain the HepG2 and
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MCEF-7 cells, which had been cultured for 24 hours follow-
ing the respective incubation with free Hy, Lac-PHMs, and
TEG-PHMs (at Hy equivalent concentration of 1.0 uM; cells
without adding NPs were used as control) for 4 hours and the
subsequent irradiation. Annexin V-FITC can stain the exter-
nalization of phosphatidylserine in apoptotic cells with green
fluorescence, while PI can bind to and stain the DNA in dead
cells with red fluorescence. The staining images, obtained
using an LSCM, are shown in Figure 8 and are consistent
with the MTT assay results. For HepG2 cells, the intensi-
ties of both green and red fluorescence in Lac-PHMs-added
group were stronger than those in TEG-PHMs-added group;
while for MCF-7 cells, the fluorescence intensities in the two
groups were at a similar level. All the results in the MTT
assay and Annexin V-FITC/PI staining experiment indicate
that compared with nontargeted Hy nanocarrier, Lac-PHMs
can achieve better therapeutic efficiency for a certain type of
cancer that overexpresses ASGP-R on the cell surface.

It should be noted that DMSO must be used to enhance
the solubility of Hy in aqueous solution as free Hy in the cell
experiments. However, the potential cytotoxic side effects of
DMSO make the direct use of free Hy very risky.***

A Annexin V-FITC

Overlap

Lac-PHMs Free Hy Control

TEG-PHMs

It was recently reported that the PDA-coated MNPs dis-
played photothermal conversion effect under the irradiation of
specified wavelengths of light, which can also be employed
in cancer therapy.*' To determine whether the loss of cell
viability of the Hy nanocarriers designed in this work was due
to light with a wavelength of 595-600 nm being converted
to heat, Lac-PMs and TEG-PMs, which had been proven to
have no photodynamic ability, were employed to examine any
potential photothermal conversion effect of the as-designed
Hy nanocarriers. HepG2 and MCF-7 cells were, respectively,
incubated with the two NPs (15 ugmL") for 4 hours, then washed
with PBS and exposed to the photosource. After 30 minutes of
irradiation and a further 24 hours of culture, the cell viability
was determined using MTT assay. The results are summarized
in Figure 9. Lac-PMs and TEG-PMs did not induce any cell
necrosis or apoptosis under the light irradiation, which suggested
that the photodynamic effect was the only factor associated
with the as-fabricated Hy nanocarriers for cancer therapy.

Conclusion

In conclusion, to promote the application of the hydrophobic
PS Hy in PDT for cancer therapy, a brand new Hy nanocarrier

B Annexin V-FITC PI

Overlap

Lac-PHMs Free Hy Control

TEG-PHMs

Figure 8 Laser scanning confocal microscope (LSCM) images of (A) HepG2 cells and (B) MCF-7 cells after Annexin V=FITC/PI staining.
Notes: The cells were incubated with free Hy, Lac-PHMs, and TEG-PHMs for 4 hours at 37°C, respectively. After washing with PBS, they were exposed to the light, and

then further cultured for 24 hours before Annexin V-FITC/PI staining. Scale bar: 50 um.

Abbreviations: Hy, hypericin; PHMs, hypericin-entrapped polydopamine—-MNP composite nanoparticles; Lac-PHMs, lactose-modified PHMs; TEG-PHMs, triethylene glycol—

modified PHMs; FITC, fluorescein isothiocyanate; Pl, propidium iodide.
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was fabricated through a facile and novel strategy, where Hy
was entrapped into the PDA film by adding it to the reaction
system of dopamine polymerization on the MNP surface.
Thereafter, lactose was conveniently modified to the surface
ofthe PDA-—Hy—MNP composite NPs to improve their tumor
specificity by increasing the PS accumulation in the specific
tumor site and thus increasing the PDT efficiency. The
final fabricated Hy-entrapped glyconanoparticles exhibited
outstanding stability and dispersibility in aqueous medium.
Furthermore, the cellular uptake study, the intracellular ROS
generation monitoring, the cytotoxicity test, and the apoptosis
assay demonstrated that the Hy-entrapped glyconanoparticles
can efficiently target the ASGP-R-overexpressing HepG2
cells while maintaining a satisfactory PDT. In our strategy,
the scaffold can be changed between a very wide range of
materials. Furthermore, the entrapped PS and the conjugated
ligand can also be freely changed over a large range, allowing
the potential to produce numerous desired PS nanocarriers
for enhanced PDT application in medical science.
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