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Abstract

Human epidermal growth factor receptor 2 (HER2)-overexpressed breast cancer is known

to be more aggressive and resistant to medicinal treatment and therefore to whom an alter-

native therapeutics is needed. Indocyanine green (ICG) has been widely exploited in breast

cancer phototherapy. However, drawbacks of accelerated degradation and short half-life

(2–4 min) in blood seriously hamper its use in the clinic. To overcome these challenges, an

anti-HER2 ICG-encapsulated polyethylene glycol-coated poly(lactic-co-glycolic acid) nano-

particles (HIPPNPs) were developed in this study. Through the analyses of degradation rate

coefficients of ICG with and without polymeric encapsulation, the photostability of HIPPNP-

entrapped ICG significantly enhanced 4 folds (P < 0.05) while its thermal stabilities at 4 and

37˚C significantly enhanced 5 and 3 (P < 0.05 for each) folds, respectively, under equal light-

ing and/or heating treatment for 48 h. The target specificity of HIPPNPs to HER2-positive

cells was demonstrated based on a 6-fold (P < 0.05) enhancement of uptake efficiency of

HIPPNPs in MDA-MB-453/HER2(+) cells within 4 h as compared with that in MCF7/HER2

(-) cells. Moreover, the HIPPNPs with� 25 μM ICG equivalent were nontoxic to cells in the

absence of light illumination, and enabled to generate similar amount of singlet oxygen and

hyperthermia effect as compared with that used by free ICG upon NIR irradiation. After 808

nm-laser irradiation with intensity of 6 W/cm2 for 5 min, the viability of MDA-MB-453 cells

pre-treated by HIPPNPs with� 5 μM ICG equivalent for 4 h significantly reduced as com-

pared with that treated by equal concentration of free ICG (P < 0.05) and > 90% of the cells

were eradicated while the dose of HIPPNPs was increased to 25 μM ICG equivalent. In

summary, the developed HIPPNPs are anticipated as a feasible tool for use in phototherapy

of breast cancer cells with HER2 expression.
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Introduction

According to the statistics of World Health Organization, breast cancer is the most frequently

diagnosed cancer and the leading cause of cancer death among females worldwide [1]. Cur-

rently breast cancer is commonly treated by chemo-, radio-, immuno-, and/or hormone-

therapies in addition to surgery. Although the therapeutics of breast cancer is increasingly

advanced over the past decades, metastatic breast cancer remains incurable and the 5-year

overall survival rate is only 23% [2], implicating that an effective therapeutic strategy is still

urgently needed. Among various types of breast cancer, the one with overexpression of anti-

human epidermal growth factor receptor 2 (HER2) which is in nearly 30% of breast cancer

located in either primary tumors or metastatic sites [3] has gained increasing attention in the

last decade since its level is strongly correlated with breast cancer pathology including tumori-

genesis, oncogenic transformation, metastasis, and poor prognosis [4–7]. Furthermore, the

HER2-positive breast cancer is known to be more aggressive and resistant to medicinal treat-

ment [7–9], implicating that improving the method of tumor destruction instead of changing

anti-cancer drugs persistently may truly cure the HER2-positive breast cancer.

Among various approaches of breast cancer treatment, near-infrared (NIR)-mediated pho-

totherapy is one of the most promising strategies for serving as a supplement to traditional

cancer therapies since it can provide 1) enhanced tissue penetration efficacy as compared with

that operated by visible light [10] and 2) moderate toxicity to normal cells/tissues through use

of targeted photosensitive agents and/or spatially controlled light irradiation [11]. Generally

speaking, phototherapy is carried out by hyperthermia and/or reactive oxygen species (ROS)

generated from the photosensitizers under light illumination in the presence of oxygen that

the former may cause thermal ablation of cancer cells (i.e., photothermal therapy; PTT) [11],

while the latter may seriously interfere cellular metabolism and thus trigger programed cell

death (i.e., photodynamic therapy; PDT) [11–13]. No matter which mechanism is utilized, the

photosensitizer plays a key role in the effectiveness of phototherapy.

Indocyanine green (ICG) is an U.S. Food and Drug Administration (FDA)-approved tricar-

bocyanine dye which enables to absorb and fluoresce in the region of 650–850 nm. Currently,

in addition to serving as a fluorophoric agent for use in diagnostic purposes such as NIR

image-guided oncologic surgery [14], fluorescence angiography [15], and lymph node detec-

tion of cancer [16], ICG has been exploited as a photosensitizer for use in cancerous photo-

therapy including breast, brain, and skin tumors [17–19] since it enables to produce heat and

ROS (i.e., singlet oxygen) upon NIR irradiation. Although ICG is of particular advantage for

use in cancer phototherapy, it adversely tends to disintegrate in aqueous medium and such

degradation can be markedly accelerated by light irradiation (photodegradation) and/or heat-

ing (thermal degradation) [20]. Furthermore, ICG after administered intravenously will be

readily bound with blood proteins and hence leads to only 2–4 min of plasmatic half-life

[21,22]. These circumstances seriously hinder the applicability of ICG in the clinic and thus a

strategy that enables to enhance the aqueous stability and target efficiency of ICG is certainly

needed for ICG-mediated therapy.

Nanomedicine may offer a feasible means for usage of ICG without aforementioned defects

since it may provide merits of enhanced bioavailability, improved stability, and security for the

payload [23]. In terms of the materials used for making drug carrier, polymer is often consid-

ered as the preferred candidate since it can be manipulated to tailor the properties and/or

functionalities required by the product [24]. Among various pharmaceutical polymers, poly

(lactic-co-glycolic acid) (PLGA) is the copolymer of poly(lactic acid) and poly(glycolic acid)

and is one of the best defined biomaterials with FDA approval for drug encapsulation due to

its biocompatibility, biodegradability, and controllability for drug release [25]. Polyethylene
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glycol (PEG), another FDA-approved polymer with characteristics of nontoxicity and less

immunogenicity, is frequently used for surface modification of drug carrier since the retention

time of the PEG-coated particle in the blood circulation can be markedly increased [26].

Taken all together, we aim to develop an anti-HER2 ICG-encapsulated PEG-coated PLGA

nanoparticles (HIPPNPs) for targeted phototherapy of HER2-expressing breast cancer cells.

We anticipate that the use of ICG by implantation of HIPPNPs instead of naked molecules is

advantageous because the polymeric carrier (i.e., HIPPNP) may 1) potentially protect the

entrapped ICG from degradation caused by external stimuli such as light, heat, and/or extreme

pH [20,27]; 2) preciously localize the therapeutic region to reduce off-target toxicity, and 3)

provide accurate estimation for the efficacy of ICG-mediated phototherapy. In this study, the

fabrication procedures of HIPPNPs was first detailedly introduced, followed by stepwise inves-

tigations of their physicochemical properties, functionalities, and phototoxicity.

Materials and Methods

Materials

Acid terminated PLGA (50:50, Mn = 7000–17000 Da), polyvinyl alcohol (PVA), dichloro-

methane (DCM), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC),

sulfo-N-hydroxysuccinimide (Sulfo-NHS), methanol, heterobifunctional PEG (COOH-

PEG-NH2, Mn = 3500 Da), and ICG were all purchased from Sigma-Aldrich (St. Louis, MO).

Anti-HER2 monoclonal antibody (Anti-HER2-mAb) and anti-mouse immunoglobulin G

(IgG) secondary antibody were purchased from Cell Signaling (Danvers, MA). All chemicals

were used as received.

Fabrication of HIPPNPs

The ICG-encapsulated PLGA nanoparticles (IPNPs) were first prepared by a modified emulsi-

fication in association with solvent evaporation method. Briefly, 1-mL methanol/DCM (v/

v = 3: 7) mixture containing 1-mg ICG and 30-mg PLGA was added dropwise into 15 mL of

PVA solution (0.2%, w/v) and sonicated with 20 kHz and 100 W for 90 sec in an ice bath.

The emulsified solution was then stirred for another 4 h under ambient temperature to allow

organic solvent evaporation. The nanoparticles (i.e., IPNPs) were collected by centrifugation at

20000 × g for 20 min, followed by wash twice with PBS to remove all the unconjugated mole-

cules in the medium. The IPNPs suspended in 1-mL PBS were immediately subjected to sur-

face modification using heterobifunctional PEG.

The conjugation of PEG on the surface of IPNPs was carried out by carboxyl-amine cross-

linking reaction. Briefly, the IPNPs were first mixed with EDC and Sulfo-NHS (molar

ratio = 2: 1) in total 2-mL PBS and incubated at room temperature in dark for 2 h. After

washed twice with PBS, the collected nanoparticles were mixed with heterobifunctional PEG

in total 3-mL PBS (0.2 g/mL), following incubation at room temperature in dark for 2 h. The

nanoparticles were then washed twice with PBS and subjected to lyophilization afterward. The

presence of PEG on the surface of IPNPs was verified by Fourier transform infrared (FTIR)

spectroscopy.

The conjugation of anti-HER2-mAbs on the surface of PEG-coated IPNPs was performed

using a modified method as reported previously [28]. In brief, the lyophilized nanoparticles

were first reacted with EDC and Sulfo-NHS (molar ratio = 9: 1) in PBS under ambient temper-

ature for 2 h. After washed twice with PBS, the collected nanoparticles were then mixed with

anti-HER2-mAbs in total 1-mL PBS and maintained at room temperature in dark for 1 h. To

remove excess/unreacted molecules and simultaneously reduce the size dispersity of the prod-

ucts, the filtration method by use of a 0.45-μm filter was utilized in this study. The harvested
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HIPPNPs were then lyophilized for 24 h and stored at 4˚C for further use. To verify the pres-

ence and activity of the anti-HER2-mAbs on the nanoparticle surface, PEG-coated IPNPs with

and without anti-HER2-mAbs were separately conjugated with fluorescent anti-mouse IgG

secondary antibodies and the fluorescence levels in both groups were detected by fluorescent

microscopy and spectrofluorometry performed with 488 and 525 nm of excitation and emis-

sion wavelength, respectively. The overall procedures of HIPPNP fabrication is illustrated in

Fig 1.

Evaluation of physicochemical properties of HIPPNPs

The size distribution and surface charge of the HIPPNPs were measured by using dynamic

light scattering (DLS) technique. The morphology of the HIPPNPs was detected by using a

scanning electron microscope (S-800 SEM; HITACHI, Tokyo, Japan) with 20 kV accelerating

voltage. The encapsulation efficiency of ICG (EI) was calculated by the formula:

EI ¼
M � Ms

M
� 100% ð1Þ

Where M is total amount of ICG used for HIPPNP manufacture and Ms denotes the amount

of unencapsulated ICG remaining in the supernatant. Both M and Ms are determined by

Fig 1. Schematic diagram of the fabrication procedures of HIPPNPs. The HIPPNPs are first formed by using a

modified emulsification approach (A! B), followed by conjugation with PEG molecules (C) and then anti-HER2-mAbs (D)

through EDC/Sulfo-NHS-mediated carboxyl-amine crosslinking reaction. To remove excess/unreacted chemicals and

simultaneously reduce the size dispersity of the products, all the HIPPNPs with broad size distribution (D) are filtrated

using a 0.45-μm filter and exhibit improved size uniformity afterward (E).

doi:10.1371/journal.pone.0168192.g001
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UV-Vis spectrometry according to Beer-Lambert’s law. The percentage of ICG content in the

HIPPNP (CI; wt%) was evaluated by the formula:

CI ¼
WICG

WNP
� 100% ð2Þ

Where WNP is total weight of HIPPNPs and WICG denotes the mass of ICG encapsulated in

the HIPPNPs tested (~ M × EI). The quantity of antibody on the HIPPNPs was evaluated by

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA) in associa-

tion with UV-Vis spectrophotometry (λabs = 562 nm) according to the manufacturer’s instruc-

tion. The absorbance obtained from the IPPNPs was employed as the background.

The antibody conjugation efficiency ð%Þ ¼
The weight of decorated antibody ðmgÞ

The weight of HIPPNPs examined ðmgÞ
ð3Þ

Cell culture. The MCF7 cells (HER2-negative human breast adenocarcinoma cell line;

American Type Culture Collection; ATCC, Manassas, VA) were cultured by Eagle’s minimum

essential medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1.5 g/

L sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, 0.01 mg/

mL bovine insulin, and 100 U/mL penicillin/streptomycin, and maintained in a 37˚C incuba-

tor balanced with 5% CO2 and 100% humidity. The MDA-MB-453 cells (HER2-positive

human breast metastatic carcinoma cell line; ATCC) were cultured by Leibovitz’s L-15

medium supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/mL penicillin-strepto-

mycin, and maintained in a 37˚C incubator without CO2.

Analysis of degradation kinetics of ICG encapsulated in HIPPNPs

To examine the photo and thermal degradation kinetics of HIPPNP-entrapped ICG, a defined

amount of HIPPNP in 9-mL PBS was aliquoted into 18 tubes and following the six were heated

with 37˚C in dark and the other 12 were maintained in 4˚C. The six of 12 samples set in 4˚C

were exposed to light with intensity of 30 μmol photons/m2/s, while the other six were

wrapped in foil to prevent light illumination. After treated for 2, 4, 6, 24, and 48 h, the

HIPPNPs in all settings were washed twice with PBS and subjected to spectrophotometry

(λabs = 780 nm) to analyze the amount of ICG remaining in the nanoparticles. The ICG freely

dissolved in PBS with above settings were employed as the controls. The degradation rate coef-

ficient (kd) of ICG in each group was determined based on the dynamic method [29]:

Ct

C0

¼ expð� kd � tÞ ð4Þ

Where C0 and Ct denote the concentrations of ICG in the HIPPNPs or PBS (control) at time

t = 0 and specific time t> 0, respectively.

Examination of target specificity of HIPPNPs

Since nanoparticles with targeting ligands could be efficiently delivered into cytoplasm of tar-

geted cells [30], the target specificity of HIPPNPs was determined by comparing the efficien-

cies of cellular uptake of HIPPNPs in MDA-MB-453/HER2(+) and MCF7/HER2(-) cells. For

each type of cell, 3 × 106 cells were aliquoted into three wells of a 24-wells culture plate and

incubated at 37˚C for 24 h. The HIPPNPs were added to two of three wells (1.25 μM ICG

equivalent) and followed by incubation at 37˚C for 2 and 4 h, respectively. The well without a

HIPPNP was used as the control. At each time point, the HIPPNPs were removed by PBS
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wash and the fluorescent intensities of the cells were detected by spectrofluorometry per-

formed with 750 and 838 nm of excitation and emission wavelength, respectively. In this

study, the intensity of fluorescence was quantitatively represented by relative fluorescence

units (RFUs) and the efficiency of cellular uptake of HIPPNPs in each setting was evaluated

after normalizing the RFUs to the control.

Analysis of cytotoxicity of HIPPNPs without light illumination

To examine the cytotoxicity of HIPPNPs in the absence of light illumination, 12-mL culture

medium containing 6 × 106 MDA-MB-453 cells were aliquoted into 12 wells of a 24-wells cul-

ture plate and incubated at 37˚C for 24 h. Cells were then added with HIPPNPs in 0- (i.e., no

HIPPNP), 1.25-, 2.5-, 5-, 10-, and 25-μM ICG equivalent and one concentration was for two

wells. The viability of cells with each dose of HIPPNPs was measured after 24 and 48 h using

hemocytometry with trypan blue exclusion method. In addition, the numbers of cells treated

with 0, 2.5, and 25 μM ICG equivalent of HIPPNPs were further measured for seven days to

establish their growth curves. The specific growth rate of the cells (μ) was calculated by the for-

mula:

m� ðt2 � t1Þ ¼ ln
Ct2

Ct1

� �

ð5Þ

where Ct1 and Ct2 denote the cell concentrations obtained at the defined time points t1 and t2,

respectively.

Measurement of singlet oxygen production of HIPPNPs

The production of singlet oxygen generated from the HIPPNPs upon light illumination was

measured by using singlet oxygen sensor green (SOSG; Life Technologies, Carlsbad, CA) as

the fluorescent probe. According to the manufacturer manual, 200-μL PBS containing

HIPPNPs with 0 (no HIPPNP), 1.25, 2.5, 5, 10, and 25 μM ICG equivalent were separately

mixed with 200-μL SOSG (10 μM), followed by incubation at room temperature in dark for 10

min. 200 μL of each sample was then transferred into one well of a 96-wells culture plate and

irradiated by using a 808-nm continuous wave (CW) laser with intensity of 6 W/cm2. The level

of SOSG-induced fluorescence in each group was detected by using a spectrofluorometer per-

formed with 488 and 525 nm of excitation and emission wavelength, respectively, every 60 sec

for 5 min. The productions of singlet oxygen generated from the freely dissolved ICG in PBS

with 2.5 and 25 μM were treated as the controls.

Measurement of HIPPNP-induced temperature increase

To evaluate the photothermal effect of HIPPNPs upon light illumination, 200-μL PBS contain-

ing HIPPNPs with 0 (no HIPPNP), 1.25, 2.5, 5, 10, and 25 μM ICG equivalent were separately

irradiated by using a 808-nm CW laser with intensity of 6 W/cm2 for defined minutes in one

well of a 96-wells culture plate. The temperature of each group was recorded every 30 sec for 5

min by using a digital thermometer. The temperature changes in 2.5- and 25-μM ICG solu-

tions during NIR laser irradiation were employed as the controls.

Evaluation of phototoxicity of HIPPNPs to breast cancer cells

To evaluate the phototherapeutical capacity of the HIPPNPs, 2.4-mL culture medium contain-

ing 1.2 × 106 MDA-MB-453 cells were aliquoted into 12 wells of a 96-wells culture plate and

incubated at 37˚C for 24 h. Cells were separately added with free ICG or HIPPNPs in six wells

Targeted Phototherapy of HER2-Positive Breast Cancer Cells by HIPPNPs
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and the ICG doses for each group were set by 0, 1.25, 2.5, 5, 10, and 25 μM. After incubation at

37˚C for 4 h, all cells were washed twice with PBS and irradiated by using a 808-nm CW laser

with intensity of 6 W/cm2 for 5 min. The cell viability in each well was assessed by using hemo-

cytometry with trypan blue exclusion method and calcein-AM / propidium iodide (concentra-

tion ratio = 2:3) staining assay immediately after NIR irradiation.

Statistical analysis

All data were acquired from three independent experiments and presented as mean ± standard

deviation (SD). Statistical analyses were conducted by using MedCalc software in which com-

parisons for one condition between two groups were performed by Student’s t-test with a sig-

nificance level of P< 0.05 throughout the study.

Results and Discussion

Verification of PEG and anti-HER2-mAbs conjugations

The presence of PEG molecules on the nanoparticle surface was verified by analyzing the char-

acteristic peaks of the IPNPs with and without PEG conjugation through FTIR spectroscopy.

As shown in Fig 2I, a strong absorbance peak at 1768 cm−1 corresponding to carbonyl stretch-

ing frequency of PLGA can be observed in both IPNPs with (Fig 2I; A) and without (Fig 2I; B)

PEG coating. Two absorbance peaks at 1106 and 1349 cm-1 in the spectrum of PEG-coated

IPNPs (Fig 2I; A) represent C-O-C stretching and asymmetric stretching, respectively, that

indicate the presence of PEG in the sample [31]. The peak at 1684 cm-1 corresponding to

stretching of N-H bond only in the PEG-coated IPNPs (Fig 2I; A) implicates that the carbonyl

amide linkage (CONH) was successfully generated through carboxyl-amine crosslinking reac-

tion. Furthermore, two absorbance peaks at 2956 cm-1 and 949 cm-1 corresponding to -CH2

stretching and -CH out-of-plane bending vibration, respectively, in the PEG-coated IPNPs

(Fig 2I; A) provide another evidences for the presence of PEG in the sample [31,32]. Overall

these results confirm that the PEG conjugation on the IPNP surface was successfully carried

out.

The presence and activity of anti-HER2-mAb on the nanoparticle surface were examined

by conjugating the particles (i.e., HIPPNPs) with the fluorescent secondary antibody and the

results are shown in Fig 2II. Our data show that the HIPPNPs displayed fluorescent expression

after treated with the secondary antibody (Fig 2II; inset image A) and the level of fluorescence

is 14-fold (P< 0.05) higher than that obtained from the HIPPNPs without secondary antibody

(Fig 2II, inset image a). For the PEG-coated IPNPs with secondary antibody (Fig 2II; inset

image B), none of fluorescent expression is observed and the level of fluorescence is similar

with that obtained from the same sample without treatment of secondary antibody (Fig 2II;

inset image b, P = NS). These results clearly show that the HIPPNPs rather than PEG-coated

IPNPs had affinity to the secondary antibody, indicating that the anti-HER2-mAbs were cer-

tainly bound on the surface of HIPPNPs and their bioconjugate activity was maintained after

the carboxyl-amine crosslinking procedures.

Characterization of HIPPNPs

Fig 2III (a)–(c) exhibits the photographs of blank PLGA nanoparticles, HIPPNPs, and freely

dissolved ICG in which the green emulsified appearance of HIPPNPs (Fig 2III; b) clearly illus-

trates their configuration of ICG payload as compared with the other two samples. The SEM

image of HIPPNPs (Fig 2IV) shows that the products maintained intact particulate morphol-

ogy without collapse after the fabrication procedures including high-speed centrifugation and
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agitation. The mean size and surface charge of the HIPPNPs are 307 ± 4.6 nm and -17.3 ± 0.26

mV, respectively, while the polydispersity index is in the range of 0.08–0.14 after filtration. In

addition, the ICG encapsulation efficiency and percentage of ICG content in the HIPPNPs are

approximately 75% and 2.6 wt%, respectively, which were determined based on the Eqs (1)

and (2) as described above. The conjugation efficiency of anti-HER2-mAb on the HIPPNPs is

about 18 ± 0.64% according to the BCA-mediated protein analysis.

Photo and thermal stabilities of HIPPNP-entrapped ICG

Fig 3 exhibits the degradation profiles of HIPPNP-entrapped ICG (Fig 3A–3C) and freely dis-

solved ICG in PBS (Fig 3D–3F) under maintenance at 4 (Fig 3A–3D) or 37˚C (Fig 3C–3F) in

dark, or under light exposure with intensity of 30 μmol-photons/m2/s at 4˚C (Fig 3B–3E) for

48 h. As compared the degradation percentages between two settings (Table 1), our data show

that the anti-degradability of ICG after entrapped into HIPPNPs significantly enhanced 3.6

folds (P< 0.05) with neither photo nor thermal stimulation (Fig 3A vs. 3D), while that

increased 2 (P< 0.05) and 1.5 (P< 0.05) folds under lighting (Fig 3B vs. 3E) or heating

Fig 2. Assessment of physicochemical properties of HIPPNPs. (I) The FTIR absorption spectra of IPNPs with (A)

and without (B) PEG conjugation on the nanoparticle surface. (II) Verification of presence and bioactivity of anti-

HER2-mAbs on the HIPPNPs. The inset photographs represent fluoromicroscopic images of HIPPNPs (A/a) and PEG-

coated IPNPs (B/b) with (A/B) and without (a/b) conjugation of fluorescent anti-mouse IgG secondary antibody at 200X

magnification. Scale bar = 10 μm. The intensity of fluorescence expressed in each group was measured by

spectrofluorometry performed with excitation wavelength of 488 nm and emission wavelength of 525 nm, and

quantitatively represented by RFUs. Values are mean ± SD (n = 3). *P < 0.05. (III) Photographs and schematic

diagrams of blank PLGA nanoparticles in PBS (a), HIPPNPs after washed with PBS (b), and freely dissolved ICG in

PBS (c). (IV) SEM image of the HIPPNPs.

doi:10.1371/journal.pone.0168192.g002
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(Fig 3C vs. 3F) treatment, respectively. Moreover, based on the Kd analyses (Table 1), the

photostability of the HIPPNP-entrapped ICG under illumination with intensity of 30 μmol-

photons/m2/s significantly enhanced 4 folds (P< 0.05) while its thermal stability under 4 and

37˚C significantly enhanced 5 (P< 0.05) and 3 (P< 0.05) folds, respectively, as compared to

the free ICG under equal treatment within 48 h. These outcomes demonstrate that both photo

and thermal stabilities of ICG can be markedly improved after entrapped into the HIPPNPs.

Target specificity of HIPPNPs to HER2(+) breast cancer cells

Fig 4 exhibits the levels of ICG-induced fluorescence in MDA-MB-453 (HER2(+)) and MCF7

(HER2(-)) cells which were treated with equal amount of HIPPNPs for different time and

these results represent the cellular uptake efficiencies of HIPPNPs in different types of the

cells. Based on analysis of fluorescent intensity, the normalized RFUs expressed from the

MDA-MB-453 cells are 5- (P< 0.05) and 6- (P< 0.05) fold higher than that obtained from the

MCF7 cells after treated with HIPPNPs for 2 or 4 h, respectively. We reason that the discrimi-

nated cellular uptake efficiency of HIPPNPs is attributed to different endocytic pathways in

two types of the cells. Due to expressions of anti-HER2-mAbs and HER2 receptors on the sur-

faces of HIPPNPs and MDA-MB-453 cells, the HIPPNPs were internalized by MDA-MB-453

cells mainly through HER2 receptor-mediated endocytosis. In terms of HER2-negative MCF7

Fig 3. Photo and thermal degradation profiles of HIPPNP-entrapped ICG and freely dissolved ICG in PBS. A—F

represent UV-Vis spectra of HIPPNPs (A—C) and freely dissolved ICG in PBS (D—F) treated with 4 or 37˚C in the

presence and absence of 30 μmol-photons/m2/s light illumination for 48 h as indicated in each figure. The peak at λ = 780

nm in each spectrum denotes the amount of ICG remaining in the HIPPNPs (A—C) or in the PBS (D—F) at 0, 2, 4, 6, 24,

and 48 h during photo and/or thermal stimulation.

doi:10.1371/journal.pone.0168192.g003
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cells, we surmise that the mechanism of HIPPNP internalization was performed by adsorptive

endocytosis since it has been demonstrated as an efficient means for cancer cells to engulf neg-

atively charged PLGA nanoparticles [33]. Receptor mediated endocytosis has been known to

be more efficient and specific in comparison to adsorptive endocytosis [34], leading to a higher

Table 1. Degradation percentages and degradation rate coefficients of HIPPNP-entrapped ICG and

freely dissolved ICG in PBS under various treatments for 48 h.

Group % ICG degraded kd (h-1)

HIPPNP-entrapped ICG

4˚C in dark 16.3%b 0.0045b

4˚C with light illuminationa 47.1%b 0.0155b

37˚C in dark 62.4%b 0.0233b

Freely dissolved ICG in PBS

4˚C in dark 58.8% 0.0206

4˚C with light illuminationa 94.3% 0.0598

37˚C in dark 95.2% 0.0627

aLight illumination was performed by using a daylight fluorescent lamp with intensity of 30 μmol-photons/m2/

s.
bP < 0.05 as compared to the group with freely dissolved ICG in PBS under equal illumination and/or heating

treatment.

doi:10.1371/journal.pone.0168192.t001

Fig 4. Assessment of HER2-target specificity of the HIPPNPs. After treated by HIPPNPs with 1.25 μM ICG

equivalent for 2 or 4 h, the levels of fluorescence expressed from MCF7 and MDA-MB-453 cells were detected

immediately after the HIPPNPs were removed. The intensity of fluorescence was detected by spectrofluorometry

performed with 750 and 838 nm of excitation and emission wavelength, respectively, and quantitatively represented by

RFUs after normalization to the control signal. Values are mean ± SD (n = 3). *P < 0.05.

doi:10.1371/journal.pone.0168192.g004
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uptake efficiency of HIPPNPs in MDA-MB-453 cells than in MCF7 cells. These results clearly

show that the HIPPNPs can be more efficiently internalized by MDA-MB-453/HER2(+) cells

and whereby the target specificity of HIPPNPs to HER2-positive cells is demonstrated.

Cytotoxicity of HIPPNPs without light illumination

The bioeffects of HIPPNPs on HER2-positive breast cancer cells were evaluated based on the

viability and growth kinetics of MDA-MB-453 cells after treated with HIPPNPs. As shown in

Fig 5A, the viabilities of cells treated by HIPPNPs with up to 25 μM ICG equivalent are all

higher than 80% within 48 h. Furthermore, according to the growth kinetics study as shown in

Fig 5B, the specific growth rates of the cells after treated with 2.5 and 25 μM ICG equivalent of

Fig 5. Cytotoxicity of HIPPNPs to breast cancer cells in the absence of light illumination. (A) Viabilities of

MDA-MB-453 cells after treated with HIPPNPs in 0 (no HIPPNP), 1.25, 2.5, 5, 10, and 25 μM ICG equivalent without light

illumination for 24 (solid) and 48 (stripe) h. The cellular viability of each group was measured by hemocytometry with

trypan blue exclusion method. Values are mean ± SD (n = 3). (B) Growth kinetic curves of MDA-MB-453 cells after treated

with HIPPNPs. The cells treated by HIPPNPs with 0, 2.5, and 25 μM ICG equivalent were continuously cultivated at 37˚C

after the viability test and the growth kinetic curve of each group was established through the measurements of cell

number every 24 h for 7 days. Values are mean ± SD (n = 3).

doi:10.1371/journal.pone.0168192.g005
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HIPPNPs for 7 days are 0.511 and 0.509 day-1 respectively, and both are almost the same as the

one without HIPPNP treatment (μ = 0.514 day-1). These results indicate that the HIPPNP is

nontoxic to cells in the absence of light illumination.

Photodynamic and photothermal effects of HIPPNPs

Fig 6A exhibits the profiles of singlet oxygen generation as presented by RFUs for the HIPPNPs

and freely dissolved ICG with various concentrations upon 808-nm laser irradiation with

intensity of 6 W/cm2. Our data show that the amount of singlet oxygen in each group increased

along with NIR irradiation and a 1.1-, 1.2-, 1.4-, 1.8-, and 3.4-fold enhancement of RFU can be

obtained from the HIPPNPs with 1.25, 2.5, 5, 10, and 25 μM ICG equivalent, respectively, after

NIR laser treatment for 5 min. In terms of the groups using free ICG with concentrations of

2.5 and 25 μM, the fluorescence levels in both groups increased in the first 3 min of NIR laser

irradiation and decreased thereafter, yielding a 1.1- and 3.2-fold enhancement of RFU, respec-

tively, after 5-min NIR exposure. These results indicate that the HIPPNPs enable to constantly

provide photodynamic effect and produce similar level of singlet oxygen within 5 min of NIR

irradiation as compared to the free ICG with equal concentration.

Fig 6. Yield of singlet oxygen and hyperthermia effect of HIPPNPs under NIR laser irradiation. Upon exposed to

808-nm CW laser with intensity of 6 W/cm2, both production of singlet oxygen (A) and variation of temperature (B)

generated from the HIPPNPs with 0, 1.25, 2.5, 5, 10, and 25 μM ICG equivalent and freely dissolved ICG with

concentrations of 2.5 and 25μM were measured every 60 (for yield of singlet oxygen) or 30 (for temperature change) sec

for 5 min. The quantity of singlet oxygen was represented as the intensity of SOSG-induced fluorescence which was

measured by spectrofluorometry with 488 and 525 nm of excitation and emission wavelength, respectively. The

temperature at each time point was measured by using a digital thermometer. Values are mean ± SD (n = 3) in both

examinations.

doi:10.1371/journal.pone.0168192.g006
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Similar results can be found in Fig 6B; the profiles of hyperthermia effect for HIPPNPs and

freely dissolved ICG with various concentrations upon NIR laser irradiation (808 nm; 6 W/

cm2). Our data show that the temperature in each group increased along with NIR exposure

and an increase of 5.1, 7.7, 13, 18.1, and 40.4˚C can be obtained from the HIPPNPs with 1.25,

2.5, 5, 10, and 25 μM ICG equivalent, respectively, after 5-min NIR exposure. In terms of the

groups using free ICG with concentrations of 2.5 and 25 μM, the temperatures in both settings

increased in the first 90–150 sec of NIR laser irradiation and declined thereafter, yielding an

increase of 7.3 and 35.6˚C, respectively, after 5-min NIR laser treatment. These results indicate

that the HIPPNPs enable to constantly generate hyperthermia effect within 5-min NIR laser

irradiation in which the level of temperature elevation is similar with that yielded from free

ICG under the same treatment.

Why the production of singlet oxygen and effect of hyperthermia in the group with free

ICG reduced after 2–3 min of NIR laser irradiation? We surmise that it was because ICG deg-

radation in aqueous medium can be accelerated by light and heat [20], the ICG molecules

freely dissolved in PBS continuously lost their ability to generate singlet oxygen and heat

during NIR irradiation and resulted in declines of RFU and temperature (Fig 6) when the

generation efficiency of singlet oxygen and/or heat was lower than their depletion rate in the

medium. On the contrary, the photodynamic and photothermal effects of HIPPNPs were

lasted since the photo and thermal stabilities of entrapped ICG remarkably enhanced due to

protection of polymeric matrix as analyzed in Table 1.

The temperature level has been known to play a key role in the efficacy of photothermal

therapy. According to the cellular assays as reported previously, irreversible cell damage can be

obtained after heated at 40–45˚C for 30–60 min [35], while only 4–6 min is sufficient at 50–

52˚C [36,37]. At > 60˚C, the time that is required to cause irreversible cell damage decreases

exponentially because denaturation of cytoplasmic proteins and/or enzymes rapidly occurs

and leads to coagulated necrosis immediately [38]. Although higher temperature may provide

more opportunities to eradicate tumor cells, operating temperature in the range of 41–43˚C

is frequently utilized in the clinic to minimize the potential deleterious influence on the

surrounding normal cells [39,40]. Based on the results shown in Fig 6, we hypothesize that

HIPPNPs with� 5 μM ICG equivalent are able to provide both photodynamic and hyperther-

mia (T> 40˚C) effects for tumor destruction, whereas the effect of phototherapy of HIPPNPs

with� 2.5 μM ICG equivalent will be majorly dependent on the photodynamic efficacy under

808-nm CW laser irradiation with intensity of 6 W/cm2 for 5 min.

Phototoxic effect of HIPPNPs on HER2(+) and HER2(-) breast cancer

cells

We subsequently examined the phototoxicity of HIPPNPs in different doses to MDA-MB-453

and MCF7 cells under NIR laser irradiation and the results of cellular viabilities determined by

using hemocytometry and calcein-AM/PI staining assay are shown in Fig 7I and 7II, respec-

tively. Our data show that the viabilities of NIR laser-treated MDA-MB-453 and MCF7 cells

without ICG are 96% (Fig 7II; A/a) and 99% (Fig 7II; G/g), respectively, indicating that the

slight temperature increase due to NIR laser irradiation (Fig 6B) is nontoxic to cells. Both free

ICG and HIPPNPs provided dose-dependent toxicity to the cells, and the HIPPNP-induced

cytotoxicity was higher than that caused by free ICG throughout the does range in both types

of cells (Fig 7II; B–F vs. b–f, G–L vs. g–l). In terms of HIPPNP-treated groups, our data showed

that the HER2-positive MDA-MB-453 cells underwent severer cell death upon NIR irradiation

(808 nm, 6 W/cm2) as compared with HER2-negative MCF7 cells that the viabilities in the for-

mer cells were 1.03-, 1.12-, 1.3- (P< 0.05), 2.6- (P< 0.05), and 8-fold (P< 0.05) lower the
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latter ones while the concentrations of HIPPNP-entrapped ICG utilized for the phototherapy

were 1.25, 2.5, 5, 10, and 25 μM, respectively. Moreover, we found that the phototoxicity of the

HIPPNPs, rather than free ICG, to the MDA-MB-453 cells substantially enhanced since the

dose of HIPPNPs was� 5 μM ICG equivalent that the viability was significantly reduced

11-fold (P< 0.05) while the concentration of entrapped ICG was increased from 5 to 25 μM.

According to the results shown in Fig 4, we speculate that the reason why the HIPPNPs

were more toxic to MDA-MB-453 cells than MCF7 cells is because HIPPNPs can be more effi-

ciently internalized/absorbed by MDA-MB-453/HER2(+) cells due to HER2-target specificity

of the HIPPNPs and thereby led to a higher efficacy of cell eradication for the groups with

MDA-MB-453 cells. In addition, based on the results shown in Fig 6, we reason that the signif-

icant phototoxicity of HIPPNPs with� 5 μM ICG equivalent was achieved due to combination

of photodynamic and photothermal effects, while the HIPPNPs with� 2.5 μM ICG equivalent

Fig 7. Phototoxicity of free ICG and HIPPNPs to HER2(+) and HER(-) breast cancer cells in vitro. (I)

Viabilities of MDA-MB-453 and MCF7 cells pre-treated with freely dissolved ICG or HIPPNPs in different

doses and subjected to light illumination afterward. Both free ICG and HIPPNPs were exploited in

concentrations of 0 (without agents; blank control), 1.25, 2.5, 5, 10, and 25 μM ICG equivalent for each type of

cells and were co-cultured with the cells for only 4 h. The light illumination was performed by using a 808-nm

CW laser with intensity of 6 W/cm2 for 5 min after the free ICG or HIPPNPs were removed. The cellular

viability was determined by hemocytometry with trypan blue exclusion method immediately after the laser

treatment. Values are mean ± SD (n = 3). *P < 0.05. †P < 0.05 as compared to the blank control. (II)

Representative photomicrographic images of calcein-AM/PI-stained MDA-MB-453 (A/a–F/f) or MCF7 (G/g–L/

l) cells after NIR laser irradiation. Before NIR illumination, cells were treated with free ICG (A—L) or HIPPNPs

(a—l) in 0 (A/a and G/g), 1.25 (B/b and H/h), 2.5 (C/c and I/i), 5 (D/d and J/j), 10 (E/e and K/k), and 25 (F/f and

L/l) μM ICG equivalent for 4 h and followed by PBS wash. The green cells stained by calcein-AM and the red

cells stained by PI represent live and dead cells, respectively. All stained cells were suspended in PBS and

the images were photographed by using a fluorescent microscope at 200X magnification. Scale bar = 50 μm.

doi:10.1371/journal.pone.0168192.g007
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can only provide mild photodynamic and hyperthermia effects and thus resulted in a moderate

effect of cancer cell killing.

One may question that why the phototoxicity of HIPPNPs with 25 μM ICG equivalent is

significantly higher than that obtained by using free ICG (Fig 7) since they can provide similar

photodynamic and hyperthermia effects within 5 min of NIR laser irradiation (Fig 6)? We

speculate that it was because in this study, the free ICG and HIPPNPs were only co-cultured

with the cells for 4 h and the degradation efficiency of free ICG within 4 h at 37˚C was about

two folds higher than HIPPNP-entrapped ICG (Fig 3C vs. 3F), implicating that the amount of

intact ICG transferred by free molecules was lower than that delivered by HIPPNPs. In addi-

tion, the HIPPNPs can be efficiently internalized by MDA-MB-453 cells due to their HER2-

target specificity (Fig 4) and enabled to protect the entrapped ICG from immediate degrada-

tion caused by low pH in the late endosome [27,41]. These properties significantly improved

the availability of HIPPNPs for use in phototherapy and thus resulted in a significantly

enhanced efficacy of cancer cell killing in comparison to free ICG.

Conclusions

In this study, we have successfully manufactured HIPPNPs, a type of HER2-specific biode-

gradable NIR photosensitive agents, for targeted phototherapy of HER2-positive breast cancer

cells. We not only investigated their physicochemical properties and functionalities in respect

of generation of singlet oxygen and hyperthermia efficacy upon NIR laser irradiation, but also

demonstrated the availability of HIPPNPs in different doses for eradication of tumor cells in
vitro through use of HER2-positive MDA-MB-453 breast cancer cells. In addition to the merits

of HIPPNPs as described above, the PEG molecules conjugated on the outer layer of HIPPNPs

may render the nanoparticles a prolonged circulation time in the bloodstream due to less

immunogenicity of PEG [26], and such characteristics is particularly favorable for passive tar-

geting of cancer cells through enhanced permeability and retention (EPR) effect [42,43].

Therefore, we anticipate that the HIPPNPs may provide an improved therapeutic effectiveness

for in vivo applications as compared with free ICG. To fully address the efficacy of HIPPNPs

on phototherapy of breast cancer cells identified in this study, further in vivo study is certainly

needed and efforts are currently in progress.
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