
© 2018 Wang 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  
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).

International Journal of Nanomedicine 2018:13 7681–7695

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
7681

O r i g in  a l  R e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.S181199

Novel pH-sensitive zinc phthalocyanine assembled 
with albumin for tumor targeting and treatment

Ying Wang1,2

Ke Zheng1

Guangshan Xuan1

Mingdong Huang3

Jinping Xue3

1College of Chemical Engineering, 
Qingdao University of Science and 
Technology, Qingdao, Shandong, China; 
2Key Lab of Inorganic Synthetic and 
Applied Chemistry, State Key Lab 
Base of Eco-Chemical Engineering, 
College of Chemistry and Molecular 
Engineering, Qingdao University of 
Science and Technology, Qingdao, 
Shandong, China; 3College of 
Chemistry, Fuzhou University, Fuzhou, 
Fujian, China

Purpose: Zinc phthalocyanine (ZnPc) has been applied widely in photodynamic therapy (PDT) 

with high ROS-production capacity and intense absorption in the near-infrared region. However, 

weak tumor targeting and the aggregation tendency of ZnPc seriously affect the therapeutic 

effect of PDT. Therefore, overcoming the aggregation of ZnPc and enhancing its antitumor 

effect were the purpose of this study.

Methods: In this study, we first found that the aggregation behaviors of the photosensitizer 

ZnPc(TAP)
4
, ZnPc substituted by tertiary amine groups, were regulated finely by pH and that 

ZnPc(TAP)
4
 could be disaggregated gradually as the pH descended. ZnPc(TAP)

4
 and human 

serum albumin (HSA) molecules were assembled into nanoparticles (NPs) for tumor targeting. 

Meanwhile, the chemotherapy drug paclitaxel (Ptx) was loaded into HSA NPs together with 

ZnPc(TAP)
4
 for dual antitumor effects. HSA NPs loading both ZnPc(TAP)

4
 and Ptx (NP–

ZnPc[TAP]
4
–Ptx) were characterized by particle size and in vitro release. Cytotoxicity, subcellular 

localization, tumor targeting, and anticancer effect in vivo were investigated respectively.

Results: We found that NP–ZnPc(TAP)
4
–Ptx had good stability with qualifying particle size. 

Interestingly, ZnPc(TAP)
4
 was released from the NPs and the photodynamic activity enhanced in 

the acidic environment of tumor. In addition, NP–ZnPc(TAP)
4
–Ptx had prominent cytotoxicity 

and time-dependent subcellular localization characteristics. Through a three-dimensional animal 

imaging system, NP–ZnPc(TAP)
4
–Ptx showed much-enhanced tumor targeting in tumor-bearing 

mice. Above all, NP–ZnPc(TAP)
4
–Ptx was demonstrated to have the synergistic anticancer 

effect of PDT and chemotherapy.

Conclusion: NP–ZnPc(TAP)
4
–Ptx had enhanced tumor targeting for the pH-sensitive property 

of ZnPc(TAP)
4
 and the transport function of HSA. NP–ZnPc(TAP)

4
–Ptx possessed a double-

anticancer effect through the combination of ZnPc(TAP)
4
 and Ptx. This drug-delivery system may 

also be used to carry chemotherapy drugs other than Ptx for improving antitumor effects.

Keywords: photodynamic therapy, drug-delivery system, controlled release, chemotherapy, 

antitumor activity, combination therapy

Introduction
Photodynamic therapy (PDT) has emerged as an effective and minimally invasive 

treatment method for tumor.1 Zinc phthalocyanine (ZnPc), known as a second-generation 

photosensitizer, has excellent photochemical properties with high ROS production 

ability and intense absorption in the near-infrared region, and gathers much atten-

tion for PDT nowadays.2 However, its weak tumor targeting and aggregation tendency3 

seriously affect PDT’s therapeutic effect.

Drug-delivery systems enable drugs to be more efficient.4 Nanodrug carriers 

are widely applied to deliver ZnPc to tumor tissue for the enhanced permeability 

and retention effect.5 A number of drug carriers have emerged, including polymeric 
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nanoparticles (NPs), nanocapsules, liposomes, micelles, 

gold NPs, ceramic NPs, magnetic NPs, and dendrimers.6 

However, most of these drug carriers are exogenous materials 

for humans and may have some side effects. Human serum 

albumin (HSA) is one kind of natural polymer material with 

atoxic and metabolizable characteristics, and is an excellent 

drug-carrier material.7 The US Food and Drug Administra-

tion has approved Abraxane (NP albumin-bound paclitaxel) 

for treating metastatic breast cancer. Abraxane is prepared 

by high-shear homogenization, which can disrupt disulfide 

bonds and form new disulfide bonds.7

The aggregation property of ZnPc causes not only 

fluorescence quenching but also a significantly reduced 

ROS-production rate. Surfactant Cremophor EL can make 

phthalocyanines disaggregated, but its application is limited 

by its side effects of hypersensitivity reactions.8 Bulky sub-

stituents can inhibit aggregation of ZnPc only in organic 

solvents, rather than water solution.9 Some ion substitu-

ents (eg, sulfo-, carboxy-, and quaternary ammonium salt 

groups)10–12 can overcome the aggregation of phthalocyanines 

based on electrostatic interaction in water solution. As such, 

ZnPc modified by ionic groups shows great application 

prospects for PDT.

In our current study, the aggregation behavior of substi-

tuted ZnPc containing 12 tertiary amine groups, 2,9,16,23-

tetrakis[2,4,6-tris(N,N-dimethylaminomethyl)phenoxy]

ZnPc(TAP)
4
, was first found to be regulated by pH in 

solution. ZnPc(TAP)
4
 was loaded into HSA NPs prepared 

by sulfhydryl self-assembly together with the chemothera-

peutic anticancer drug paclitaxel (Ptx) to obtain the complex 

NP–ZnPc(TAP)
4
–Ptx. Particle size and stability of NP–

ZnPc(TAP)
4
–Ptx were characterized. NP–ZnPc(TAP)

4
–

Ptx was demonstrated to have pH-sensitive properties for 

ZnPc(TAP)
4
 release. NP–ZnPc(TAP)

4
–Ptx was found to 

have a potent cytotoxicity effect in vitro. Interestingly, 

NP–ZnPc(TAP)
4
–Ptx had different subcellular localization 

following extended time. H22 tumor-bearing Kunming mice 

were established and tumor-targeting experiments carried 

using a three-dimensional (3D) imaging system. It was 

demonstrated that NP–ZnPc(TAP)
4
–Ptx had an enhanced 

tumor targeting effect over ZnPc(TAP)
4
 through HSA-NP 

loading. Most of all, NP–ZnPc(TAP)
4
–Ptx showed a higher 

antitumor effect, which could be attributable to combined 

application of phototherapy and chemotherapy. This pH-

sensitive drug-delivery system loading ZnPc(TAP)
4
 may 

be applied to simultaneous delivery of other chemotherapy 

drugs for synergistic anticancer purposes.

Methods
Materials
ZnPc(TAP)

4
 (Figure 1A) was synthesized and characterized 

as per a previous method reported by our group.13 Ptx was 

purchased from DKY Technology (Wuhan, China). HSA was 

purchased from Shanghai RAAS Blood Products (Shanghai, 

China). Non-small-cell lung carcinoma cells (H1299) were 

obtained from the American Type Culture Collection (ATCC) 

(Manassas, VA, USA). Mouse H22 hepatoma cells were pur-

chased from the Cell Bank of the Chinese Academy of Sciences 

(Shanghai, China). RPMI 1640 medium and FBS used for 

cell culture were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). Other chemicals were purchased from 

either Sigma-Aldrich Co. (St Louis, MO, USA) or Sinopharm 

Chemical Reagent (Shanghai, China). Clean-level Kunming 

mice were purchased from Shanghai SLAC Laboratory 

Animal, Chinese Academy of Sciences (Shanghai, China).

Ultraviolet–visible and fluorescence 
spectra of ZnPc(TAP)4
PBS (180 µL, pH 6.0, 6.2, 6.4, 6.8, 7.0, 7.2, 7.4, 7.6, 8.0) was 

added to 96-well plates that contained 20 µL ZnPc(TAP)
4
 

(50 µM in ethanol solution). Ultraviolet–visible and fluores-

cence spectra (excitation wavelength 610 nm) of the mixed 

solution were detected by a microplate reader (BioTek Instru-

ments, Winooski, VT, USA).

ROS measurement of ZnPc(TAP)4 with 
different pH
PBS (198 µL, pH 6.0, 6.2, 6.4, 6.8, 7.0, 7.2, 7.4, 7.6, 8.0) 

containing ZnPc(TAP)
4
 5 µM was added to 96-well plates. 

Then, 2 µL dimethyl sulfoxide (DMSO) solution of 2,7-

dichlorodihydrofluorescein diacetate (DCFH-DA; 500 µM) 

was added to the PBS with different pH. Mixed solutions 

were irradiated using an LED light source (20 mW/cm2) for 

5 minutes in total. Fluorescence maximum-emission intensity 

was detected by a microplate reader (BioTek Instruments) 

with excitation wavelength at 480 nm every 1 minute during 

the whole 5 minutes.

Preparation of NP–ZnPc(TAP)4–Ptx
β-Mercaptoethanol (2 µL), PBS (750 µL, pH 8), and HSA 

solution (250 µL, 200 mg/mL) were mixed together. After 

being stirred for 15 minutes, the solution was diluted using 

1 mL PBS (pH 8). Then, ZnPc(TAP)
4
 ethanol solution 

(0.5 mL, 7.6 mM) was added to the solution. After incubation 

for 5 minutes, Ptx DMSO solution (15.2 mM, 100 µL) was 
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also added to the solution and mixed for another 5 minutes. 

Finally, another 2 mL ethanol was added dropwise into the 

solution. After being stirred for 4 hours, PBS (5 mL, pH 8) 

was added to the reaction solution and the solution dialyzed 

to PBS (pH 7.4) by dialysis bag with molecular-weight cutoff 

8–10 kDa. After the dialysis, the solution was centrifuged 

at 12,000 rpm for 30 minutes and NP–ZnPc(TAP)
4
–Ptx 

precipitated. NP–ZnPc(TAP)
4
–Ptx was resuspended three 

times for purification. The NP–ZnPc(TAP)
4
–Ptx solution 

was then applied to a diethylaminoethyl anion-exchange 

(DEAE) column (GE Healthcare UK Ltd, Little Chalfont, 

UK) for further purification. NP–ZnPc(TAP)
4
 or NP–Ptx was 

prepared by the same method, except for the addition of Ptx 

or ZnPc(TAP)
4
, respectively.

Characterization of NP–ZnPc(TAP)4–Ptx
Ultraviolet–visible spectra of NP–ZnPc(TAP)

4
–Ptx and NP– 

ZnPc(TAP)
4
 were monitored by the microplate reader. Singlet-

oxygen quantum yields (ΦΔ) of NP–ZnPc(TAP)
4
–Ptx and 

ZnPc(TAP)
4
 were detected using 1,3-diphenylisobenzofuran 

as chemical quencher. Particle size and potential were char-

acterized with a Malvern Zetasizer ZS (Malvern Instruments, 

Figure 1 (A) Structure of ZnPc(TAP)4, which consists of 12 tertiary amine groups. (B and C) Electronic spectra of ZnPc(TAP)4 in PBS with different pH (6.0, 6.2, 6.4, 6.8, 7.0, 
7.2, 7.4, 7.6, and 8.0). (B) The ultraviolet–visible spectrum of ZnPc(TAP)4 (5 μM) was regulated by pH in the solution. There were different forms of ZnPc(TAP)4 at different 
pH, including H-type aggregate, J-type aggregate, and monomer form. (C) Fluorescence spectra of ZnPc(TAP)4 (5 μM) were variable at different pH. Fluorescence intensity 
was enhanced with pH decrease. (D) Fluorescence of DCFH-DA (final concentration 5 µM) was activated by ROS generated by ZnPc(TAP)4 (5 µM) after illumination for 
different times. ZnPc(TAP)4 had increased ROS production following pH decrease.
Abbreviations: ZnPc, zinc phthalocyanine; DCFH-DA, 2,7-dichlorodihydrofluorescein diacetate.
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Malvern, UK). Concentrations of HSA, ZnPc(TAP)
4
, and 

Ptx in NP–ZnPc(TAP)
4
–Ptx were detected for defining the 

coupling ratio. NP–ZnPc(TAP)
4
–Ptx was degraded by lysate 

containing 2% SDS (w:v) and 0.1 M NaOH. The concentra-

tion of HSA in the lysate was checked with a BCA protein-

assay kit (BioTek Instruments). Ptx concentration was 

detected using HPLC by establishing a calibration curve for 

Ptx. Then, DMSO was added to the lysate to a final concentra-

tion of 90%. ZnPc(TAP)
4
 concentration in the 90% DMSO 

solution was quantified using its fluorescence quantitative 

calibration curve (excitation wavelength 610 nm).

Drug-release curve
NP–ZnPc(TAP)

4
–Ptx solution (5 mL, containing ZnPc[TAP]

4
 

50 µM) was stored in PBS with pH 7.4, 7.2, 7.0, 6,8, 6.4, or 

6.2. The coupling ratio of Ptx:HSA was detected by the afore-

mentioned methods. After the solution had been centrifuged 

for 30 minutes at 12,000 rpm, supernatant was removed and 

the coupling ratio of precipitate for ZnPc(TAP)
4
:Ptx:HSA 

detected by the same method. The coupling ratio of 

NP–ZnPc(TAP)
4
–Ptx at pH 7.4 was monitored for 14 days.

Cytotoxicity
Non-small-cell lung cancer (H1299) cells were cultivated 

in the RPMI 1640 medium supplemented with 10% FBS at 

37°C in a humidified incubator with 5% CO
2
 atmosphere. The 

viability of cells was determined by trypan-blue dye exclu-

sion. Cells were maintained in the logarithmic phase with 

viability. After dissociation of the cells by trypsin, suspended 

cells were added to 96-well Costar plates, with 8,000 cells 

in each well. After cell attachment, NP–ZnPc(TAP)
4
–Ptx, 

NP–ZnPc(TAP)
4
, or ZnPc(TAP)

4
 was added to the wells, and 

final concentrations of ZnPc(TAP)
4
 in the wells were 0.5 µM, 

1 µM, 5 µM, 10 µM, and 50 µM. After 24 hours, medium 

was replaced by fresh medium without samples. Then, cells 

in the 96-well plates were illuminated by an LED light source 

(680 nm, 100 mW, Sundynamic, Qingdao, China) with light 

fluence of 1.5 J/cm2 for 1 minute. After 24 hours, viable 

cells were checked by MTT. Each experiment was repeated 

three times, with four replicates at each time point. Dark 

toxicity of cells was detected in the same way, just without 

illumination. The cytotoxicity of NP–ZnPc(TAP)
4
–Ptx and 

NP–Ptx with illumination was detected by the same method 

at Ptx concentrations of 0.3 µM, 0.6 µM, 3 µM, 6 µM, 

12 µM, and 30 µM.

Cellular localization
The suspended cells (H1299) were plated onto confocal 

chamber slides (Nest Biotechnology Wuxi, Jiangsu, China) 

at 37°C centigrade and incubated for 24 hours. Then, NP–

ZnPc(TAP)
4
–Ptx was added to the medium, and the final 

concentration of ZnPc(TAP)
4
 was 10 µM. After incubation 

for 30 minutes or 2 hours, adherent cells were washed with 

PBS to remove unbound NP–ZnPc(TAP)
4
–Ptx and then incu-

bated in medium containing MitoTracker green (40 nM) or 

LysoTracker (75 nM) for 30 minutes. Cells were then washed 

with PBS and incubated in fresh medium. Laser-scanning 

confocal microscopy (FluoView FV1000; Olympus Corpora-

tion, Tokyo, Japan) was used for cell imaging. The fluores-

cence of MitoTracker green, LysoTracker, or ZnPc(TAP)
4
 

in the cells on the confocal chamber slides was excited by 

an argon-ion laser light (wavelength 488 nm, 550 nm, or 633 

nm), while emitted fluorescence was filtered with barrier fil-

ters (420/30 nm, 590/30 nm, or 640–700 nm band pass). All 

parameters, including laser-line intensity, photometric gain, 

settings of photomultiplier tube, and filter attenuation, were 

kept constant throughout the entire imaging experiment. All 

images were analyzed with FluoView v2.1 software.

Establishment of H22 tumor-bearing 
mouse model
Male Kunming mice (4 weeks old and weighing 18–22 g) 

were purchased from Shanghai SLAC Laboratory Animal. 

Mouse H22 cells (5×106) were injected into the mice’s 

abdominal cavities. After cultivation for 6 days, mice were 

executed by breaking the neck. Ascetic fluid was collected 

and cell quantity counted. Then, H22 cells (2×106) from the 

ascetic fluid in normal saline (200 µL) were injected into the 

back. Typically, tumor volume reached around 50 mm3 in 

5–7 days after inoculation, and the mouse model was estab-

lished successfully. All animal experiments were approved by 

the Animal Care Committee of Qingdao University of Science 

and Technology, and all animal studies were performed in 

compliance with the guidelines of the committee.

Fluorescence imaging in vivo
The H22 tumor-bearing Kunming mice were randomly 

divided into two groups (five mice per group) with equiva-

lent average starting tumor size (50 mm3) and body weight 

(23 g). NP–ZnPc(TAP)
4
–Ptx and ZnPc(TAP)

4
 (each sample 

contained ZnPc[TAP]
4
 25 µmol/L) in normal saline solution 

were prepared and injected into H22 tumor-bearing Kunming 

mice via tail vein (0.2 µmol/kg ZnPc[TAP]
4
). Then, at 1, 

2, 4, 12, 24, and 48 hours, mice were anaesthetized with 

isoflurane and NP–ZnPc(TAP)
4
–Ptx or ZnPc(TAP)

4
 fluores-

cence monitored by a fluorescence molecular tomography 

(FMT) 2500LX instrument (PerkinElmer Inc., Waltham, 
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MA, USA). Throughout the experiment, all mice were kept 

in a dark room and light exposure avoided. ZnPc(TAP)
4
 

solution (0.2 µmol/L) in PBS containing 5% Cremophor 

EL was used as a standard to calibrate the instrument for the 

quantification of ZnPc(TAP)
4
 concentration. Data collected 

were reconstructed by the software TrueQuant version 3.0 

(PerkinElmer Inc.) to 3D and quantitative information was 

analyzed by creating regions of interest around the tumor sites 

after the subtraction of fluorescence background.

Antitumor efficacy of NP–ZnPc(TAP)4–Ptx 
in H22 tumor-bearing Kunming mice
H22 tumor-bearing mice were randomly divided into three 

groups (ten mice per group) as described earlier. Every mouse 

had equivalent tumor volume (50 mm3) and weight (23 g). 

NP–ZnPc(TAP)
4
–Ptx, NP–ZnPc(TAP)

4
, or ZnPc(TAP)

4
 

solution in normal saline (each solution contained 25 µmol/L 

ZnPc[TAP]
4
) was injected into the mice’s via tail veins at a 

dose of 0.2 µmol/kg ZnPc(TAP)
4
. All mice were fed in a dark 

room, and every 24 hours the tumor site was illuminated by 

a 680 nm light source (1 W, LumaCare Medical, Newport 

Beach, CA, USA) for 3 minutes to a light dose of 50 J/cm2. 

PDT lasted for 7 days and tumor volume in every mouse 

measured each day by a caliper through an ellipsoid-volume 

formula: π/6 × (length × width × height). The weight of mice 

was measured using an electronic scale on a daily basis.

Statistical analysis
All data represent group mean and SEM. The experimental 

data were analyzed using unpaired two-tailed Student’s 

t-tests. Differences at the 95% confidence level (P,0.05) 

were considered statistically significant.

Results
Electronic spectra of ZnPc(TAP)4 
regulated by solution pH
Ultraviolet–visible and fluorescence-emission spectra of 

ZnPc(TAP)
4
 were detected in PBS with different pH (6.0, 

6.2, 6.4, 6.8, 7.0, 7.2, 7.4, 7.6, 8.0). Figure 1B shows that 

ZnPc(TAP)
4
 had typical absorption peaks of phthalocyanine, 

while the peak shape was changed with different pH. The 

maximum-absorption peak was at 680 nm (pH 6.0), which 

suggested a monomer form of ZnPc(TAP)
4
. The maximum-

absorption peak gradually decreased following elevated pH 

and was blue-shifted to 653 nm when pH was raised to 8.0, 

which indicated ZnPc(TAP)
4
 aggregated gradually. It is 

noteworthy that the third peak at 700 nm rose from pH 6.8 

to 7.6. The double peaks (at 680 nm and 700 nm) suggested 

that J-aggregation occurred among molecules of ZnPc(TAP)
4
. 

Figure 1C shows fluorescence-emission spectra with excita-

tion wavelength 610 nm. pH went decreased 8.0 to 6.0, and 

fluorescence intensity was gradually enhanced. During just 

the two pH changes, fluorescence intensity increased more 

than 200 times from about 4 to 830. Fluorescence quench-

ing was caused by aggregation of molecules. Changes in 

ultraviolet–visible and fluorescence spectra exhibited a 

response sensitive to pH.

Higher ROS productivity following pH  
decrease
DCFH-DA is a probe of ROS and can be transformed into 

2,7-dichlorofluorescein (DCF) in the presence of ROS. 

Though DCFH-DA had no fluorescence properties, DCF 

fluorescence was excited at 485 nm, and the fluorescence 

intensity was proportional to DCF concentration, so DCF 

fluorescence intensity was used to monitor ROS generation. 

Figure 1D shows that DCF fluorescence intensity was gradu-

ally enhanced as the illumination time was prolonged in all 

solutions with different pH. At any point of illumination 

time, lower pH in PBS could generate stronger fluorescence-

emission intensity of DCF, which suggested more ROS pro-

ductivity through ZnPc(TAP)
4
 in an acidic environment.

Preparation and characterization of 
NP–ZnPc(TAP)4–Ptx
The method of sulfhydryl self-assembly was used for prepar-

ing HSA NPs. The disulfide bonds of HSA molecules were 

firstly cleaved by mercaptoethanol. HSA molecules were 

gathered by dehydration of ethanol and the free-sulfhydryl 

groups obtained further cross-linked to form HSA NPs. 

Through the hydrophobic interaction, ZnPc(TAP)
4
 and 

Ptx molecules were loaded into the HSA NPs. Ultraviolet–

visible spectra of NP–ZnPc(TAP)
4
–Ptx and NP–ZnPc(TAP)

4
 

(Figure S1) showed that both had maximum-absorption 

wavelength at 686 nm in PBS with pH 7.4, which was dif-

ferent from that of ZnPc(TAP)
4
 at pH 7.4 without HSA (650 

nm, 681 nm, 702 nm). The difference suggested an interac-

tion between ZnPc(TAP)
4
 and HSA. More detailed data 

of ultraviolet–visible and singlet-oxygen generation were 

shown in Table S1. The result indicated that ZnPc(TAP)
4
 

and NP–ZnPc(TAP)
4
–Ptx ΦΔ increased with reduced pH. 

The coupling ratio of HSA, ZnPc(TAP)
4
, and Ptx in NP–

ZnPc(TAP)
4
–Ptx was about 1:3:1.8, which demonstrated 

ZnPc(TAP)
4
 and Ptx were successfully loaded into HSA 

NPs. Dynamic light-scattering measurement showed that 

the average diameter of NP–ZnPc(TAP)
4
–Ptx was 107 nm 
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(Figure 2A) and remained almost unchanged until 14 days, 

which demonstrated reasonable stability. The ζ-potential 

of NP–ZnPc(TAP)
4
–Ptx was -28 mV (Figure 2B), which 

indicated high colloidal stability.

Drug release controlled by pH
An ideal NP-mediated drug-delivery system would not only 

transport drugs to diseased organs/cells but also release them 

in the target organ. Less leakage of drugs in NPs during 

transport and more release from NPs at the target location 

could enhance therapeutic effect and safety. Therefore, the 

drug-release behavior from the HSA NPs was detected. 

If ZnPc(TAP)
4
 was separated from HSA NPs, the coupling 

ratio of HSA and ZnPc(TAP)
4
 would change, so change in 

coupling ratio was used to monitor the release of ZnPc(TAP)
4
. 

The coupling ratio of HSA and ZnPc(TAP)
4
 was 1:3 in PBS 

Figure 2 Characterization of NP–ZnPc(TAP)4–Ptx.
Notes: (A) Particle size of NP–ZnPc(TAP)4–Ptx detected using DLS: average 107 nm. (B) The ζ-potential was measured by DLS: average –28 mV. The coupling ratio was 
defined by the ratio of ZnPc(TAP)4 concentration, Ptx concentration, and HSA concentration in the complex NP–ZnPc(TAP)4–Ptx. (C) NP–ZnPc(TAP)4–Ptx was stored in 
PBS with pH 7.4 for 14 days. Coupling ratios of ZnPc(TAP)4:HSA and Ptx:HSA barely changed, which showed the stability of the complex. (D) The coupling ratio of Ptx:HSA 
was almost unchanged at any pH. The reduced coupling ratio of ZnPc(TAP)4:HSA followed by pH decrease showed that ZnPc(TAP)4 molecules had escaped from HSA NPs.
Abbreviations: ZnPc, zinc phthalocyanine; DLS, dynamic light scattering; Ptx, paclitaxel; HSA, human serum albumin.

ζ
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with pH 7.4, which approached pH under physiological con-

ditions. The coupling ratio barely changed during continuous 

monitoring for 14 days (Figure 2C), which showed favor-

able stability. Conversely, the coupling ratio was gradually 

transformed to 1:2 following pH dropping to 6.8. When 

the pH was reduced to 6.2, the coupling ratio became 1:1.2 

(Figure 2D). These results suggested that ZnPc(TAP)
4
 was 

released from the HSA nanocarrier in an acidic environment. 

The coupling ratio of HSA and Ptx was unchanged during 

detection lasting for 14 days (Figure 2C), and Ptx release 

was not affected by pH in PBS (Figure 2D).

Obvious cytotoxicity of 
NP–ZnPc(TAP)4–Ptx
The cytotoxicity of drugs in vivo was the foundation of anti-

tumor effects in vitro. H1299 cells were taken as research 

objects, and the cytotoxicity of NP–ZnPc(TAP)
4
–Ptx was 

detected using NP–ZnPc(TAP)
4
 and ZnPc(TAP)

4
 as contrast. 

After uptake for 24 hours, H1299 cells were illuminated by an 

LED light source (680 nm, 100 mW). Then, cell viability was 

measured through apoptosis for another 24 hours. Figure 3A 

shows the phototoxicity of NP–ZnPc(TAP)
4
, ZnPc(TAP)

4
, 

and NP–ZnPc(TAP)
4
–Ptx for H1299 cells. Their dark toxicity 

was also measured with the same method, just without light, 

and the results are shown in Figure 3B. Both ZnPc(TAP)
4
 

and NP–ZnPc(TAP)
4
 had little dark toxicity, and the cell-

survival rate was ~90% at 50 µM concentration, which 

reflected the nontoxicity of HSA NPs as drug carriers. 

However, ZnPc(TAP)
4
 showed distinct phototoxicity and 

the cell-survival rate gradually decreased as the concen-

tration of ZnPc(TAP)
4
 increased, which demonstrated the 

photodynamic activity of ZnPc(TAP)
4
. NP–ZnPc(TAP)

4
 

showed enhanced phototoxicity compared with ZnPc(TAP)
4
, 

which may have been due to the loading capacity of HSA 

NPs for a mass of ZnPc(TAP)
4
. It was noteworthy that NP–

ZnPc(TAP)
4
–Ptx with an additional therapeutic agent, the 

chemotherapy drug Ptx, had stronger cytotoxicity, including 

phototoxicity and dark toxicity, than NP–ZnPc(TAP)
4
 and 

ZnPc(TAP)
4
, with phototoxicity IC

50
 4±0.23 µM. In addition, 

NP–ZnPc(TAP)
4
–Ptx still had enhanced cytotoxicity over 

NP–Ptx under illumination conditions (Figure S2). It illus-

trated that the combined application of Ptx and ZnPc(TAP)
4
 

created a synergistic effect.

Time-dependent cellular localization of 
NP–ZnPc(TAP)4–Ptx
ROS generated by PDT migrated only ,0.02 µm after 

formation,11 so the cellular localization of the photosensitizer 

was most probably its active site. In addition, the difference in 

subcellular localization possibly led to the different cytotoxic 

mechanisms and effects. After H1299 cells had been incu-

bated with NP–ZnPc(TAP)
4
–Ptx for 30 minutes or 2 hours, 

mitochondria and lysosomes were marked by relevant probes. 

The subcellular localization of NP–ZnPc(TAP)
4
–Ptx in 

Figure 3 Cytotoxicity of NP–ZnPc(TAP)4–Ptx, NP–ZnPc(TAP)4 and ZnPc(TAP)4 for H1299 cells.
Notes: A total of 8,000 adherent cells were cultivated in 1-well of 96-well plates and absorbed NP–ZnPc(TAP)4–Ptx, NP–ZnPc(TAP)4, or ZnPc(TAP)4 at different 
concentrations (0.5 µM, 1 µM, 5 µM, 10 µM, 20 µM, or 50 µM) for 24 hours. Then, cells were illuminated with light fluence of 1.5 J/cm2 for 1 minute. After 24 hours 
for apoptosis, viable cells were checked by MTT. (A) The phototoxicity of three samples depended on their concentrations, and NP–ZnPc(TAP)4–Ptx had the strongest 
phototoxicity for the synergistic effect of PDT and chemotherapy. (B) Dark toxicity was detected in the same way, just without illumination. NP–ZnPc(TAP)4 and ZnPc(TAP)4 
had hardly any dark toxicity, and the dark toxicity of NP–ZnPc(TAP)4–Ptx was significantly weaker than its phototoxicity. ***P,0.001.
Abbreviations: NP, nanoparticle; ZnPc, zinc phthalocyanine; Ptx, paclitaxel; PDT, photodynamic therapy.
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mitochondria and lysosomes was detected by laser-scanning 

confocal microscopy (Figure 4). Figure 4A shows the fluo-

rescence of lysosomes and NP–ZnPc(TAP)
4
–Ptx, and the 

merger of the two after 30 minutes’ incubation, which indi-

cated almost complete coincidence. Fluorescence-intensity 

profiles of NP–ZnPc(TAP)
4
–Ptx and lysosomes (Figure 4A) 

further proved that NP–ZnPc(TAP)
4
–Ptx was located mainly 

in lysosomes. Similarly, Figure 4B shows the fluorescence 

of mitochondria and NP–ZnPc(TAP)
4
–Ptx and the merger 

of the two. Fluorescence-intensity profiles reflected that 

most NP–ZnPc(TAP)
4
–Ptx had not located at mitochondria. 

While H1299 cells were incubated with NP–ZnPc(TAP)
4
–Ptx 

for 2 hours, NP–ZnPc(TAP)
4
–Ptx was not only distributed 

in lysosomes but also in mitochondria from the results of 

subcellular localization (Figure 4C and D).

Enhanced tumor targeting of 
NP–ZnPc(TAP)4–Ptx
As drug carriers, NPs deliver drugs to target organs to improve 

therapeutic effect. Did NP–ZnPc(TAP)
4
–Ptx carry more drug 

Figure 4 Time-dependent subcellular localization of NP–ZnPc(TAP)4–Ptx.
Notes: (A) The fluorescence of lysosomes (green) and NP–ZnPc(TAP)4–Ptx (red) was merged to show yellow, and the fluorescence-intensity profiles of NP–ZnPc(TAP)4–
Ptx and lysosomes further proved their colocation after incubation for 30 minutes. (B) There was little yellow through the merging of the fluorescence of mitochondria 
(green) and NP–ZnPc(TAP)4–Ptx (red), and their fluorescence intensity had little overlap after incubation of 30 minutes. After 2 hours’ incubation, the merged image and 
fluorescence-intensity profile showed that NP–ZnPc(TAP)4–Ptx had not only distributed in lysosomes (C) but also in mitochondria (D).
Abbreviations: NP, nanoparticle; ZnPc, zinc phthalocyanine; Ptx, paclitaxel.
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to tumors in vivo? The H22 tumor-bearing mouse model 

was successfully built and used to evaluate the tumor target-

ing of NP–ZnPc(TAP)
4
–Ptx with ZnPc(TAP)

4
 as contrast. 

After injection of NP–ZnPc(TAP)
4
–Ptx and ZnPc(TAP)

4
, 

tumor-targeting capability in H22 tumor-bearing mice was 

monitored by FMT at 1, 2, 4, 12, 24, and 48 hours. Through 

3D construction and quantitative analysis using TrueQuant 

(Figure 5), both NP–ZnPc(TAP)
4
–Ptx and ZnPc(TAP)

4
 had 

distributed rapidly to tumor sites (Figure 5A) at 1 hour. 

After 2 hours, the concentration of ZnPc(TAP)
4
 for the 

mice treated with NP–ZnPc(TAP)
4
–Ptx was about 1.6 times 

that of mice treated with ZnPc(TAP)
4
 (Figure 5C). At 4 

hours, there was the highest concentration of ZnPc(TAP)
4
 

in tumors in NP-ZnPc(TAP)
4
-Ptx and ZnPc(TAP)

4
 group, 

while NP–ZnPc(TAP)
4
–Ptx group had 1.8-fold the con-

centration of ZnPc(TAP)
4
 in tumors than the ZnPc(TAP)

4
 

group. After 4 hours, the ZnPc(TAP)
4
 concentration in 

tumors of the ZnPc(TAP)
4
 group had decreased slightly 

and remained lower than the NP–ZnPc(TAP)
4
–Ptx group 

up to 48 hours. Though the concentration of ZnPc(TAP)
4
 

in tumors of the NP–ZnPc(TAP)
4
–Ptx group had reduced at 

12 hours, it had another rise at 24 hours, which generated 

Figure 5 Tumor-targeting capabilities of NP–ZnPc(TAP)4–Ptx evaluated by noninvasive 3D FMT 2500 LX in H22 tumor-bearing Kunming mice.
Notes: (A) Three-dimensional images of accumulation of NP–ZnPc(TAP)4–Ptx and ZnPc(TAP)4 at tumor sites after injection at 1 hour, 2 hours, 4 hours, 12 hours, 24 hours, 
and 48 hours showed that NP–ZnPc(TAP)4–Ptx had higher tumor retention than ZnPc(TAP)4. (B) Isosurface rendering of 3D FMT reconstruction and three orthogonal 
slices (X axial, Y axial, Z axial) across tumor centers at 24 hours after injection. The ZnPc(TAP)4 3D shape constructed by the isosurface at tumor sites of NP–ZnPc(TAP)4–
Ptx group was almost the same as the actual tumor shape. Slices showed that ZnPc(TAP)4 entered tumor centers in both groups, and the NP–ZnPc(TAP)4–Ptx group had 
more extensive distribution of ZnPc(TAP)4 within tumors. (C) Quantification of average ZnPc(TAP)4 concentrations in tumors for NP–ZnPc(TAP)4–Ptx and ZnPc(TAP)4 
groups at different times. The NP–ZnPc(TAP)4–Ptx group possessed higher concentrations of ZnPc(TAP)4 than ZnPc(TAP)4 group at any detection time point, and there was 
triple the difference at 24 hours. ***P,0.001.
Abbreviations: NP, nanoparticle; ZnPc, zinc phthalocyanine; Ptx, paclitaxel; FMT, fluorescence molecular tomography.
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a threefold difference between the two groups (Figure 5C). 

The results showed that NP–ZnPc(TAP)
4
–Ptx had an 

enhanced tumor-targeting effect. In addition, the isosurface 

conformation was established by FMT at a concentra-

tion of 250 nM ZnPc(TAP)
4
 (Figure 5B) at tumor sites at 

24 hours. The isosurface of ZnPc(TAP)
4
 with mice treated 

with NP–ZnPc(TAP)
4
–Ptx was obviously larger than mice 

treated by ZnPc(TAP)
4
. What is more, the volume and the 

boundary of isosurface rendering with the mice treated by 

NP–ZnPc(TAP)
4
–Ptx were very close to that of actual tumors. 

The absence of tumor boundaries was a serious handicap for 

surgery. As a probe, NP–ZnPc(TAP)
4
–Ptx might provide sup-

port to determine tumor boundaries. Three orthogonal slices 

(X axial, Y axial, Z axial) across the tumor center showed 

the distribution of ZnPc(TAP)
4
 within tumors (Figure 5B). It 

was found that ZnPc(TAP)
4
 of both NP–ZnPc(TAP)

4
–Ptx and 

ZnPc(TAP)
4
 groups entered tumor centers and ZnPc(TAP)

4
 

of the NP–ZnPc(TAP)
4
–Ptx group had more extensive 

distribution, which further proved the targeting ability of 

NP–ZnPc(TAP)
4
–Ptx.

Enhanced antitumor effect of 
NP–ZnPc(TAP)4–Ptx
The established H22 tumor-bearing mice were injected with 

NP–ZnPc(TAP)
4
–Ptx, NP–ZnPc(TAP)

4
, and ZnPc(TAP)

4
 

using normal saline as contrast. During the daily illumination 

therapy for 7 days, tumor size was measured every day, and 

the tumor-growth curve was showed in Figure 6A. Compared 

with the control, NP–ZnPc(TAP)
4
–Ptx, NP–ZnPc(TAP)

4
 and 

ZnPc(TAP)
4
, all inhibited tumor growth. In particular, tumor 

sizes in mice treated with NP–ZnPc(TAP)
4
–Ptx reduced about 

four times those of the control. ZnPc(TAP)
4
 had weaker antitu-

mor effects than NP–ZnPc(TAP)
4
–Ptx and NP–ZnPc(TAP)

4
, 

which may have been due to its weaker tumor-targeting effect 

(see experimental results in the section of “Enhanced tumor 

targeting of NP-ZnPc(TAP)
4
-Ptx”). NP–ZnPc(TAP)

4
–Ptx 

had stronger antitumor effect than NP–ZnPc(TAP)
4
, which 

illustrated the synergistic anticancer effect of PDT and che-

motherapy, in accord with the results of cytotoxicity. During 

the whole course of treatment, no distinct difference in body 

weight was observed among the three groups (Figure 6B).

Discussion
Nonaggregated ZnPc(TAP)4 generated by 
electrostatic repulsive force
ZnPc with a 2D 18-electron system exhibited a high aggre-

gation tendency of dimeric and oligomeric formation. The 

aggregation was classified as face to face (H-type aggregate), 

slipped cofacial (H-aggregate for 0°,θ,54.7° or J-aggregate 

for 54.7°,θ,90°), and pure head to tail (J-type aggregate). 

Some peripheral substituents containing oxygen or nitrogen 

atoms coordinated with Zn2+ in another adjacent molecule, 

which controlled intermolecular H-type aggregation.14 Some 

solvents, such as dimethylformamide, dimethylsulfoxide, and 

pyridine, have the same effect when coordinated with Zn2+. The 

steric-hindrance effect of peripheral substituents can also influ-

ence the aggregation behavior of ZnPc. In addition, charged 

substituents containing cations or anions hinder aggregation 

Figure 6 Therapy efficacy of NP–ZnPc(TAP)4–Ptx, ZnPc(TAP)4, and NP–ZnPc(TAP)4.
Notes: (A) Tumor-bearing Kunming mice were illuminated daily for 7 days and tumor sizes measured every day. NP–ZnPc(TAP)4–Ptx had enhanced antitumor effects over 
ZnPc(TAP)4 and NP–ZnPc(TAP)4. ***P,0.001. (B) Body weights of the mice were measured every day. During 7 days, the body weights were slightly elevated, with no 
significant differences among the four groups.
Abbreviations: NP, nanoparticle; ZnPc, zinc phthalocyanine; Ptx, paclitaxel.
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through electrostatic repulsive force. On account of the proto-

nation effect of tertiary amine groups in substituents, peripheral 

substituents carry positive charges in the acidic environment. 

Therefore, ZnPc(TAP)
4
 was speculated to exist in monomer 

form with an absorption peak at 680 nm with pH 6.0 and 6.2. 

As the pH rose to 7.6, the monomer peak gradually lowered, 

which suggested aggregation was generated. Meanwhile, an 

unusual red-shifted absorption peak at 700 nm occurred, which 

implied J-type aggregation of ZnPc(TAP)
4
. The emergence of 

J-type aggregation may be caused by subdued protonation of 

ZnPc(TAP)
4
 and reduced electrostatic repulsion interactions 

among molecules as pH rises. To some extent, the incomplete 

protonation of ZnPc(TAP)
4
 and the heterogeneous electrostatic 

repulsion interaction could result in head-to-tail aggregation. 

When the pH rose to 8.0, the main absorption peak was blue-

shifted to 650 nm, which may have been due to deprotona-

tion and loss of electrostatic forces to generate most H-type 

aggregates in an alkaline environment.

Loading ZnPc(TAP)4 and Ptx 
into HSA NPs
By cleaving disulfide bonds of HSA, the structure of 

HSA became loose, which resulted in more hydrophobic 

domains of HSA being exposed. These increased hydro-

phobic domains were able to bind more hydrophobic drugs. 

ZnPc(TAP)
4
 (6.2 mg) was dissolved in 0.5 mL ethanol 

(7.6 mM), and Ptx (1.3 mg) was also dissolved in 100 µL 

DMSO completely (15.2 mM). After they were added to HSA 

solution with high concentration, ZnPc(TAP)
4
 and Ptx bound 

to HSA by hydrophobic interaction. The HSA NPs loading 

ZnPc(TAP)
4
 and Ptx, NP–ZnPc(TAP)

4
–Ptx were dialyzed to 

PBS (pH 7.4) three times to remove ethanol and DMSO that 

was not bound to HSA.

Many interactions may contribute to the binding of 

ZnPc(TAP)
4
 and Ptx to HSA. The tertiary amine substituents 

of ZnPc(TAP)
4
 could form hydrogen bonds with HSA, and 

π–π interactions may exist between ZnPc(TAP)
4
 and amino-

acid residues. Hydrophobic interaction was supposed to be 

the main interaction force. Ptx is a chemotherapy drug with 

strong hydrophobicity, and had strong affinity with HSA 

by hydrophobic interaction. In alkaline solution, the hydro-

phobicity of ZnPc(TAP)
4
 was increased by deionization, 

leading to binding to HSA by hydrophobic force. The release 

of ZnPc(TAP)
4
 with pH decreased further illustrated the 

importance of hydrophobic interactions in this loading. It was 

most probable that not all ZnPc(TAP)
4
 and Ptx were loaded 

into HSA NPs. Free ZnPc(TAP)
4
 was water-soluble and 

was removed from NP–ZnPc(TAP)
4
–Ptx by centrifugation. 

The precipitate caused by unloaded Ptx in PBS was inter-

cepted at the top of the DEAE column. In addition, free HSA 

adhered to the DEAE column, while NP–ZnPc(TAP)
4
–Ptx 

flowed through the column. By these purification methods, it 

was ensured that both ZnPc(TAP)
4
 and Ptx were loaded into 

NPs in the final NP–ZnPc(TAP)
4
–Ptx solution.

Controlled release of ZnPc(TAP)4 from 
HSA NPs at tumor sites
In solid-tumor tissue, high glycolytic activity was the common 

characteristic leading to increased production and secretion 

of lactate and H+ to the extracellular space. Although tumor 

pH may vary according to tumor area, the average extracel-

lular tumor pH was between 6.0 and 7.0 and below the pH 

in normal tissue and blood (around 7.4).15 The very sensitive 

response to NP–ZnPc(TAP)
4
–Ptx pH made ZnPc(TAP)

4
 

release at the tumor site, and released ZnPc(TAP)
4
 more 

adequately engaged in mutual contact and interaction with 

tumor cells or cellular substrates, which may improve the 

PDT effect.

Why could ZnPc(TAP)
4
 be released in an acidic envi-

ronment? This was probably related to some properties 

of ZnPc(TAP)
4
 itself. HSA molecules have some hydro-

phobic domains that can bind some hydrophobic drugs. 

ZnPc(TAP)
4
 was able to be loaded into HSA NPs due also to 

the hydrophobic interaction between ZnPc(TAP)
4
 and HSA 

molecules. However, in an acidic environment, the hydro-

philicity of ZnPc(TAP)
4
 was increased by the protonation 

effect of peripheral substituents, which was demonstrated 

by the ultraviolet–visible spectra at acidic pH. As such, the 

weakened hydrophobic interaction between ZnPc(TAP)
4
 and 

HSA molecules resulted in the separation of ZnPc(TAP)
4
 

from HSA NPs.

Synergistic anticancer effect with PDT 
and chemotherapy
The therapeutic effect of PDT was seriously affected by the 

aggregation behavior of phthalocyanines. Especially in an 

aqueous solution, ZnPc had a strong aggregation trend for 

intermolecular interaction, leading to fluorescence quenching 

and lower ROS generation due to enhanced state dissipation 

without radiation and reduced lifetime of the excited state, 

while the aggregation of ZnPc(TAP)
4
 was limited by its 

tertiary amine substituents in an acidic environment at the 

tumor site. The higher singlet-oxygen quantum yields (ΦΔ) at 

lower pH (Table S1) was thought to be one of the reasons for 

the excellent PDT effect. Light penetration (about 1–2 mm) 

could also have affected the PDT effect. Compared with 
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deep tumors in the body, subcutaneous tumors were easier 

to expose to light and be treated by PDT.

It is generally recognized that there are three mechanisms 

for killing tumor during the course of PDT. Universally, 

photosensitizers play an antitumor role through direct cellular 

damage under illumination, on account of which induced 

ROS can react directly with many biological molecules as 

an oxidizing agent. In addition, photosensitizers cause vas-

cular leakage and microvascular collapse following PDT, 

leading to severe and persistent post-PDT tumor hypoxia 

that contributed to long-term tumor control. Finally, it is 

thought that PDT can induce a massive regulated invasion 

of inflammatory cells and generate a long-term antitumor 

immunoresponse.16 However, Ptx is a microtubule-stabilizer 

and induces cytotoxicity by cutting off the cell cycle in the 

G
2
/M phase.17 Therefore, it could be seen that ZnPc(TAP)

4
 

and Ptx had different antitumor-action mechanisms. The 

independent dual role of phototherapy and chemotherapy 

brought out enhanced cytotoxicity.

Preferential distribution in lysosomes and 
then diffusion into mitochondria
Endocytosis is a mechanism common to all cells in the body 

for internalizing macromolecules. It has been reported that 

the primary cell-internalization pathway of NPs was endo-

cytosis, with subsequent distribution to endosomes and then 

lysosomes.18 The result of subcellular localization showed 

that NP–ZnPc(TAP)
4
–Ptx almost completely distributed 

in lysosomes. Therefore, NP–ZnPc(TAP)
4
–Ptx were more 

likely to be internalized through endocytosis. Lysosomes 

and endosomes have an acidic environment (pH 4.5–6.5).19 

On account of protonation, the low pH in lysosomes result in 

the release of ZnPc(TAP)
4
 from NP–ZnPc(TAP)

4
–Ptx. The 

dissociative molecules of ZnPc(TAP)
4
 escaped lysosome 

limits and were distributed in other organelles, including 

mitochondria. This perhaps was the reason for the time-

dependent cellular localization of NP–ZnPc(TAP)
4
–Ptx.

HSA NPs as tumor-targeting drug 
carriers
Compared with healthy vessels in normal organs, tumors 

possess leaky blood vessels and impaired lymphatic drainage, 

which allows the selective access of NPs to tumors: the 

so-called enhanced permeability and retention effect.5 There-

fore, the nanosize agent NP–ZnPc(TAP)
4
–Ptx gathered in 

tumor tissue more than the small-molecule drug ZnPc(TAP)
4
. 

In addition, albumin binding to Gp60 on endothelial cells 

stimulated the activation of caveolin 1, which promoted 

transport of intact NPs across the cell membrane. The 

importance of Gp60 in albumin–drug transcytosis has been 

demonstrated.20 In tumor tissue, another protein, SPARC, 

which modulates the interaction of cells with the extracellular 

matrix, can bind and carry albumin to tumor cells. SPARC is 

overexpressed in multiple tumor types and is associated with 

increased tumor invasion and metastasis and poor prognosis.21 

SPARC binding to albumin may be an another important 

fator in the increased tumor accumulation of albumin-bound 

drugs. These functions of albumin also facilitated the tumor-

targeting effect of NP–ZnPc(TAP)
4
–Ptx.

A possible effect to overcome multidrug 
resistance (MDR)
MDR accounts for ~90% of chemotherapeutic drug failures 

in cancer patients.22 MDR seriously affects the therapeutic 

effect of Ptx, due to low tumor specificity, inadequate drug 

penetration to the tumor site, and rapid clearance from cir-

culation, which lead to more intensive treatment regimens 

and debilitating side effects.23 MDR is mediated by different 

mechanisms, in particular overexpression of the drug-efflux 

transporter Pgp, which can transport chemotherapeutic drugs 

out of tumor cells. It has been reported that Ptx was a substrate 

of Pgp, which actively pumped Ptx out of cells and induced 

drug resistance.24 To overcome Pgp-mediated MDR, vari-

ous Pgp inhibitors had been developed and coadministered 

with anticancer agents. However, inhibitors combined with 

antitumor drugs often result in enhanced drug side effects, 

due to the aspecific inhibition of Pgp leading to alteration of 

drug-elimination pathways in liver or kidney.25 Encapsulated 

Ptx has different mechanisms of entry into cells compared 

with free Ptx, and nanosize drug-delivery systems can reduce 

the cell Pgp-pump effect on drugs delivered intracellularly.26 

Therefore, NP–ZnPc(TAP)
4
–Ptx may be able to overcome 

MDR to some extent.

Conclusion
In our study, the photosensitizer ZnPc(TAP)

4
 was first 

found to have pH-sensitive properties. We prepared HSA 

NP–ZnPc(TAP)
4
–Ptx by a sulfhydryl self-assembly method 

loading the photosensitizer ZnPc(TAP)
4
 and the chemo-

therapy drug Ptx. NP–ZnPc(TAP)
4
–Ptx had good stability in 

physiological conditions, and ZnPc(TAP)
4
 was released from 

NP–ZnPc(TAP)
4
–Ptx in acidic conditions. NP–ZnPc(TAP)

4
–

Ptx enhanced cytotoxicity more than NP–ZnPc(TAP)
4
 

and ZnPc(TAP)
4
 and had time-dependent properties for 

cellular localization. Animal experiments showed that 

NP–ZnPc(TAP)
4
–Ptx had prominent tumor-targeting and 
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synergistic antitumor effects. This pH-sensitive drug-delivery 

system loading ZnPc(TAP)
4
 may be applied for simultane-

ous delivery of other chemotherapy drugs for synergistic 

anticancer purposes.
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Figure S1 Ultraviolet–visible spectra of NP–ZnPc(TAP)4–Ptx and NP–ZnPc(TAP)4 (the concentration of ZnPc[TAP]4 was 5 μM) in PBS.
Notes: This result showed that NP–ZnPc(TAP)4–Ptx and NP–ZnPc(TAP)4 had almost the same spectrum, while the spectrum was different from that of ZnPc(TAP)4 in PBS 
without HSA (Figure 1B). This suggested that ZnPc(TAP)4 interacted with HSA in the NPs.
Abbreviations: NP, nanoparticle; ZnPc, zinc phthalocyanine; Ptx, paclitaxel; HSA, human serum albumin.
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Table S1 Ultraviolet–visible and singlet-oxygen generation data for ZnPc(TAP)4 and NP–ZnPc(TAP)4–Ptx

pH 6.0 6.2 6.4 6.8 7.0 7.2 7.4 7.6 8.0

ZnPc(TAP)4 ΦΔ
a 0.55 0.52 0.51 0.48 0.45 0.43 0.43 0.41 0.32

λmax/nm (logε) 680 (5.51) 680 (5.46) 680 (5.45) 680 (5.37)
700 (5.27)

680 (5.32)
700 (5.34)

653 (5.06)
680 (5.21)
700 (5.21)

653 (4.95)
680 (5.15)
700 (5.12)

653 (5.13)
680 (5.09)
700 (5.06)

653 (5.11)

NP–ZnPc(TAP)4–
Ptx

ΦΔ
a 0.55 0.55 0.52 0.48 0.47 0.45 0.43 0.42 0.42

λmax/nm (logε) 683 (5.47) 683 (5.44) 683 (5.37) 684 (5.33) 686 (5.32) 686 (5.31) 686 (5.31) 686 (5.31) 686 (5.31)

Note: aDetermined using DPBF as chemical quencher and methylene blue in D2O as the reference (ΦΔ=0.52).
Abbreviations: NP, nanoparticle; ZnPc, zinc phthalocyanine; Ptx, paclitaxel; DPBF, diphenylisobenzofuran.
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Figure S2 Cytotoxicity of NP–ZnPc(TAP)4–Ptx and NP–Ptx for H1299 cells at Ptx concentrations of 0.3 μM, 0.6 μM, 3 μM, 6 μM, 12 μM, and 30 μM.
Notes: After 8,000 adherent cells in each well of 96-well plates had absorbed NP–ZnPc(TAP)4–Ptx or NP–Ptx for 24 hours, cells were illuminated with light fluence of 
1.5 J/cm2 for 1 minute. Another 24 hours later, viable cells were checked by MTT. NP–ZnPc(TAP)4–Ptx had enhanced cytotoxicity over NP–Ptx, which further demonstrated 
the synergistic antitumor effect. ***P,0.001.
Abbreviations: NP, nanoparticle; ZnPc, zinc phthalocyanine; Ptx, paclitaxel.
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