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Synthesis of indocyanine green functionalized
comblike poly(aspartic acid) derivatives for
enhanced cancer cell ablation by targeting the
endoplasmic reticulumt
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Undesired gene expression can lead to severe diseases such as cancers. Oncogenic proteins or survival
factors encoded by oncogenes can sustain cancer cell survival and proliferation. Considering that proteins
are manufactured and transported by the endoplasmic reticulum (ER), the destroying of oncogenic pro-
teins within the ER could cut-off the process of undesired gene expression. In this study, a new type of ER
targeting strategy was developed based on the coordination interaction of the Cal(i) ion rich ER lumen
with the carboxyl group of poly(aspartic acid) (PAsp). A comblike polymer PAsp-g-(PEG-ICG) was ration-
ally designed and successfully prepared by grafting azido-modified polyethylene glycol (PEG) and the
azido-modified photosensitizer indocyanine green (ICG) onto alkynyl-modified PAsp through the copper()-
catalyzed alkyne—azide cycloaddition (CUAAC). Here, ICG not only shows its importance as an imaging
agent that reveals the distribution of PAsp-g-(PEG-ICG) micelles both at tissue and subcellular levels, but
also acts as a protein destructive agent to generate reactive oxygen species (ROS) resulting in protein
denaturation. Moreover, chemotherapeutic drugs, such as paclitaxel, can be easily encapsulated into
PAsp-g-(PEG-ICG) (PTX@PAsp-g-(PEG-ICQG)) in up to 28% drug loading capacity with excellent stability.
The experimental results proved that the as-prepared PTX@PAsp-g-(PEG-ICG) micelles exhibited selective
accumulation in the ER lumen of cancer cells. Thus, a 10-fold enhancement of ROS was obtained by
incubating cancer cells with PAsp-g-(PEG-ICG) micelles at a PTX concentration of 1.0 pg ml™ under laser
irradiation (0.2 W cm™2, 785 nm, 30 s) for 24 h, leading to disruption of proteins in the ER that caused ER
stress-induced cancer cell apoptosis up to 76%. In a cytotoxicity test, U-87 MG glioma cells incubated
with PTX@PAsp-g-(PEG-ICG) at the PTX concentration of 2.5 ng ml™ were reduced to nearly 0% of cell
viability upon 24 h laser irradiation (2 W cm™, 785 nm, 30 s), in comparison with free PTX that showed
60% cell viability under the same conditions, indicating that photodynamic therapy (PDT) remarkably
enhanced chemotherapeutic effects. With the good combination of PDT and chemotherapy, the
PTX@PAsp-g-(PEG-ICG) micelles offer unprecedented advantages by effectively targeting the ER and dis-
played a prolonged retention time in the tumors of U-87 MG bearing nude mice, providing great promise
for manipulating biomaterial design to achieve the intended ER targeted delivery for non-invasive cancer
therapy.

Introduction

As proteins are essential for cell signalling and ligand
binding," protein biosynthesis is strictly regulated by multiple
steps, including DNA transcription, RNA translation, polypep-
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to be caused by activation of oncogenes.” Therefore, gene
therapy represents a promising method to fundamentally
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palindromic repeat (CRISPR)/CRISPR associated protein 9
(CRISPR/Cas9) system, as a candidate prokaryote-derived
genome editing tool, has made its way into a wide range of cul-
tured cell types and organisms due to the effective genome
editing and ease of usage.>* However, the large size of Cas9
proteins still lie ahead for penetrating the cell nucleus thus
limiting their efficiency in genome editing (<30%), which also
may bring the safety concern as a result of off-target and deliv-
ery inefficiency to restrict their wide application in clinical
trials.>®

On the basis of the genetic information flow by DNA-RNA-
proteins, information errors occurring in this cascade process
have given rise to many opportunities for remediation. For
example, destroyed proteins within the endoplasmic reticulum
(ER) could cut-off the assembling and transportation process
of oncogenic proteins or survival factors. In this regard, the
development of an ER-targeted drug delivery system is required
to deliver protein destruction agents. As the ER contains Ca(u)
ions at a concentration up to the millimolar level, whereas the
cytosolic Ca(i) concentration is ~100 nanomolar,” we hypoth-
esized that the carboxyl-containing polymers were able to
target the ER lumen through the strong coordination affinity
of the Ca(u) ion to the multi-carboxyl group of the polymer.
For example, the carboxyl group-containing poly(aspartic acid)
(PAsp) has strong coordination affinity to Ca(u) ions, and PAsp
could inhibit undissolvable CaCOj; at a PAsp concentration of
4 pg ml™" with nearly 100% efficiency.® Meanwhile, PAsp is
also safe in clinical applications, and a PAsp based drug deliv-
ery system is under phase III trials now.’

There are two major types of preparation methods of PAsp
derivatives: (i) ring opening polymerization of b-benzyl-L-aspar-
tate N-carboxyanhydride (NCA) with a primary amine termi-
nated molecule under anhydrous conditions,'®™*? it is sophis-
ticated and not easy to control, and (ii) the reaction of a
primary amine terminated molecule, such as amine
terminated PEG chains, with polysuccinimide (PSI),"**> which
was inefficient at ambient temperature and an increasing reac-
tion temperature was required to improve the reaction
efficiency, but led to the degradation of PSI during the
reaction.'®"”

Herein, we designed and prepared a new type of bio-
degradable comblike polymer, poly(aspartic acid)-graft-
(PEG-ICG) (PAsp-g-(PEG-ICG)), using a facile synthetic
approach that could be carried out under mild conditions. As
a stealth material in blood, PEG was selected to endow the
nanomaterials with reduced uptake by the reticular endo-
thelial system and prolonged blood circulation time, which is
beneficial for nano-drug application.'® We also chose a near-
infrared photosensitizer, indocyanine green (ICG), as an
imaging agent, not only owing to its excellent safety profile
approved by the Food and Drug Administration (FDA) and
long-time safe usage over 60 years, but also due to its lower
tissue background noise and higher imaging depth.'® More
importantly, ICG could exhibit photodynamic therapy (PDT)
and photothermal therapy (PTT) effects under near-infrared
light irradiation.?® As PDT has been extensively explored for
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cancer treatment, under irradiation of a photosensitizer (PS)
in the presence of oxygen, highly reactive oxygen species (ROS)
could be generated followed by causing damage to many cellu-
lar compartments. In the ER, ROS could also cause progressive
modification of proteins, leading to ER stress and eventual
apoptosis of cancer cells.”’** The short lifetime of ROS in cells
(approximately tens of nanoseconds) limits their diffusion
depth to tens of nanometers in cells.”® Thus, the photo-
dynamic induced therapeutic effect would occur at or near the
location of the PS.>* For the desired use of PDT to destroy pro-
teins within the ER, the PS therefore needs to be delivered into
the ER lumen so that the generated ROS could disrupt proteins
within the ER. The overwhelming ER stress would tip the
balance towards cancer cell death, while the normal cells
without light irradiation or PS would stay intact. Therefore, we
utilized ICG to track the location of PAsp derivative micelles
both in vitro and in vivo, at the same time utilizing PDT and
PTT effects to destroy oncogenic proteins or survival factors
within the ER. Chemotherapeutic agents such as paclitaxel
could be easily encapsulated by PAsp-g-(PEG-ICG) (PTX@PAsp-
2-(PEG-ICG)) with high loading content. By integrating diag-
nostic and combined therapeutic functions, this new type of
ER-targeted PTX-loaded comblike polymer PAsp-g-(PEG-ICG)
micelle offers a promising strategy for enhanced cancer cell
ablation.

Experimental
Synthesis of PSI and alkynyl modified PSI

Polysuccinimide (PSI) was synthesized by microwave assisted
t-aspartic acid condensation. The detailed synthesis process
and characterization of polysuccinimide (PSI), 2-(2-(prop-2-
ynyloxy)ethoxy)ethanamine, alkynyl modified PSI (PSI-g-
alkynyl), azido modified indocyanine green and azido modi-
fied polyethylene glycol can be found in the ESI (parts I-1V,
Fig. S1-S137).

Synthesis of alkynyl modified poly(aspartic acid) (PAsp)

200 mg of PSI-g-alkynyl was suspended in water (0.4 ml) and
cooled to 0 °C under stirring, 1 M NaOH was added dropwise
and the pH of the solution was adjusted to above 10. After
hydrolysis for 30 min, 1 M HCI was added dropwise to neutral-
ize the solution, then dialysed against deionized water for
2 days and lyophilized to obtain alkynyl modified PAsp (PAsp-

g-alkynyl) (Fig. S147).
Synthesis of comblike PAsp-g-(PEG-ICG) polymers

100 mg of PAsp-g-alkynyl (~0.5 mmol) was added into a round-
bottom flask (5 ml) and dissolved in a mixture of DMF
(0.2 ml) and DMSO (0.2 ml). After that, an mPEG-N; (200 mg,
0.20 mmol, 40 mol%) DMF (in 0.2 ml) solution, ICG-N;
(83.8 mg, 0.125 mmol, 25 mol%) and Cul (3.10 mg, 16.2 pmol)
were added into the above solution. The flask was sealed and
evacuated, and then refilled with nitrogen; this process was
repeated three times to remove traces of oxygen; N,N,N',N',N"-
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pentamethyldiethylenetriamine (PMDETA, 6.80 pL, 32.5 pmol)
was dissolved in degassed DMSO (0.20 ml) and added into the
flask by using an injection syringe. The reaction mixture was
stirred at 35 °C for 24 h. After the reaction was complete, the
reaction solution was precipitated by adding excess ether, the
precipitate was isolated by centrifugation, the resulting crude
product was redissolved in DCM and precipitated in ether
several times, and then the product was redissolved in water,
and dialysed against EDTA solution to remove copper, and
then against deionized water, followed by lyophilization.
Finally, comblike PAsp-g-(PEG-ICG) was obtained as a fluffy
solid (Fig. S157).

Synthesis of alkynyl modified PLys

641 mg of poly-e-lysine (PLys) (5.00 mmol) was dissolved in
methanol (20 ml), and then 3-bromo-1-propyne (298 mg,
2.5 mmol, 0.5 equiv.) and DIPEA (808 mg, 6.25 mmol, 2.5
equiv.) were added into the above solution. The reaction
mixture was stirred at 50 °C for 24 h. After the reaction was
complete, the reaction mixture was concentrated under
vacuum and then precipitated using ether. The resulting solid
was redissolved in methanol and reprecipitated by adding
excess ether, this process was repeated three times, and then
the product was dried under vacuum to obtain alkynyl modi-
fied PLys (PLys-g-alkynyl, 629.3 mg).

Synthesis of comblike PLys-g-(PEG-ICG) polymers

168 mg of PLys-g-alkynyl (~1.0 mmol) was added into a round-
bottom flask (5 ml) and dissolved in DMSO (1 ml), mPEG-N;
(300 mg, 0.30 mmol, 30 mol%), ICG-N; (67 mg, 0.1 mmol) and
Cul (3.8 mg, 20 pmol) were then added into the above flask.
The flask was sealed and evacuated, and then refilled with
nitrogen; this process was repeated three times to remove
traces of oxygen, and then PMDETA (8.4 pL, 40 pmol) was
added into the flask under nitrogen. The reaction mixture was
stirred at 50 °C for 24 h. After the reaction was complete, the
resulting solution was precipitated by adding excess ether, the
precipitate was isolated by centrifugation, and the resulting
crude product was redissolved in methanol and precipitated in
ether three times, and then the product was redissolved in
water, and dialysed against deionized water, followed by lyo-
philization. PLys-g-(PEG-ICG) was obtained as a fluffy green
solid (398 mg). Note: ICG is not stable in the presence of
amine, thus PLys-g-(PEG-ICG) should be freshly prepared and
used.

Drug loading content and encapsulation efficiency of
PTX@PAsp-g-(PEG-ICG) micelles

Different amounts of PTX ethanol solution (30 mg ml™") were
added into PAsp-g-(PEG-ICG) aqueous solution (10 mg ml ™)
under stirring, and the obtained PTX@PAsp-g-(PEG-ICG)
micelles were centrifuged at 5000¢ for 5 min to remove
unloaded PTX and the supernatant was obtained as a
PTX@PAsp-g-(PEG-ICG) micelle solution.

To determine the drug loading capacity (DLC) and encapsu-
lation efficiency (EE), PTX@PAsp-g-(PEG-ICG) micelle solution
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(100 pL) was diluted to a constant volume (10.00 ml) using
acetonitrile. The PTX concentration of the diluted solution was
determined by HPLC using a standard PTX curve (Fig. S187).
The as-prepared PTX@PAsp-g-(PEG-ICG) micelles could be
easily sterilized by passing through 0.22 pm filters, which is
applicable in clinical studies:

EE (%) = Wprx/Wr x 100%

where Wprx refers to the weight of PTX in the supernatant, Wp
refers to the weight of PAsp-g-(PEG-ICG), and Wr is the weight
of the total added PTX.

Stability of PTX@PAsp-g-(PEG-ICG) micelles

To investigate the stability of PTX@PAsp-g-(PEG-ICG) micelles,
we stored the PTX@PAsp-g-(PEG-ICG) micelle solution at room
temperature or at 4 °C, and it was stable at least for one week
at room temperature and for three months at 4 °C without
precipitation.

Characterization of PTX@PAsp-g-(PEG-ICG) micelles

For determining the morphology and size of PTX@PAsp-g-
(PEG-ICG) micelles, transmission electron microscopy (TEM)
images were obtained on a Tecnai G2 20 TWIN (FEI, America),
TEM at an accelerating voltage of 200 kV. For sample prepa-
ration, a 50 pg ml~" micelle solution was added dropwise onto
a carbon-coated copper grid and air dried, and then observed
by TEM (Fig. S171).

Absorption spectra of ICG-N; and PAsp-g-(PEG-ICG) were
recorded using a Lambda 750 (PerkinElmer, America) ultra-
violet-visible spectrophotometer (Fig. S197). The absorption
spectra revealed that the maximal absorption peak and peak
pattern remained nearly the same, indicating the integrity of
ICG after the modification process.

The standard curve of ICG-N; in DMSO (792 nm) was
measured by using UV-vis spectroscopy (Fig. S20t). To
measure the content of ICG in PASP-g-(PEG-ICG), PASP-g-
(PEG-ICG) was dissolved in DMSO at a concentration of
19.50 pg ml~"; the absorption value was measured as 0.7356,
based on the ICG-N; standard curve (Fig. S207), and the
content of ICG in PASP-g-(PEG-ICG) was calculated as
14.1 wt%.

Cell culture

U-87 MG cells were cultured in MEM medium supplemented
with 10% fetal bovine serum (FBS) with 100 U ml™" penicillin
and 0.1 mg ml™" streptomycin at 37 °C in a humidified 5%
CO, incubator (HERAcell 150i). For SK-OV-3 cells, MEM
medium was changed to McCoy’s 5A medium.

Subculture was performed every two days. For general cell
culture, a 25 cm? cell culture flask was used. Briefly, cells were
digested using 0.25% trypsin (1 ml) containing 0.02% EDTA
solution at 37 °C for 3 min (U-87 MG and HepG2 cells) or
5 min (SK-OV-3 cells), and then complete cell culture medium
(2 ml) was added and the cells were gently piped off at the
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bottom of the culture flask. The cell suspension was centri-
fuged at 100g for 3 min, the supernatant was discarded, com-
plete culture medium (3 ml) was added and gently shaked to
obtain a cell suspension. The cell suspension (1 ml) was trans-
ferred to a new 25 cm? cell culture flask and the complete
culture medium (4 ml) was added and resuspended, and then
placed in a CO, cell incubator for further culture.

Cellular uptake of PTX@PAsp-g-(PEG-ICG) micelles

U-87 MG cells were seeded in 6-well plates at a density of
5 x 10° cells per well. After incubation for 24 h, the culture
medium was discarded, and PTX@PAsp-g-(PEG-ICG) micelles
in culture medium were added (PTX at 1 pg ml™', PAsp-g-
(PEG-ICG) at 2.54 pg ml™', DLC = 28.2%). At different time
intervals, the U-87 MG cells were digested, centrifuged and
resuspended in PBS and analyzed by FCM. The excitation
wavelength was 638 nm, and a 755 nm long pass emission
filter was used for detecting the fluorescence intensity of ICG
in U-87 MG cells.

Uptake mechanism of PTX@PAsp-g-(PEG-ICG)

SK-OV-3 cells were seeded in 6-well plates at a density of
500 000 cells per well. After 24 h of incubation, the culture
medium was discarded, and the cells were pretreated with PBS
(37 °C), PBS (4 °C), 2-deoxy-p-glucose (50 mM)/NaN; (10 mM)
and sucrose (0.45 M) for 30 minutes, respectively. Then super-
natants were discarded, and PTX@PAsp-g-(PEG-ICG) (PTX
20 pg ml~", DL ~ 30%) (2 ml) dispersed in PBS was added, and
incubated for a further 2 h. After that cells were digested, cen-
trifuged and resuspended in PBS and analyzed by flow cytome-
try. The excitation wavelength was 638 nm, and a 755 nm long
pass emission filter was used.

Low temperature incubation: PBS (4 °C); ATP depletion
study (for energy depletion of cells): 2-deoxy-b-glucose
(50 mM)/NaN; (10 mM); hypertonic study (for inhibition of
clathrin mediated endocytosis): sucrose (0.45 M).

ROS detection

SK-OV-3 cells were seeded in a 35 mm coverglass bottom dish
at 5 x 10 cells per well. After 24 h of incubation, PTX@PAsp-g-
(PEG-ICG) micelles (PTX at 1 pg ml™", PAsp-g-(PEG-ICG) at
2.54 pg ml™*, DLC = 28.2%) in cell culture medium (2 ml) were
added; the untreated group was used as the control. After incu-
bation for one hour, the culture medium was discarded, and
2',7'-dichlorofluorescein diacetate (DCFH-DA, 10 pM) and
Hoechst 33342 (10 pg ml™") in serum free medium (1 ml) were
added and incubated for a further 0.5 h. After the ROS indi-
cator DCFH-DA was loaded into cells, the supernatant was dis-
carded, cells were washed with PBS to remove excess
DCFH-DA, and then PBS (1 ml) was added to maintain a suit-
able osmotic pressure. The laser+ group was then irradiated
with a 785 nm laser for 30 s. All groups were observed by
CLSM (Olympus FV1000) immediately, and images were
analyzed.

In the DCFH-DA loading process, membrane-permeable
DCFH-DA (non-fluorescent) was hydrolyzed into membrane-
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impermeable DCFH (non-fluorescent) by esterase in cells, and
ROS could oxidize DCFH (non-fluorescent) into fluorescent
DCF (Ex = 480 nm, Em = 525 nm), thus different concen-
trations of ROS could be easily detected by determining the
green fluorescence change within the cells.

All measurement parameters were as follows: sampling
speed: 10.0 ps per pixel; C.A.: 80 pm; objective lens UPLSAPO
60x0 NA: 1.35; laser wavelength: 488 nm; laser transmissivity:
5.0%; PMT voltage: 550 V; excitation DM name: DM405/488;
emission wavelength: 520 nm.

Subcellular distribution of PTX@PAsp-g-(PEG-ICG) micelles
and PTX@PLys-g-(PEG-ICG) micelles in cells

U-87 MG and SK-OV-3 cells were seeded in a 35 mm coverglass
bottom dish at 5 x 10 cells per well. After 24 h of incubation,
PTX@PAsp-g-(PEG-ICG) micelles (PTX at 1 pg ml™', PAsp-g-
(PEG-ICG) at 2.54 pg ml™', DLC = 28.2%) or PTX@PLys-g-
(PEG-ICG) micelles were added. After incubation for two
hours, the cell culture medium was discarded, washed with
PBS three times, and fixed using a 4% neutral paraformalde-
hyde solution for 10 min. Then cells were washed with PBS
three times, Hoechst 33342 (10 pg ml™") and ER tracker green
(1 pM) were added (1 ml) and incubated for 20 min at 37 °C,
for staining the cell nucleus and ER, respectively. After that,
the supernatants were discarded and cells were washed with
PBS twice and observed by CLSM. Colocalization of ER and
ICG was performed using Image] with JACoP plugin, which
could be downloaded from https:/imagej.nih.gov/ij/plugins/
index.html.

Photothermal effect of PAsp-g-(PEG-ICG) micelles

PAsp-g-(PEG-ICG) micelles were dissolved in PBS (0-100
pg ml™), and a 100 pL polymer micelle solution was added
into a 96-well plate and irradiated with a 785 nm laser
(2 W ecm™?); the temperature at different time intervals was
determined by using a thermocouple thermometer.

Cell apoptosis

U-87 MG cells were seeded in 6-well plates at a density of
5 x 10° cells per well. After 24 h of incubation, the culture
medium was discarded, PTX@PAsp-g-(PEG-ICG) micelles in
2 ml culture medium were added (PTX at 1 pug ml™", PAsp-g-
(PEG-ICG) at 2.54 pg ml™', DLC = 28.2%), and clinically
applied Taxol® was used as a comparison. The concentration
of PTX was 1 pg ml~". After incubation for 12 h, the L+ group
was irradiated with a 785 nm laser (0.2 W ¢m™>, 5 min), and
further incubated for 12 h. After that, the cell morphology was
observed by contrast microscopy, then the cells were digested
with EDTA free trypsin for 3 minutes, a complete cell culture
medium was added, and the cell suspension was centrifuged
at 800 rpm for 3 minutes. Then the cells were washed with PBS
and the supernatant was removed. 100 pl of annexin V binding
solution was added. 5 pl annexin V-FITC and 5 pl propidium
iodide (PI) solution were added to the cell suspension. Then
the cell suspension was incubated for 15 minutes with protec-
tion from light and 400 pl annexin V binding solution was
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added. Cell apoptosis was analyzed by flow cytometry (Gallios,
Beckman Coulter). Untreated cells stained with annexin
V-FITC and PI were used as a negative control. The excitation
and filter were as follows: for annexin V, Ex = 488 nm, Em =
525 BP; for PI, Ex = 488 nm, Em = 620 BP. At the early stage of
cell apoptosis, phosphatidylserine in the inner layer of the cell
membrane would flip to the outer surface of the cell, which
could bind specifically to annexin V-FITC, but the cell mem-
brane was still intact and PI could not pass through, thus early
stage cell apoptosis would be observed on staining with
annexin V-FITC (+) and PI (-). At the late stage of cell apopto-
sis, the cell membrane was disrupted and PI could pass
through the cell membrane and bind to the cell nucleus, and
therefore cell apoptosis at the late stage would be observed on
staining with annexin V-FITC (+) and PI (+).>*%¢

Cell viability

U-87 MG cells were seeded in 96-well plates at a density of
5000 cells per well; the volume of culture medium was all fixed
to 100 pL. After incubation for 24 h, the culture medium was
replaced with a culture containing pharmaceuticals, and incu-
bated for 24 h, the laser+ group was irradiated with a 785 nm
laser for 5 min. At 48 h and 72 h, the cell viability was deter-
mined by CCK8 assay.

Biodistribution of PTX@PAsp-g-(PEG-ICG) micelles in
U-87 MG bearing mice

All surgical procedures and post-operation animal care were
conducted according to the guidelines of the Council for the
Purpose of Control and Supervision of Experiments on
Animals, the Ministry of Health, and the government of China.
All the animal experimental procedures were approved by the
Institutional Animal Care and Use Committee of the Fudan
University, Shanghai, China. Female Balb/c nude mice of
5 weeks old were obtained from the Shanghai SLAC Laboratory
Animal Center (Shanghai, China) and maintained on a
12-12 h light-dark cycle in independent ventilated cages. All
mice were kept for one more week before experiments.

To obtain the xenograft of human glioma tumors in the
nude mice, U-87 MG cells were suspended at 3 x 107 cells per
ml in FBS free culture medium. A total of 3 x 10° cells in
100 pl culture medium suspension was injected subcu-
taneously into the dorsal site of the right foreleg of each
6-week old nude mouse.

PAsp-g-(PEG-ICG) and PTX@PAsp-g-(PEG-ICG) micelles
were intravenously administered through the tail vein of U-87
MG bearing mice at a PTX dosage of 10 mg kg™'. At different
time intervals, the mice were anaesthetized by isoflurane inha-
lation, and the fluorescence of ICG was visualized by using a
small animal imaging system (In Vivo Xtreme, Bruker), the
excitation filter was 760 nm with a bandwidth of 30 nm, and
the emission filter was 830 nm with a bandwidth of 30 nm,
and the acquisition time was fixed to 2 s.
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Scheme 1 The detailed preparation procedure of the comblike PAsp-
g-(PEG-ICQG) polymers.

Results and discussion

On the basis of rational design, 2-(2-(prop-2-ynyloxy)ethoxy)
ethanamine, mPEG-N; and ICG-N; were employed to syn-
thesize PAsp-g-(PEG-ICG). First, the alkynyl-modified PAsp was
prepared by reacting 2-(2-(prop-2-ynyloxy)ethoxy)ethanamine
with PSI at ambient temperature (ESI, parts I, II and III,
Fig. S1-14%). Then, the comblike PAsp-g-(PEG-ICG) was pre-
pared by grafting mPEG-N; and ICG-N; onto alkynyl-modified
PAsp with CuAAC as a catalyst (Scheme 1 and Fig. S157).

The molecular weight of the PAsp-g-(PEG-ICG) was evalu-
ated (Fig. S161) with a number-average molecular weight of
2.5 x 10", whereas the number-average molecular weight of
alkynyl-modified PAsp was 1.3 x 10%, indicating the successful
grafting. The as-prepared PAsp-g-(PEG-ICG) was highly disper-
sible in water. PAsp-g-(PEG-ICG) dispersed in water resulted in
over 99% decrease in its fluorescence intensity in comparison
with its performance in DMSO solution, presumably due to
the aggregation of the hydrophobic ICG groups in the aqueous
solution, which resulted in the formation of polymeric
micelles (Fig. 1B). In this regard, given that anti-cancer drugs
usually bear aromatic and hydrophobic molecules, paclitaxel
(PTX) was selected to tailor the drug loading performance of
PAsp-g-(PEG-ICG). The formation procedure of drug-encapsu-
lated polymeric micelles (PTX@PAsp-g-(PEG-ICG)) is shown in
Fig. 1A. The drug loading content of PTX@PAsp-g-(PEG-ICG)
was 28 wt% with an encapsulation efficiency of up to 95%
(Table S1 and Fig. S1771). PTX could be solubilized up to 2
mg mL~" in aqueous solution with good stability over one week
at room temperature, presumably due to the strong aromatic
and hydrophobic interactions between ICG and PTX. The for-
mation of PTX@PAsp-g-(PEG-ICG) micelles was confirmed by
TEM analysis (Fig. 1C and Fig. $S187}) with a hydrodynamic size
of 45 + 11 nm (Fig. 1D). It is noteworthy that nanomedicine
with sizes of around 50 nm can take full advantage of the EPR
effect for an optimal cell-uptake effect,””*® thereby the desired
size of PTX@PAsp-g-(PEG-ICG) micelles may be beneficial for

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Preparation and characterization of the PAsp-g-(PEG-ICG)
micelles. (A) Scheme for preparation of PTX loaded micelles. PAsp-g-
(PEG-ICG) micelles were formed by directly adding PTX ethanol solution
into PAsp-g-(PEG-ICG) aqueous solution. (B) Fluorescence properties of
PAsp-g-(PEG-ICG) micelles in water (dark line) and DMSO (red line)
compared with ICG-Nz in DMSO (blue line) (Ex = 768 nm, the concen-
tration of PAsp-g-(PEG-ICG) in both water and DMSO were 50 pg mL™).
Decrease of fluorescence of PAsp-g-(PEG-ICG) in water indicating the
aggregation of ICG and the formation of micelles. (C) TEM image of
PTX@PAsp-g-(PEG-ICG) micelles (DLC = 28%) (scale bar is 500 nm). (D)
Statistical data of PAsp-g-(PEG-ICG) micelles’ diameter in (C), 100 poly-
meric micelles were measured.
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their intra-tissue and intracellular delivery as well as retention
for desired subcellular ER-targeted drug delivery.

To study the ER-targeted delivery ability of PTX@PAsp-g-
(PEG-ICG) micelles, we employed two different cancer cell
lines (U-87 MG and SK-OV-3) to determine the subcellular dis-
tribution of PTX@PAsp-g-(PEG-ICG) micelles. Both U-87 MG
and SK-OV-3 cells were incubated with PTX@PAsp-g-(PEG-ICG)
micelles for 2 h. The ER of the U-87 MG and the SK-OV-3 cells
was then stained with ER tracker green.

Using confocal laser scanning microscopy, we found that
the red fluorescence of ICG overlapped perfectly with the green
fluorescence of ER in the U-87 MG cancer cell line (Fig. 2A and
Fig. S19At). The fluorescence intensities of ICG and ER on the
yellow cross line in the enlarged picture were quantified as
shown in Fig. 2D. The fluorescence intensity curves on the
right side indicated ICG (red) and ER (green) in the vertical
direction, while the bottom part is the corresponding curves in
the horizontal direction. It is clear that the green curve (ER)
almost completely overlays the red curve (ICG) with Pearson’s
coefficient r = 0.96, indicating high colocalization of
PTX@PAsp-g-(PEG-ICG) micelles and ER*’ to confirm the
intended ER targeting of PAsp-g-(PEG-ICG) micelles.
Meanwhile, the results obtained from SK-OV-3 cell lines with
Pearson’s coefficient 7 = 0.93 were in good agreement with the
results above (Fig. 2B, E and Fig. S19B7), also demonstrating

Fig. 2 Subcellular distribution of PTX@PAsp-g-(PEG-ICG) and PTX@PLys-g-(PEG-ICG) micelles. (A) The distribution of PTX@PAsp-g-(PEG-ICG)
micelles in U-87 MG cells. (B) The distribution of PTX@PAsp-g-(PEG-ICG) micelles in SK-OV-3 cells. (C) The distribution of PTX@PLys-g-(PEG-ICG)
micelles in U-87 MG cells. (D) Quantified fluorescence cross-section distribution of ICG (red curve) and ER marker (green curve) in U-87 MG cells
after treatment with PTX@PAsp-g-(PEG-ICG). (E) Quantified fluorescence cross-section distribution of ICG (red curve) and ER marker (green curve)
in SK-OV-3 cells after treatment with PTX@PAsp-g-(PEG-ICG). (F) Quantified fluorescence cross-section distribution of ICG (red curve) and ER
marker (green curve) in U-87 MG cells after treatment with PTX@PLys-g-(PEG-ICG).

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 |Illustration of the PTX@PAsp-g-(PEG-ICG) ER targeting
process and mechanism of cell death. PTX@PAsp-g-(PEG-ICG) micelles
accumulate in the ER lumen through coordination affinity of the Ca(n)
ions to the carboxyl groups of PAsp. Upon laser irradiation of the photo-
sensitizer ICG, the generated ROS would lead to elevated ER stress and
induce cancer cell death.

O&

high colocalization of PTX@PAsp-g-(PEG-ICG) micelles and ER
in SK-OV-3 cells.

We also investigated the cell uptake mechanism of
PTX@PAsp-g-(PEG-ICG). The fluorescence intensity of SK-OV-3
cells was reduced to 33% at 4 °C temperature compared to the
incubation at 37 °C. Meanwhile, the ATP depletion treatment
and hypertonic treatment cannot inhibit the cell uptake of
PTX@PAsp-g-(PEG-ICG) (Fig. S27t). Thus, the cell uptake
mechanism of PTX@PAsp-g-(PEG-ICG) was not through endo-
cytosis (ATP required), but largely attributed to passive
transportation.

To evaluate the importance of the carboxyl groups in PAsp
for the intended ER targeting, we prepared a control group by
replacing PAsp with amino containing poly-e-lysine (PLys) in
the copolymer. The resulting PLys-g-(PEG-ICG) micelles dis-
played a subcellular distribution substantially different from
that of PTX@PAsp-g-(PEG-ICG) micelles (Fig. 2C, F and
Fig. S19Ct). The red and green curves regarding ICG and ER in
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Fig. 2F have poor correlation with Pearson’s coefficient
r = 0.354, indicating the weak interaction between PLys-g-
(PEG-ICG) and ER. All the above evidence revealed the most
likely coordination effect between the carboxyl group of the
PAsp and the high concentration of Ca(u) ions in the ER
lumen, which mediated the ER-targeting effect by PAsp-g-
(PEG-ICG) micelles, where the possible mechanism is illus-
trated in Scheme 2.

We then showed that the fluorescence performance of
PTX@PAsp-g-(PEG-ICG) micelles in U-87 MG cells reached the
highest fluorescence intensity after 8 h incubation, indicating
the fast accumulation of PTX@PAsp-g-(PEG-ICG) micelles in
U-87 MG cells (Fig. S22-5247). Thus, when the accumulation
of PTX@PAsp-g-(PEG-ICG) micelles reaches a therapeutic con-
centration in the ER lumen, we could take the advantages of
both PDT and PTT effects from ICG to disrupt oncogenic pro-
teins or survival factors within the ER of cancer cells. To
demonstrate the PDT and PTT effects of PTX@PAsp-g-
(PEG-ICG) micelles, SK-OV-3 cells were incubated with
PTX@PAsp-g-(PEG-ICG) micelles. Compared with the control
group and the PTX@PAsp-g-(PEG-ICG) group without laser
irradiation (nearly no green fluorescence), we found that only
when both PTX@PAsp-g-(PEG-ICG) micelles and laser
irradiation were applied to SK-OV-3 cells, 10-fold ROS were
generated (Fig. 3A and B), indicating the great potential of the
PDT effect from PTX@PAsp-g-(PEG-ICG) micelles.

It is well known that the ER in cancer cells is overloaded
with synthesized proteins due to malignant proliferation, and
further gives rise to ER stress.>® In order to survive this stress-
ful environment, cancer cells have evolved an unfolded protein
response (UPR) to relieve ER stress compared to normal
cells.*** Thus we could tip the balance of the ER environ-
ment towards cancer cell death by an overwhelming ER stress,
while the normal cells without light irradiation or PAsp-g-
(PEG-ICG) would stay intact.

Furthermore, the PTT effect of PAsp-g-(PEG-ICG) micelles
was also evaluated by measuring temperature elevation at
different concentrations under laser irradiation. We found that
the temperature of the solution was increased by nearly 15 °C
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Fig. 3 ROS generation and the PTT effect of PTX@PAsp-g-(PEG-ICG) micelles. (A) Detection of intracellular ROS by incubating DCFH-DA with
PTX@PAsp-g-(PEG-ICG) treated SK-OV-3 cells with/without laser irradiation (0.2 W cm™2, 785 nm, 30 s). (B) Quantification of ROS generation based
on fluorescence in (A), the mean fluorescence of 15-20 cells was measured, *p < 0.001. (C) The temperature elevation curves of different concen-
trations of PAsp-g-(PEG-ICG) micelles under 785 nm laser irradiation (2 W cm™2).
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Fig. 4 In vitro evaluation of PTX@PAsp-g-(PEG-ICG) micelles. (A) Flow
cytometric analysis of apoptosis of U-87 MG cells induced by Taxol®
and PTX@PAsp-g-(PEG-ICG) micelles with/without laser irradiation (0.2
W cm™2, 785 nm, 5 min). (B) The morphology of U-87 MG cells incu-
bated with culture medium, Taxol® and PTX@PAsp-g-(PEG-ICG)
micelles with/without laser irradiation (0.2 W cm~2, 785 nm, 5 min). Cell
viability of U-87 MG cells at (C) 48 h and (D) 72 h incubated with Taxol
and PTX@PAsp-g-(PEG-ICG) micelles with/without laser irradiation
(2 W cm™2, 785 nm, 30 s). *p < 0.05, **p < 0.01, ***p < 0.001.

within 130 s at the PAsp-g-(PEG-ICG) micelle concentration of
50 pg mL™", whereas the temperature increased by only 1.6 °C
in the absence of PAsp-g-(PEG-ICG) micelles (Fig. 3C). As pre-
viously reported, temperature elevation above 43 °C would
result in irreversible protein denaturation and disruption of
the cellular membrane,** hence the accumulated PTX@PAsp-g-
(PEG-ICG) micelles in the ER were able to further give rise to
ER stress in combination with PDT and exhibit a synergistic
effect on cancer cell killing.

After demonstrating that PTX@PAsp-g-(PEG-ICG) micelles
could target the ER of cancer cells and generate ROS and

PAsp-g-(PEG-ICG)

PTX@PAsp-g-(PEG-ICG
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hyperthermia under laser irradiation, we went on to investigate
if these effects could cause sufficient damage to proteins
within the ER and lead to the apoptosis of cancer cells. U-87
MG cells treated with Taxol® showed negligible cell apoptosis
compared with the control group, whereas cells incubated
with PTX@PAsp-g-(PEG-ICG) micelles without laser irradiation
showed 10.6% of cell apoptosis at the late stage (Fig. 4A).
When laser irradiation (0.2 W cm™, 785 nm, 5 min) was
applied, remarkable cell apoptosis (73.2%) at the late stage
was observed. Since the treatment at this concentration of
PTX@PAsp-g-(PEG-ICG) micelles under 0.2 W cm™> of laser
irradiation could not induce prominent temperature elevation,
it is largely attributed that the cell apoptosis was induced by
ROS generation through enhanced ER stress.

To evaluate the PDT effect of ER-targeting PTX@PAsp-g-
(PEG-ICG) micelles, we conducted in vitro studies in U-87 MG
cell lines. The morphology of the cells at the PTX concen-
tration of 1 ug ml™" is shown in Fig. 4B. Cell contraction was
observed immediately after laser irradiation of PTX@PAsp-g-
(PEG-ICG) micelles (Fig. 4B) or PAsp-g-(PEG-ICG) micelles
(Fig. S2571), while all the treatment without laser irradiation
showed negligible cell contraction, implying the effective PDT
arising from PAsp-g-(PEG-ICG) or PTX@PAsp-g-(PEG-ICG)
micelles. The cell viability of U-87 MG cells at different PTX
concentrations was measured by Cell Counting Kit-8 (CCK-8)
assay (Fig. 4C and D). With the increasing concentrations of
PTX and PAsp-g-(PEG-ICG), the viability of U-87 MG cells
decreased after 48 h or 72 h incubation. When laser irradiation
was applied, U-87 MG cells could hardly survive at PTX concen-
trations of 2.5 and 5 pg mL™" (corresponding to ICG 0.9 and
1.8 pg mL™", respectively), indicating that ER stress induced
cancer cell apoptosis could greatly improve the chemotherapy.
Moreover, it is noteworthy that the good chemotherapeutic
effect of PTX enables it to play a key role in killing U-87 MG
cells after 72 h incubation with PTX@PAsp-g-(PEG-ICG)
micelles, compared to the negligible cytotoxicity at the same
concentration of PAsp-g-(PEG-ICG) (data not shown).

2.7e+007 P/sec/mm/sq

1.9e+007 P/sec/mm/sq

1.2e+007 P/sec/mm/sq

4.0e+006 P/sec/mm/sq

Fig. 5 In vivo biodistribution images of PAsp-g-(PEG-ICG) and PTX@PAsp-g-(PEG-ICG) micelles in U-87 MG tumor-bearing mice after intravenous
injection at different time intervals. (Ex = 760 nm, Em = 830 nm, exposure time = 2 s). The white circles are the position of the tumors.
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We further evaluated the accumulation effect on the in vivo
biodistribution of PTX@PAsp-g-(PEG-ICG) micelles in U-87 MG
tumor-bearing nude mice. PAsp-g-(PEG-ICG) and PTX@PAsp-g-
(PEG-ICG) (PTX 10 mg kg™, 0.1 mL) micelles were adminis-
tered into U-87 MG tumor-bearing mice intravenously. The dis-
tribution of PAsp-g-(PEG-ICG) micelles and PTX@PAsp-g-
(PEG-ICG) micelles can be identified after injection (Fig. 5),
substantiating the minimum effect of PTX on the distribution
of micelles. Compared with free ICG groups, both micelles
exhibited an enhanced retention time with no obvious
decrease of fluorescence intensity after 48 h post adminis-
tration, which was attributed to the grafted PEG chains that
was beneficial for prolonging the circulation time (Fig. S287).
PAsp-g-(PEG-ICG) and PTX@PAsp-g-(PEG-ICG) micelles both
displayed high levels of preferential accumulation in the
tumor sites driven by the enhanced permeation and retention
(EPR) effect.

To demonstrate the anti-cancer effect of PTX@PAsp-g-
(PEG-ICG) micelles in vivo, PTX@PAsp-g-(PEG-ICG) micelles
(1 mg mL™", 10 mg kg™ ") were administered intravenously into
U-87 MG tumor bearing mice (n = 5) at day 0, with Taxol® as a
control group. The mice treated with PTX@PAsp-g-(PEG-ICG)
micelles with laser irradiation were anaesthetized and irra-
diated using a 785 nm laser with an energy density of
2 W cm™? for 5 minutes at 24 h post-injection. After day 21
injection, the tumor volume of the PBS control mice reached
the pre-set end points, compared with the mice administered
with Taxol® (**p < 0.01) and PTX@PAsp-g-(PEG-ICG) micelles
without laser irradiation (*p < 0.05) (Fig. S29At). The Taxol®
group outperformed the PTX@PAsp-g-(PEG-ICG) micelle group
without laser irradiation. The PTX@PAsp-g-(PEG-ICG) micelle
treated with laser irradiation displayed more effective inhi-
bition with complete tumor remission in two mice at day 21,
showing the highest therapeutic efficacy among all the experi-
mental groups. In addition, no significant body weight loss
was observed during the course of the study (Fig. S29Bt), indi-
cating minimal side effects.

Conclusions

In summary, we successfully synthesized ER-targeted PAsp-g-
(PEG-ICG) polymeric micelles with the near-infrared photosen-
sitizer ICG. After loading the anticancer drug PTX, the
PTX@PAsp-g-(PEG-ICG) micelles were formed to conduct the
cell uptake experiments, where the experimental results
showed that the polymeric micelles could selectively accumu-
late in the ER region of cancer cells. Compared with the
control group and PTX@PAsp-g-(PEG-ICG) group without laser
irradiation, 10-fold ROS were generated in the presence of
PTX@PAsp-g-(PEG-ICG) and laser irradiation, which led to
PDT induced ER stress mediated cell apoptosis. Cell viability
experiments revealed that the PDT induced ER stress could
greatly enhance the therapeutic effect of PTX. PTX@PAsp-g-
(PEG-ICG) micelles showed ideal distribution and accumu-
lation in the tumor sites of the U-87 MG bearing mice, provid-
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ing great promise for manipulating nanomedicine design to
achieve the desired ER-targeted delivery both in vitro and
in vivo for targeted synergistic cancer therapy.
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