
Contents lists available at ScienceDirect

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

DOX/ICG-carrying γ-PGA-g-PLGA-based polymeric nanoassemblies for acid-
triggered rapid DOX release combined with NIR-activated photothermal
effect

Kai-Ting Houa, Te-I Liua, Hsin-Cheng Chiua, Wen-Hsuan Chiangb,⁎

a Department of Biomedical Engineering and Environmental Sciences, National Tsing Hua University, Hsinchu 300, Taiwan
bDepartment of Chemical Engineering, National Chung Hsing University, Taichung 402, Taiwan

A R T I C L E I N F O

Keywords:
Amphiphilic graft copolymers
Polymeric nanoassemblies
Intracellular drug delivery
pH-triggered DOX release
NIR-activated photothermal treatment

A B S T R A C T

To boost the efficacy of chemo-photothermal cancer treatment by the intracellular rapid release of doxorubicin
(DOX) combined with near-infrared (NIR)-triggered photothermal effect of indocyanine green (ICG), the poly(γ-
glutamic acid)-g-poly(lactic-co-glycolic acid) (γ-PGA-g-PLGA)-based polymeric nanoassemblies (PNAs) with si-
multaneous incorporation of DOX and ICG were developed in this work by simple one-step nanoprecipitation.
The obtained DOX/ICG-loaded PNAs were characterized by a compact γ-PGA/DOX complexes-encapsulated
PLGA-rich core covered with the co-assembly of amphiphilic D-α-tocopheryl polyethylene glycol succinate
(TPGS), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)] (DSPE-PEG) and ICG
molecules. The robust cargo-loaded PNAs not only promoted the photo-stability of ICG in PBS, but also reduced
ICG leakage from PNAs. With the milieu pH being altered from 7.4 to 5.0, the massive disruption of ionic DOX/γ-
GA complexes and PLGA degradation considerably accelerated DOX release from payload-containing PNAs. The
results of in vitro cellular uptake revealed that the DOX/ICG-loaded PNAs appreciably enhanced the cellular
uptake of payloads by HeLa cells. Notably, through the intracellular acid-triggered rapid DOX release combined
with the ICG-based NIR-activated hyperthermia and singlet oxygen generation, the combination therapy of
DOX/ICG-loaded PNAs can use lower dosage of drugs to effectively inhibit proliferation of HeLa cells compared
to the chemo or photothermal treatment alone, thus showing the great potential to improve efficacy of cancer
treatment.

1. Introduction

In the past two decades, chemotherapy has been extensively utilized
to treat a variety of cancers [1–4]. However, until now, cancer has been
one of the most fatal illnesses around the world, thus revealing that
only single chemotherapy to treat cancer remains inadequate. It has
been recently reported that the combination of therapeutic modalities
with multiple drugs and mechanisms could conquer multidrug re-
sistance (MDR) of cancer cells and enhance the sensitivity of cancer
cells to chemotherapy agents by synergistic effects, thus efficiently su-
pressing tumor progression and reducing side effects [5–10]. Among
these combination therapy approaches, the integration of thermal
therapy and chemotherapy into a single nanoparticle-based system has
received much attention because the tumor-targeted hyperthermia not
only causes strong thermal ablation on cancer cells but also enhances
the tumor accumulation of drugs by promoting permeability of tumor

vessels, thereby significantly improving the efficacy of cancer treatment
[5,8,10–14]. Moreover, taking advantage of high tissue penetration,
precise spatiotemporal selectivity, minimal invasiveness and photo-
toxicity of the near-infrared (NIR) irradiation, the NIR-triggered pho-
tothermal therapy (PTT) has been widely combined with chemotherapy
to amplify the anticancer effects [15–21].

Because of its approval of the United States Food and Drug
Administration for clinical use and superior capability of converting
NIR light to generate hyperthermia, indocyanine green (ICG), an am-
phiphilic tricarbocyanine dye, has been extensively utilized as the PTT
agent and incorporated with various chemotherapy drugs such as
doxorubicin (DOX) [5,15–18], paclitaxel (PTX) [19], or cisplatin
[20,21] into a single nanoformulation for chemo-photothermal com-
bination therapy. Zhang and co-workers fabricated the DOX/ICG-en-
capsulated liposome-coated thermosensitive nanogels by in situ poly-
merization [15]. The cargo-loaded nanogels showed the NIR-evolved
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coincident DOX liberation and hyperthermia, thus efficiently killing
4T1 murine breast cancer cells by chemo-photothermal synergistic ef-
fects. Moreover, Cai’s group found that the lipid-polymer nanoparticles
carrying both DOX and ICG significantly inhibited the progression and
recurrence of DOX-sensitive MCF-7 and DOX resistant MCF-7 tumor by
the NIR laser-triggered hyperthermia capable of inhibiting the P-gly-
coprotein (P-gp) mediated drug efflux to increase drug accumulation
inside cancer cells [5]. In our previous work [16], the potent imaging-
guided photothermal/chemo combinatorial therapy of the surface
charge-changeable ICG/DOX-containing nanoparticles accumulated
within TRAMP-C1 tumor caused considerable tumor tissue/vessel ab-
lation, thereby further augmenting their extravasation and DOX tumor
penetration to profoundly suppress tumor growth. On the other hand,
Ding et al. developed the folate-conjugated nanostructured lipid car-
riers (NLCs) for tumor-targeted co-delivery of ICG and PTX [19].
Through the speeded PTX liberation and promoted intracellular drug
transport driven by NIR radiation-triggered hyperthermia, the cyto-
toxicity of dual drugs-containing NLCs against HepG2 cells was sig-
nificantly increased. Furthermore, for cancer targeted delivery of cis-
platin and ICG, the folate-modified cisplatin/ICG-loaded lipid-polymer
hybrid nanoparticles (FCINPs) were attained by using a single-step so-
nication method [20]. The treatment of FCINPs combined with 808 nm
NIR laser irradiation can appreciably induce the apoptosis and necrosis
of MCF-7 cells, in comparison with chemo or photothermal treatment
alone.

The aforementioned studies using lipid-polymer nanoparticles, li-
posome-coated thermosensitive nanogels or surface charge-changeable
nanoparticles to deliver DOX and ICG showed the improved efficacy of
chemo-photothermal treatment. However, the efficient DOX release of
these cargo-loaded nanoparticles only triggered by the additional NIR
laser radiation. This most likely leads to the incomplete DOX release of
payload-containing nanoparticles within cancer cells in the lack of
sufficient NIR irradiation, thus diminishing the synergistic effects of
chemo-photothermal therapy. In order to address the above issue, it is
thus necessary to develop the multifunctional nanocarriers that not
only simultaneously carry DOX and ICG, but also exert the intracellular
acid-triggered DOX release to enhance chemo-photothermal synergistic
effect. To this end, the amphiphilic graft copolymer comprising pH-
sensitive poly(γ-glutamic acid) (γ-PGA) as the hydrophilic backbone
and biodegradable poly(lactic-co-glycolic acid) (PLGA) as the hydro-
phobic grafts were synthesized and used as main material to fabricate
the polymeric nanoassemblies (PNAs). Through the electrostatically
induced co-association of γ-PGA-g-PLGA chains and DOX molecules, the
electrostatic DOX/γ-PGA complexes were encapsulated into compact
PLGA-rich core, meanwhile the amphiphilic D-α-tocopheryl poly-
ethylene glycol succinate (TPGS), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)] (DSPE-PEG) and ICG
molecules were hydrophobically anchored at the surfaces of PLGA-rich
core as shown in Scheme 1. Apart from the size, zeta potential and
morphology, the in vitro photo-stability and NIR-triggered hy-
perthermia capability of DOX/ICG-loaded PNAs were also investigated
in detail. In addition, the DOX release performance of payload-con-
taining PNAs in response to external pH change was explored. Fur-
thermore, the in vitro cellular uptake of DOX/ICG-carrying PNAs by
HeLa cells and their NIR-triggered chemo-photothermal anticancer ef-
fects were also assessed.

2. Experimental section

2.1. Materials

DOX in HCl salt form was obtained from Seedchem (Australia). ICG
was purchased from Chem-Impex (USA). PLGA (M.W.=10 kDa, [LA]:
[GA]=75:25) was acquired from Green Square (Taiwan), γ-PGA
(Mn > 100 kDa) was purchased from Vedan (Taiwan). DSPE-PEG5000
was obtained Avanti Polar Lipids (USA). TPGS, N-hydroxysuccinimide

(NHS), N,N′-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyr-
idine (DMAP), 3-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyl tetrazolium
bromide (MTT) and p-nitroso-N,N′-dimethylaniline (RNO) were pur-
chased from Sigma-Aldrich (USA). Dulbecco's modified Eagle medium
(DMEM), Hoechst 33342, propidium iodide (PI) and fetal bovine serum
(FBS) were purchased from Invitrogen. DMSO‑d6 used in 1H NMR
measurements was obtained from Cambridge Isotope (MA, USA).
Deionized water was produced from Milli-Q Synthesis (18MΩ,
Millipore). All other chemicals were reagent grade and used as re-
ceived.

2.2. Synthesis of γ-PGA-g-PLGA copolymer

The γ-PGA-g-PLGA copolymer utilized in the work was attained by
the ester-linkage-based conjugation of the hydroxyl end of PLGA with
the reactive glutamyloxysuccinimide (γ-GAOSu) moieties of the poly(γ-
GA-co-GAOSu) and then hydrolysis of unreacted γ-GAOSu groups into
γ-GA residues as revealed in Scheme 2. γ-PGA (250mg,
2.1×10−3 mol), NHS (120mg, 1.05× 10−3 mol), DCC (216mg,
1.05×10−5 mol) and DMAP (128mg, 1.05×10−3 mol) were dis-
solved in dry DMSO (2.0mL). The reaction was carried out under
stirring at 25 °C for 72 h, followed by the filtration to eliminate dicy-
clohexylcarbodiurea, the byproduct. Subsequently, the grafting reac-
tion of poly(γ-GA-co-γ-GAOSu) in DMSO with PLGA (20mol% with
respect to NHS residues) was carried out under stirring at 25 °C for 72 h.
The solution was then dialyzed (Cellu Sep MWCO 50000) against DMSO
for 48 h to remove the unreacted PLGA and reactants. Subsequently,
excess pH 7.4 tris buffer was added into the polymer solution to facil-
itate the hydrolysis of unreacted GAOSu moieties in graft copolymer
into γ-GA units, followed by dialysis (Cellu Sep MWCO 6000–8000)
against deionized water at 4 °C for 48 h to eliminate DMSO and NHS.
The final product was attained by freeze-drying and characterized by
1H NMR, using DMSO‑d6 as the solvent.

2.3. Preparation of cargo-loaded PNAs

The preparation of DOX/ICG-loaded PNAs was performed by the
following procedure. γ-PGA-g-PLGA (6.0 mg), DSPE-PEG (0.6mg), DOX
(0.6mg) and ICG (0.6mg) were dissolved in DMSO (0.4mL). The
mixture was added dropwise into pH 7.4 phosphate buffer (ionic
strength 0.01M, 3.6 mL) containing TPGS (0.6mg) under stirring. The
solution was mildly stirred in dark at room temperature for 1 h and then
equilibrated for 30min. To remove the unloaded drug and DMSO,
DOX/ICG-loaded PNA solution was dialyzed (Cellu Sep MWCO
12,000–14,000) with pH 7.4 phosphate buffer at 4 °C. For comparison,

Scheme 1. Schematic illustration of development of DOX/ICG-loaded PNAs for
acid-triggered rapid DOX release, and NIR-mediated hyperthermia and singlet
oxygen generation.
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the pristine PNAs and PNAs loaded with either DOX or ICG were also
prepared in a similar manner.

2.4. Characterization of pristine PNAs and cargo-loaded PNAs

The hydrodynamic diameter (Dh), size distribution (polydispersity
index, PDI) and zeta potential of pristine PNAs and cargo-loaded PNAs
in pH 7.4 phosphate buffer were measured by a ZetaSizer Nano Series
instrument (Malvern Instruments, U.K.). The data shown here represent
an average of at least triplicate measurements. The morphology of
pristine PNAs and cargo-loaded PNAs was attained by transmission
electron microscopy (TEM) (HT7700, Hitachi, Japan). The UV/Vis ab-
sorption spectra of free ICG and ICG-containing PNAs in phosphate
buffered saline (PBS) were acquired at different time intervals utilizing
a UV/Vis spectrophotometer (U2900, Hitachi, Japan). To examine the
loading level of DOX and ICG, a prescribed volume of the purified
payload-carrying PNA solution was lyophilized and then dissolved in
DMSO to completely disrupt nanoassembly structure for payload re-
lease. The DOX fluorescence in the range 500–700 nm was determined
by a fluorescence spectrophotometer (F-7000, Hitachi, Japan) while the
absorbance of ICG at 775 nm was gained by a UV/Vis spectro-
photometer (U2900, Hitachi, Japan). The DOX and ICG calibration
curves used for drug loading characterization were presented in Fig. S1.
The drug loading efficiency (LE) and loading capacity (LC) were cal-
culated using the following equations:

LE (%)= (weight of loaded drug/weight of drug in feed)× 100%.
LC (%)= (weight of loaded drug/weight of lyophilized drug-loaded

PNAs)× 100%.

2.5. Temperature change under NIR laser irradiation

DOX/ICG-containing PNAs and free ICG in PBS (1.0 mL) were ir-
radiated by NIR laser of 808 nm (1.25W/cm2) for 10min. During NIR
laser irradiation, the solution temperature was measured by an infrared
thermal imaging camera (Thermo Shot F20, NEC Avio Infrared,
Germany). The temperature change of DOX/ICG-loaded PNA solutions
(ICG concentration= 10 μM) exposed to NIR laser irradiation of dif-
ferent power densities was also monitored.

2.6. In vitro measurement of singlet oxygen (1O2)

13mM of RNO and 15mM of histidine in phosphate buffer (10mM,
pH 7.4) were mixed with the ICG-loaded PNA solution and free ICG
solution at a fixed ICG concentration of 10 μM. The mixed solutions

were then irradiated with a NIR laser of 808 nm (1.25W/cm2) for
5min. The generation of singlet oxygen by ICG-loaded PNAs or free ICG
was explored by determining the variation of characteristic absorbance
of RNO at 440 nm using by a UV/Vis spectrophotometer (U2900,
Hitachi, Japan).

2.7. In vitro drug release profiles

For DOX release assessment, the dialysis (Cellu Sep MWCO
12,000–14,000) of the DOX/ICG-loaded PNA solutions (1.0 mL) against
PBS (pH 7.4) and succinic acid buffer (pH 5.0) (ionic strength 0.15M,
30mL), respectively, was conducted at 37 °C. At various time intervals,
1.0 mL of dialysate was withdrawn for analysis and replaced with an
equal volume of fresh medium. The amount of released DOX was at-
tained by fluorescent measurement. On the other hand, for ICG lib-
eration test, the DOX/ICG-loaded PNA solution (2.0 mL) and free ICG
solution (2.0 mL) as a control were dialyzed (Cellu Sep MWCO
12,000–14,000) with PBS (pH 7.4) (ionic strength 0.15M, 40mL), re-
spectively, at 37 °C. The internal sample solution was taken periodically
for determination of ICG absorbance at 775 nm. The sample solution
was placed back into the dialysis tube after each measurement. The
cumulative ICG release (%) was obtained by the formula:

Cumulative ICG release (%)= ((Initial ICG absorbance – ICG ab-
sorbance at different time points)/initial ICG absorbance)× 100%. The
data presented herein represent an average of triplicate measurements.

2.8. In vitro cellular uptake

Free DOX and DOX/ICG-loaded PNAs were dispersed in DMEM to a
DOX concentration of 20 μM. HeLa cells (4× 106 cells/well) seeded in
12-well culture plates were incubated with the above solutions at 37 °C
for 1 and 3 h, respectively. After prescribed incubation, the treated
HeLa cells were washed three times with PBS and separated with
trypsine-EDTA solution, followed by suspension in PBS (1.0 mL) to at-
tain a cell suspension. The FACSCalibur flow cytometer (BD Bioscience)
was exploited to evaluate DOX cellular uptake. A minimum of 1× 104

cells were analysed from each batch with fluorescence intensity pre-
sented on a three-decade log scale. Moreover, based on the above
manner, after being washed three times with PBS, the treated HeLa cells
in 12-well culture plates were disrupted by addition of DMSO (0.65 mL)
for drug extraction. The amount of DOX internalized by HeLa cells was
quantitatively determined by fluorescence measurements using a
fluorescence spectrophotometer (F-7000, Hitachi, Japan) and the per-
tinent calibration curve of DOX with various concentrations in DMSO

Scheme 2. Synthetic route of γ-PGA-g-PLGA copolymer.
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(Fig. S1), while the fluorescence signals of ICG (745 nm excitation and
810 nm filter) were collected by an in vivo imaging system (IVIS)
(Xenogen IVIS Spectrum). On the other hand, HeLa cells (2× 106 cells/
well) were seeded in 6-well plate containing 22mm round glass cov-
erslips and cultured overnight. Subsequently, the cells were incubated
with free DOX, free ICG and DOX/ICG-loaded PNAs at a fixed con-
centration of 10 μM for DOX and 6.5 μM for ICG at 37 °C for 1 h. After
triplicate washing with PBS and fixing with 4% formaldehyde, the cells
were stained with Hoechst 33342 for 15min, and the slides were rinsed
three times with PBS. The cellular fluorescence images were attained
using a confocal laser scanning microscopy (CLSM) (Zeiss LSM 780,
Jena, Germany) at the excitation wavelengths of 355, 488 and 633 nm
for Hoechst, DOX and ICG, respectively.

2.9. In vitro cytotoxicity analysis

HeLa cells (2× 105 cells/well) were seeded in a 24-well plate and
incubated at 37 °C for 24 h in DMEM containing 10% FBS and 1% pe-
nicillin. The spent medium was then replaced with 1.0mL of fresh
medium containing free DOX, free ICG or various cargo-loaded PNAs
and further incubated for additional 6 h. Upon washing twice with PBS,
cells were detached by trypsin-EDTA and centrifuged. Afterward, the
collected cell pellet colloids were dispersed in DMEM (20 μL) and ir-
radiated by 808 nm laser (1.25W/cm2) for 5min. The laser-treated cells
were reseeded in a 96-well plate and incubated for additional 18 h.
Then, 200 μL of MTT (0.25 mg/mL) was added into each well and was
incubated at 37 °C for additional 4 h. After discarding the culture
medium, 0.2mL DMSO was added into each well to dissolve the pre-
cipitate and the resulting solution was measured for absorbance at
570 nm using a FLUOstar OPTIMA microplate reader. The viability of
HeLa cells incubated with various payload-carrying PNAs in the ab-
sence of NIR laser irradiation was assessed in a similar approach. On the
other hand, the cytotoxicity of single photothermal therapy delivered
by PNAs against HeLa cells was assessed by Hoechst/PI staining. After
being incubated with either free ICG or ICG-loaded PNAs (ICG
concentration=6.5 μM) for 4 h, HeLa cells (2× 106 cells/well) were
irradiated by 808 nm NIR laser (1.25W/cm2) for 5min at a selected
region. Finally, the cells were double stained with PI and Hoechst
33342, and then observed on a Nikon ECLIPSE Ti-U inverted micro-
scope.

3. Results and discussion

3.1. Synthesis and characterization of γ-PGA-g-PLGA copolymer

By partial transesterification of poly(γ-GA-co-γ-GAOSu) with PLGA
segments and subsequent complete hydrolysis of the residual γ-GAOSu
groups into the γ-GA residues, the γ-PGA-g-PLGA copolymer used in
this study was obtained. As shown in DOSY 1H NMR spectrum of γ-PGA-
g-PLGA in DMSO‑d6 (Fig. S2), the characteristic proton signals from the
γ-PGA and PLGA in the graft copolymer are observed at the same dif-
fusion coefficient, confirming the successful conjugation of γ-PGA with
PLGA segments. The 1H NMR spectrum of γ-PGA-g-PLGA copolymer in
DMSO‑d6 was presented in Fig. 1. According to the signal integral ratio
of the characteristic glutamic proton of γ-GA residues at 4.12 ppm and
the methyl protons of PLGA at 1.47 ppm, 8.5mol % of γ-GA units in γ-
PGA was conjugated with PLGA segments.

3.2. Preparation and characterization of cargo-loaded PNAs

The DLS results show that the particle size of cargo-loaded PNAs, in
particular for the DOX/ICG-loaded PNAs (ca. 109.9 nm in Dh), is much
larger than that of the drug-free PNAs (ca. 59.9 nm) (Fig. 2a and
Table 1). In addition to the well-dispersed spherical shape, the some-
what enlarged particle size of DOX/ICG-loaded PNAs relative to the
pristine PNAs was also observed in the TEM images (Fig. 2b and c),

corresponding to the DLS findings. Such a difference in particle size
could be attributed to the encapsulation of more drug payloads into
hydrophobic core of PNAs, thus enlarging their size [4,22]. Further-
more, it should be mentioned that the particle sizes of DOX/ICG-loaded
PNAs and pristine PNAs observed by TEM are smaller than those de-
termined by DLS because of the transition of PNAs from dried state
(TEM) to swollen state (DLS) [23,24]. On the other hand, the zeta po-
tentials of PNAs carrying either ICG alone or both DOX/ICG were sig-
nificantly higher than those of ICG-free PNAs, while the zeta potential
of DOX-loaded PNAs was comparable to that of pristine PNAs (Table 1).
In view of amphiphilic property of ICG molecules, it was assumed that
the ICG species were apt to insert into the DSPE-PEG/TPGS-coated
surfaces of PNAs upon cooperative hydrophobic alkyl stacking, thus
exposing its two anionic sulfonate groups on colloidal surfaces to in-
crease zeta potential (Scheme 1). By contrast, the DOX molecules were
largely entrapped within the solid PLGA-rich core of PNAs by devel-
oping hydrophobic electrostatic complexes with the γ-PGA segments
[25,26], thus being unable to affect the zeta potential of PNAs. Fur-
thermore, it should be mentioned that the created PNAs loaded with
either single drug or dual drugs have adequate drug efficiencies and
loading contents (Table 1). Notably, compared to free ICG in PBS, the
ICG-containing PNAs exhibited a considerable red shift of the char-
acteristic absorption peak of ICG from 774 nm to 792 nm as presented
in Fig. 2d. This reveals that the attachment of ICG molecules to the PNA
surface significantly influences their microstructure. Similar findings
have also been reported elsewhere [5,16,23].

In order to augment the efficacy of ICG-based cancer photothermal
therapy, it is required to enhance photo-stability of ICG in aqueous
solution. For assessment of the aqueous photo-stability of ICG, the
feature ICG absorbance of ICG-containing PNAs and free ICG (ICG
concentration=10 μM) in PBS (pH 7.4, I= 0.15M) at 37 °C was
monitored over time by UV/Vis spectrophotometer. As shown in
Fig. 3a, upon 9-day incubation in PBS, distinct from a considerable
reduction in the absorbance of free ICG, the ICG absorbance of ICG-
containing PNAs was slightly decreased. Furthermore, based on the
UV/Vis spectra obtained at different time points, the feature absorbance
of ICG at each time point is normalized to that at the origination as
shown in Fig. S3. While the normalized absorbance of free ICG declined
markedly after 2 days, only a minor change in absorbance was observed
for ICG-carrying PNAs. These results corroborate that the hydrophobic
insert of ICG species into DSPE-PEG/TPGS-based surfaces of PNAs can
sufficiently suppress self-aggregation and degradation of ICG in aqu-
eous phase, therefore prominently promoting ICG photo-stability. Fur-
thermore, the DOX/ICG-loaded PNAs in PBS at 37 °C maintained un-
changed particle size during 4 days similar to drug-free PNAs (Fig. 3b).
This suggests that the DSPE-PEG/TPGS-coated surfaces of PNAs could
sufficiently prevent inter-particle aggregation by the steric repulsion of
hydrophilic PEG segments. On the other hand, the cargo-loaded PNAs
stored in phosphate buffer at 4 °C showed an unvaried particle size over
a period of 4 weeks (Fig. S4), indicating their superior long-term storage
stability.

The hyperthermia ability of the DOX/ICG-loaded PNA solutions
during 808 nm laser irradiation (power density of 1.25W/cm2) was
evaluated by measuring the solution temperature with an infrared
thermal imaging camera. Under 2min NIR laser irradiation, PBS
maintained a virtually unchanged temperature, while the DOX/ICG-
carrying PNA and free ICG solution (ICG concentration=10 μM)
showed a prominent temperature elevation due to ICG-mediated photo-
thermal conversion effect (Fig. 3c). Moreover, at the same irradiation
time, the temperature of DOX/ICG-loaded PNAs solution was somewhat
higher than that of free ICG solution because the absorption peak of ICG
from the former underwent red-shift (from 774 nm to 792 nm) to ap-
proach the central wavelength (808 nm) of the diode laser utilized, thus
enhancing the photo-thermal conversion efficiency [16,27]. As ex-
pected, the NIR-triggered hyperthermia of DOX/ICG-loaded PNA solu-
tion was further promoted with increasing the ICG concentration from
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10 to 30 μM. On the other hand, the temperature of ICG-containing
solutions decreased slowly after ca. 3-min NIR laser irradiation. Similar
observations have been reported elsewhere [16,23,27]. The decline of
photo-triggered hyperthermia effect could be attributed to the photo-
bleaching of ICG resulted from a process involving photo-sensitization
to form singlet oxygen, dioxetane formation, and then dioxetane clea-
vage into carbonyl products [28,29]. For ICG/DOX-loaded PNAs

exposed to NIR laser irradiation, the photo-bleaching of ICG molecules
occurred, being probably because ICG molecules anchored at the PNA
surfaces still have access to singlet oxygen generated by photo-
sensitization. Furthermore, the photothermal conversion effects of
DOX/ICG-loaded PNAs were well regulated by changing laser power
density as shown in Fig. 3d.
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Fig. 1. 1H NMR spectrum of γ-PGA-g-PLGA copolymer in DMSO‑d6.

Fig. 2. (a) DLS particle size distribution profiles of pristine PNAs and cargo-loaded PNAs. TEM images of (b) DOX/ICG-loaded PNAs and (c) pristine PNAs. (d) UV/Vis
absorption spectra of free ICG, ICG-loaded PNAs, and DOX/ICG-loaded PNAs in PBS.
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3.3. In vitro singlet oxygen generation

Under NIR laser irradiation, in addition to the hyperthermia cap-
ability, ICG also can generate reactive oxygen species (ROS), such as
singlet oxygen and superoxide [30]. To confirm the singlet oxygen
generation of ICG-carrying PNAs exposed to laser irradiation, the RNO
assay was used in this work. As shown in Fig. 4, after NIR laser irra-
diation, the feature absorbance at 440 nm of RNO in free ICG and ICG-
loaded PNA dispersions was appreciably reduced. This strongly proves
that the generation of singlet oxygen from free ICG and ICG-loaded
PNAs during NIR laser radiation leads to a reaction with imidazole-
containing histidine to form a peroxide intermediate, which then oxi-
dizes RNO to cause bleaching of RNO absorbance [31,32].

3.4. In vitro DOX and ICG release study

In view of the encapsulated electrostatic complexes comprising both
DOX molecules and pH-responsive γ-PGA segments, they are expected
capable of controlling DOX release in response to external pH change.
As shown in Fig. 5a, different from a quite fast outflow of free DOX
across the dialysis tube in pH 7.4 PBS (> 80% over 3 h), the DOX lib-
eration from payload-containing PNAs under the same condition was
significantly reduced. This indicates that the electrostatic DOX/γ-PGA
complexes encapsulated within compact PLGA-rich core can efficiently
prevent DOX leakage from PNAs at pH 7.4. Notably, with the medium
pH being lowered from pH 7.4 to 5.0, the cumulative DOX release of
cargo-loaded PNAs was significantly increased (> 70% over 5 h). Such
an acid-activated rapid DOX release is attributed to the extensive dis-
ruption of ionic DOX/γ-GA pairings upon the decreased ionization de-
gree of γ-GA residues in weak acid milieu [25,26] where the core-

Table 1
Physicochemical properties, drug loading efficiency and content of cargo-loaded PNAs and pristine PNAs.

Sample Dh (nm) PDI ZPa (mV) DOX LEb (%) DOX LCc (wt%) ICG LEb (%) ICG LCc (wt%)

DOX/ICG-loaded PNAs 109.9 ± 1.3 0.08 −28.2 ± 1.3 72.2 ± 2.3 5.5 ± 0.2 70.0 ± 1.5 5.1 ± 0.1
DOX-loaded PNAs 94.7 ± 4.9 0.08 −18.3 ± 1.6 71.3 ± 1.2 5.4 ± 0.1 – –
ICG-loaded PNAs 85.2 ± 3.0 0.10 −26.9 ± 2.0 – – 68.6 ± 7.7 5.2 ± 0.6
Pristine PNAs 59.9 ± 3.6 0.11 −15.0 ± 1.1 – – – –

a ZP: Zeta potential.
b LE: Loading efficiency.
c LC: Loading content.

Fig. 3. (a) UV/Vis spectra of free ICG and ICG-containing PNAs suspended in PBS at 37 °C at different time points. (b) Particle size of pristine PNAs and DOX/ICG-
loaded PNAs in PBS at 37 °C as a function of time. (c) Temperature profiles of PBS, free ICG and DOX/ICG-loaded PNAs as a function of the irradiation time under
808 nm laser irradiation at a power intensity of 1.25W/cm2. (d) Temperature profiles of DOX/ICG-loaded PNAs in PBS with 808 nm NIR laser irradiation of different
power densities.
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forming PLGA segments are apt to be degraded, thus assisting DOX
efflux. On the other hand, an appreciably reduced ICG outflow of cargo-
loaded PNAs relative to that of free ICG was observed in pH 7.4 PBS
(Fig. 5b). This reveals that the hydrophobic insert of amphiphilic ICG
molecules into the DSPE-PEG/TPGS-covered surfaces of PNAs could
reduce the undesired ICG leakage. It should be mentioned that for
DOX/ICG-loaded PNAs at pH 7.4, a continued ICG release occurred
throughout the test whereas the DOX release reached a plateau after
5 h, implying the distinct distribution of DOX and ICG payloads in
cargo-loaded PNAs. DOX species were mostly localized in the interior of
PNAs, thus slowing their efflux rate, while the amphiphilic ICG mole-
cules were primarily attached on the PNA surfaces, thereby inevitably
proceeding the passive diffusion. Based on the results of zeta potential
(Table 1) and in vitro drug release (Fig. 5), the attained DOX/ICG-
loaded PNAs featured a compact γ-PGA/DOX complexes-encapsulated
PLGA-rich core coated with the co-assembly of TPGS, DSPE-PEG and
ICG molecules (Scheme 1), and exhibited the reduced ICG premature
leakage and acid-triggered DOX release, thus showing great promise to
promote intracellular delivery of chemo-photothermal therapy. Despite
the hydrophobic insert of amphiphilic ICG molecules into the DSPE-
PEG/TPGS-covered surfaces of PNAs partly reduced ICG leakage, over
60% leakage of ICG within 24 h could lead to the insufficient accu-
mulation of ICG in tumor region, thereby diminishing the antitumor
efficacy of PTT. In order to further decrease ICG leakage from nano-
vehicles, our next work is to achieve efficient encapsulation of ICG
molecules into the hydrophobic core of PNAs instead of the amphiphilic
surfaces.

3.5. In vitro cellular uptake

In order to confirm intracellular co-delivery of DOX and ICG by
PNAs, the cellular internalization of DOX/ICG-loaded PNAs by HeLa
cells was evaluated by flow cytometry, IVIS and CLSM. As presented in
the flow cytometric histograms of Fig. 6a, compared to HeLa cells
without any drug treatment used as a negative control, HeLa cells in-
cubated with either free DOX or DOX/ICG-loaded PNAs (DOX con-
centration=20 μM) exhibited considerably enhanced DOX fluores-
cence intensity as the incubation time was prolonged from 1 h to 3 h,
suggesting the increased cellular uptake of DOX and DOX/ICG-loaded
PNAs. Interestingly, at the same incubation time, the DOX fluorescence
intensity of HeLa cells treated with DOX/ICG-loaded PNAs was higher
than that of cells exposed to free DOX. Also, after 3 h incubation, the
amount of intracellular DOX of HeLa cells treated with DOX/ICG-
loaded PNAs quantified by fluorescence measurements using a fluor-
escence spectrophotometer was ca. 1.4-fold enhanced compared to that
of cells incubated with free DOX (Fig. 6b). On the other hand, after 3 h
incubation, the fluorescence signals of ICG molecules from HeLa cells
incubated with DOX/ICG-containing PNAs were 1.3-fold higher than
that from cells incubated with free ICG (Fig. 6c). These findings suggest
that the created DOX/ICG-loaded PNAs can effectively boost the in-
tracellular delivery of DOX and ICG molecules. Such an enhanced in-
tracellular cargo transport is resulted probably from the inhibition of
the P-glycoprotein mediated drug efflux by TPGS molecules detached
from the surfaces of endocytosed PNAs. Similar phenomenon based on
TPGS-containing nanocarriers was also mentioned elsewhere [33,34].

As shown in the CLSM images (Fig. 7), a significant DOX fluores-
cence was observed in the nucleus region of HeLa cells incubated with
DOX/ICG-loaded PNAs for 1 h, being comparable to that of cells treated
with free DOX. This demonstrates that the endocytosed DOX/ICG-
loaded PNAs within acidic endosomes and lysosomes can rapidly re-
lease DOX molecules, thus facilitating translocation of DOX from cy-
toplasm to cell nucleus. On the other hand, ICG fluorescence was lar-
gely found in the cytoplasm of HeLa cells exposed to either DOX/ICG-
loaded PNAs or free ICG, which being parallel to the previous studies
that ICG molecules were mostly bound to intracellular protein (glu-
tathione S-transferase) [5,35]. Based on the above results, evidently,
DOX and ICG molecules could be efficiently delivered to the same
cancer cells by the cargo-loaded PNAs.

3.6. In vitro chemo-photothermal therapy

To assess the therapeutic efficacy of DOX chemotherapy combined
with ICG-based NIR-triggered photothermal therapy, the viability of
HeLa cells incubated with PNAs carrying either single- or dual-modality

Fig. 4. UV spectra of RNO in free ICG and ICG-loaded PNA dispersions before
and after 5-min NIR laser irradiation.

Fig. 5. (a) Cumulative DOX release profiles of DOX/ICG-loaded PNAs in aqueous solutions of pH 5.0 and 7.4 at 37 °C. (b) Cumulative ICG release profile of DOX/ICG-
loaded PNAs in PBS at 37 °C. For comparison, diffusion of free DOX and ICG across the dialysis tube in PBS is included.
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Fig. 6. (a) Flow cytometric histogram and (b) intracellular DOX amount of HeLa cells incubated with free DOX and DOX/ICG-loaded PNAs (DOX
concentration= 20 μM) at 37 °C for 1 and 3 h, respectively. (c) NIR fluorescence images and intensity of ICG molecules from HeLa cells treated with free ICG and
DOX/ICG-loaded PNAs (ICG concentration= 13 μM) at 37 °C for 1 and 3 h, respectively.

Fig. 7. (a) CLSM images of HeLa cells treated with free DOX, free ICG or DOX/ICG-loaded PNAs at 37 °C for 1 h. Cell nuclei were stained with Hoechst 33342. Scale
bars are 20 µm.
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therapy was examined by MTT assay. In comparison with a relatively
high viability (beyond 95%) of HeLa cells incubated with either free
ICG or ICG-loaded PNAs at an ICG concentration of 9.7 μM in the ab-
sence of NIR radiation (Fig. S5), the viability of the treated HeLa cells
was appreciably reduced upon 5min NIR laser radiation, indicating
that the NIR-triggered hyperthermia induced cell death (Fig. 8a). No-
tably, the ICG-loaded PNAs exhibited a prominent photo-triggered cy-
totoxicity relative to free ICG. Furthermore, at an ICG concentration of
6.5 μM with NIR laser irradiation, such low PI signals of HeLa cells
incubated with free ICG is indicative of few cell death (Fig. 8b), cor-
responding to the high viability (ca. 85%) of ICG-treated HeLa cells
(Fig. 8a). By contrast, at the same ICG concentration, most of HeLa cells
treated with ICG-loaded PNAs and NIR laser irradiation presented ob-
vious PI-positive staining, signifying extensive cell death (Fig. 8b). The
results are primarily attributed to that the ICG-loaded PNAs can sig-
nificantly enhance the aqueous photo-stability and intracellular de-
livery of ICG, thus showing the NIR-triggered powerful thermal ablation
on HeLa cells. On the other hand, at a DOX concentration of 10 and
15 μM without NIR laser irradiation, the viability of HeLa cells in-
cubated with PNAs carrying either DOX alone or both DOX/ICG was
comparable to that of HeLa cells treated with free DOX alone or free
DOX/ICG. This indicates that the pH-triggered rapid DOX liberation
from cargo-loaded PNAs within acidic organelles could facilitate the
deposition of DOX within nucleus, thereby maximizing the therapeutic
efficiency of chemotherapy. Furthermore, at high drug concentrations,
no significant reduction in the viability of HeLa cells treated with either
free DOX/ICG or DOX/ICG-loaded PNAs was observed upon the addi-
tional NIR laser irradiation. Obviously, at high drug dosage, the DOX-
based chemotherapy plays a predominant role in the anticancer effect
relative to the photothermal therapy mediated by ICG.

Notably, when the DOX and ICG doses were decreased to 2.5 μM
and 1.6 μM, respectively, the cytotoxicity of DOX/ICG-carrying PNAs
against HeLa cells was further boosted by the extra NIR laser irradia-
tion. Moreover, at the same ICG concentration, only a slight reduction
in the viability of HeLa cells treated with ICG-loaded PNAs and laser
irradiation was observed. According to the above results, at low drug
doses, the single chemotherapy or photothermal therapy cannot effi-
ciently kill HeLa cells, whereas the chemo-photothermal combination
therapy of DOX/ICG-loaded PNAs effectively inhibits proliferation of
cancer cells. It was assumed that the endocytosed DOX/ICG-loaded
PNAs under NIR laser irradiation probably disrupted endosomal
membranes by ICG-mediated hyperthermia as well as singlet oxygen
generation [36,37], thus making DOX molecules escape from endo-
somes and translocate into nuclei region to augment the cytotoxicity

(Scheme 1). Also, the strategy of promoting endosomal escape of che-
motherapy drugs by the NIR-triggered mild hyperthermia or singlet
oxygen generation of various photosensitizers has been widely adopted
[38,39].

4. Conclusions

To improve the outcome of the chemo-photothermal cancer
therapy, the γ-PGA-g-PLGA-based PNAs were developed to serve as a
vehicle of DOX and ICG molecules. The DOX/ICG-loaded PNAs were
characterized by the electrostatic DOX/γ-PGA complexes-encapsulated
PLGA-rich core stabilized by the ICG-containing DSPE-PEG/TPGS-con-
stituted surfaces. The DOX/ICG-carrying PNAs not only significantly
promoted the photo-stability of ICG in PBS, but also reduced ICG burst
leakage. Moreover, by massive disruption of ionic DOX/γ-GA parings
and PLGA degradation under weak acidic condition, the DOX release of
cargo-loaded PNAs was considerably accelerated. In vitro cellular up-
take study indicates that the DOX/ICG-loaded PNAs can enhance cel-
lular uptake of cargoes by HeLa cells. Importantly, taking advantage of
the acid-triggered rapid DOX release combined with the photo-induced
hyperthermia and singlet oxygen generation to facilitate accumulation
of DOX within nucleus, even at low drug dosage, the DOX/ICG-loaded
PNAs effectively suppressed the proliferation of cancer cells. Based on
these findings, the DOX/ICG-loaded PNAs display the great potential
for augmenting efficacy of the chemo-photothermal cancer therapy.
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