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Combining chemo-therapeutics with immune checkpoint inhibitors facilitates killing cancer cells and activating
the immune system through inhibiting immune escape. However, their treatment effects remain limited due to
the compromised accumulation of both drugs and inhibitors in certain tumor tissues. Herein, a new poly
(acrylamide-co-acrylonitrile-co-vinylimidazole-co-bis(2-methacryloyl) oxyethyl disulfide) (PAAVB) polymer-
based intelligent platform with controllable upper critical solution temperature (UCST) was used for the
simultaneous delivery of paclitaxel (PTX) and curcumin (CUR). Additionally, a hyaluronic acid (HA) layer was
coated on the surface of PAAVB NPs to target the CD44-overexpressed tumor cells. The proposed nanomedicine
demonstrated a gratifying accumulation in tumor tissue and uptake by cancer cells. Then, the acidic microen-
vironment and high level of glutathione (GSH) in cancer cells could spontaneously decrease the UCST of poly-
mer, leading to the disassembly of the NPs and rapid drug release at body temperature without extra-stimuli.
Significantly, the released PTX and CUR could induce the immunogenic cell death (ICD) to promote adaptive
anti-tumor immunogenicity and inhibit immunosuppression through suppressing the activity of indoleamine 2,3-
dioxygenase 1 (IDO1) enzyme respectively. Therefore, the synergism of this intelligent nanomedicine can sup-
press primary breast tumor growth and inhibit their lung metastasis.

IDO1. For example, curcumin (CUR), a natural phenolic compound with
the anti-cancer ability [17,18], was validated to be anti-inflammatory

1. Introduction

Blockade of immune checkpoints, as one type of immunotherapies
for the treatment of cancer, utilizes inhibitors to overcome the immu-
nosuppression and facilitate the immune system to recognize and attack
cancer cells [1-4]. IDO1 is commonly used as an essential checkpoint to
defend against a variety of pathogens through mediating tryptophan
(Trp) degradation to kynurenine (Kyn) [5-8]. However, overexpression
or hyperactivity of IDO1 usually appears in cancer cells and neighboring
immune cells [9], leading to the suppression of effector CD8™ T cells’
proliferation and the enhancement of regulatory T cells’ suppressive
activity [10-13]. IDO1 inhibitors are therefore greatly needed, which
have been widely explored and applied in clinical trials, such as
Indoximod®, Navoximod®, etc. [6,14-16]. Additionally, some chemo-
therapeutics have shown powerful abilities in inhibiting the activity of
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and anti-oxidant, which also plays a significant role in suppressing
enzymatic functions of IDO1 [19,20].

Combined with chemotherapeutics, IDO1 inhibitors can provide an
enhanced ability for cancer treatment [21,22]. During synergistic ther-
apy, chemotherapeutics, such as paclitaxel (PTX) and doxorubicin
(DOX) can induce immunogenic cell death (ICD) to express or release
damage-associated molecular patterns (DAMPs), including calreticulin
(CRT), high-mobility group box 1 (HMGB-1), and adenosine triphos-
phate (ATP) [8,22-29]. These DAMPs can not only increase the immu-
nogenicity of cancer cells but stimulate the immune system to attack
tumors, assisting IDO1 inhibitors to enhance the immunotherapeutic
effect [30]. So far, a few combinational treatments have been introduced
into the clinical trials [31]. However, water solubility and
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bioavailability of the above-mentioned IDO1 inhibitors and
chemo-drugs are compromising, which may reduce their synergistic
efficacy [6,32].

Ideally, controlled drug delivery nanosystems should be able to both
deliver multiple active drugs at a constant rate over a prolonged period
and precisely release them at the target site [33-37]. Accordingly, the
bioavailability of drugs can be improved and the risk of side effects can
be reduced by incorporating them into nanocarriers. Current UCST
studies still possess limitations for the realistic implication that the tis-
sue penetration depth is insufficient and the light is scattered [37]. Thus,
it is desirable to prepare a more intelligent drug delivery system for
cancer therapy.

The thermo-responsiveness of UCST polymers is predominated
mainly by their hydrophobic counter ions, molecular weight, and su-
pramolecular interactions between the polymer side groups [38,39].
Meanwhile, it has been found that endo-trigger stimuli, such as a higher
level of GSH and lower pH value in tumor tissue or intracellular or-
ganelles, could influence the UCST of the polymer via altering polymer
structure [40-44]. For example, redox processes can influence the UCST
phase transition of the polymer by changing the structure or molecular
weight of the polymer. Beyond that, protonation and deprotonation of
functional groups under acidic condition is also an effective approach
that can affect the electrostatic interactions and hydrogen bonding of
polymers [37]. These endogenic changes for cancer cells that can in-
fluence the thermo-response behaviors of polymers have given us in-
spirations to develop new polymers for smart drug delivery by using
environment-controllable UCST phase transition.

In the current paper, a new polymer with controllable UCST, poly
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(acrylamide-co-acrylonitrile-co-vinylimidazole-co-bis(2-methacryloyl)
oxyethyl disulfide) (PAAVB), was proposed, designed, and synthesized
by radical polymerization. Its UCST could be tuned at different pH
values and GSH levels. Furthermore, the resultant polymer was utilized
to prepare nanoparticles (NPs) for delivering CUR and PTX. To improve
the stability and targeting efficiency of NPs, hyaluronic acid-
hexadecylamine conjugant (HA-HDA), a cluster determinant 44
(CD44) targeting lipoid [45,46], was coated on the surface of PAAVB
NPs through the hexadecyl anchors on the hydrophobic core of PAAVB
NPs (Fig. 1). When this responsive drug delivery nanoplatform was in
the systemic circulation, the high UCST (>45 °C) of PAAVB polymer in
the physiological environment would make both PTX and CUR entrap-
ped in NPs to avoid the toxic side effects imposed by drug leakage.
However, as they arrived at tumor tissue or intracellular organelles
(endosome or lysosome), the acidic environment might lead to the
protonation of the imidazole group in polymer and enhance electrostatic
repulsion. Additionally, the high level of GSH might also break the di-
sulfide bonds and reduce the molecular weight of the PAAVB polymer.
Both of them would break the hydrogen bonds by reducing the UCST
(<37 °C) of polymer, which might cause the disassembly of PAAVB NPs
and accelerate the release of PTX and CUR. The released PTX then could
induce the ICD to promote adaptive anti-tumor immunogenicity, where
the released CUR could reverse the immunosuppressive tumor envi-
ronment (ITM) by inhibiting the activity of IDO1. By developing this
intelligent nanomedicine in this way, the synergetic effect of it could
suppress the primary breast tumor growth as well as their lung
metastasis.
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Fig. 1. Schematic illustration of the targeted and intelligent nano-platform with controllable UCST for co-delivery of paclitaxel and curcumin, and the mechanistic

action of achieving immunogenic cell death and reversing immunosuppression.
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2. Method
2.1. Materials, cells, and animals

1-Vinylimidazole (VIm), acrylonitrile (AN), acrylamide (AAm), 2, 2'-
azobisisobutyronitrile (AIBN), bis(2-methacryloyl)oxyethyl disulfide
(BMAODS), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), Hoechst 33,342, 2-ami-
noethanethiol hydrochloride (AET-HCl), coumarin 6 (C6), 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and
glutathione (GSH) were obtained from Sigma. DiR was purchased from
Biotium Inc. (USA). Hyaluronic acid (HA, 60 kDa) was obtained from
Shenggiang Biotech Co., Ltd (China). Curcumin (CUR) and hexadecyl-
amine (HDA) were purchased from TCI Development Co., Ltd (China).
Paclitaxel (PTX) was purchased from Shanghai Knowshine Pharma-
chemicals Inc. (China). The HMGB1 ELISA kit was purchased from
Shanghai Enzyme-linked Biotechnology Co., Ltd. (China).

4T1 cells (murine breast cancer cells), LO2 cells (human liver cells),
and HK2 (human renal tubular epithelial cells) were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 °C in a
humidified environment with 5% COs. All cells were acquired from the
Shanghai Cell Bank of the Chinese Academy of Sciences (China).

The protocol for animal experiments was approved by the Animal
Experimentation Ethics Committee of Xi’an Jiaotong University. Female
balb/c mice (5-6 weeks) were purchased and maintained in the Center
for Experimental Animals at Xi’an Jiaotong University Health Science
Center. The tumor volume was measured via a serial caliper and esti-
mated using the formula [47]:

Volume = 0.5 ><length><(width)2 (€8}

2.2. Synthesis of PAAVB copolymer

Poly(acrylamide-co-acrylonitrile-co-vinylimidazole-co-bis(2-meth-
acryloyl) oxyethyl disulfide) copolymer (PAAVB) was synthesized using
AAm, AN, VIm and BMAODS as monomers, AET-HCI as a chain transfer
agent and AIBN as an initiator [37,48]. Briefly, a mixture of AET-HCl
(0.141 mmol), AIBN (0.028 mmol), VIm (1.082 mmol), AN (3.788
mmol), AAm (7.034 mmol), and BMAODS (ranging from 0.04 to 0.16
mmol) in 8 mL of anhydrous dimethylformamide (DMF) was added to a
25 mL Schlenk flask. After three cycles of freeze-vacuum-thaw, the
resultant mixture was stirred at 65 °C under argon protection for 24 h.
Subsequently, the reacted solution was precipitated twice in cool
methanol and lyophilized for further use. As a control, poly(acryl-
amide-co-acrylonitrile-co-vinylimidazole) copolymer (PAAV) was syn-
thesized using a similar procedure except that BMAODS was not added.
The H NMR spectra (Agilent Technologies 800/54 premium) and gel
permeation chromatography (GPC, Waters) results were used to verify
the chemical structures of the polymer (see the supplementary
information).

2.3. Turbidity measurements of PAAVB copolymer

The copolymers were dispersed in PBS (pH 7.4, 6.8 and 5.5, 0.01 M)
containing different concentrations of GSH (0 mM, 10 pM, and 10 mM)
at different temperatures, and their turbidity was recorded using a
UV-Vis spectrophotometer (Purkinje T6-1610F, China) at a wavelength
of 650 nm with a heating rate of 0.5 °C/min. To obtain an accurate UCST
value, the value of UCST was calculated by the function of Boltzmann in
the nonlinear curve fitting of origin software. The UCST was defined as
the temperature at which it reached the half of the changed trans-
mittance [49]. The UCST was defined as the temperature at which the
transmittance reached 50%. In addition, the molecular weight of various
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polymers after incubation in different buffer solutions was measured
using GPC.

2.4. Fabrication of HA-PAAVB NPs

Briefly, 0.5 mL of 20 mg/mL PAAVB copolymer DMSO solution was
injected into 2 mL of HA-HDA aqueous solution (2 mg/mL) under probe
sonication at 14 W for 1 min on ice (Sonics & Materials, VCX500). Then,
the resultant emulsion was transferred into a dialysis bag (MWCO 3500
Da) and dialyzed against deionized water overnight. To evaluate the
drug-loading properties, cellular uptake and biodistribution of HA-
PAAVB NPs, the drugs or the fluorescent dyes-loaded HA-PAAVB NPs
were prepared using the same protocol for the fabrication of blank NPs,
except that the drugs (0.5 mg PTX and 1 mg CUR) or the fluorescent dyes
(0.05 mg coumarin 6 or 0.2 mg DiR) were added to the polymer DMSO
solution during the NPs preparation, respectively. Since both PTX, CUR,
coumarin 6 (C6), DiR and PAAVB polymer were hydrophobic, the drugs
could be encapsulated into the NPs through the hydrophobic interaction
between polymers and drugs during the formation of NPs. Afterward,
the size distribution and zeta potential of HA-PAAVB NPs were char-
acterized using a dynamic light scattering (DLS) analyzer (NanoBrook
90 Plus, USA). Meanwhile, the morphology of HA-PAAVB NPs was
observed using a transmission electron microscope (TEM, JEM-200CX).

To analyze the environment-sensitive behavior of HA-PAAVB NPs,
the nanoparticles were incubated in PBS (pH 7.4, 6.8, and 5.5) con-
taining GSH (0 mM, 10 pM, and 10 mM) at 37 °C for 0.5 h followed by
measuring their size distribution and morphology, respectively.

2.5. Stability of HA-PAAVB NPs

To estimate the stability of HA-PAAVB NPs in the physiological
environment, the nanoparticles were incubated in DMEM containing
10% FBS at 37 °C for 48 h. At predetermined intervals, samples were
collected and their average size was determined using DLS.

2.6. Biocompatibility of HA-PAAVB NPs

To study the biocompatibility of HA-PAAVB NPs, the hemolysis
tendency of HA-PAAVB NPs was evaluated. In brief, the erythrocytes at
the density of 1 x 107 cells/mL were incubated with HA-PAAVB NPs at
concentrations ranging from 50 pg/mL to 500 pg/mL at 37 °C for 12 h.
Triton X-100 (1%, v/v) solution and PBS (pH 7.4, 0.01 M) were regarded
as the positive control and negative control, respectively. Afterward, the
suspensions were centrifuged at 2000 rpm for 5 min. The absorbance of
hemoglobin at a wavelength of 410 nm in the supernatant was measured
with a microplate reader (Tecan M200). Hemolytic activity (%) was
calculated using the following formula:

Hemolysis (%) = (Asampie - Apps)(Atviton - Apps) X 100% (2)

where Aggmples Apps, Arriton Tepresent the absorbance intensity of he-
moglobin in HA-PAAVB NPs, PBS, and Triton X-100 groups,
respectively.

Besides that, LO2 and HK2 cells were also incubated with HA-PAAVB
NPs at different concentrations (50-500 pg/mL) for 48 h followed by
measuring the cell viability by MTT assay to further evaluate their
biocompatibility and cytotoxicity.

2.7. Cellular uptake

To study the targeting ability of HA-PAAVB NPs, the fluorescent dye
C6 was encapsulated in the nanoparticles as above described, and the
resultant C6-loaded NPs were incubated with 4T1 cells for 4 h. The blank
HA-PAAVB NPs was also incubated with 4T1 cells for 4 h. In addition, a
competitive inhibition experiment was also performed. 4T1 cells were
pre-incubated with or without 10 mg/mL of HA for 1 h. Subsequently,
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the resultant cells were treated with HA-PAAVB NPs/C6 for 4 h. Then
the cells were washed three times with PBS and harvested. And the
intracellular fluorescence intensity of each group was quantitatively
detected by flow cytometry (Becton Dickinson, San Jose) at an excitation
wavelength of 488 nm. Besides, the cells with the same treatment were
also stained with Hoechst 33,342 (10 pg/mL), and the intracellular
distribution of NPs was directly visualized using Confocal Laser Scan-
ning Microscopy (CLSM, Leica TCS SP8 STED 3X).

2.8. Measurement of PTX and CUR contents in nanoparticles

The content of PTX and CUR encapsulated in nanoparticles was
determined by High Performance Liquid Chromatography (HPLC) using
a C18 column (25 mm x 4.6 mm, 5 pm) on Agilent 1100 system. The
column was eluted using a mixture of acetonitrile and water (60:40, v/v)
at the flow rate of 1.0 mL/min at 30 °C. The content of PTX and CUR was
monitored at 228 nm and 460 nm with a UV detector, respectively. The
drug loading and entrapment efficiency of HA-PAAVB NPs/PTX + CUR
were calculated using the following equations:

Drug loading (%) = drug amount in NPs / mass of NPs x 100% 3

Entrapment efficiency (%) = drug amount in NPs / amount of drug used X
100% C))

2.9. Invitro drug release profiles

To investigate in vitro drug release profiles, HA-PAAVB NPs were
added into dialysis bags (MWCO:14 kDa), and then immersed in PBS (pH
7.4, 6.8 and 5.5, 0.01 M) containing different concentrations of GSH (0
mM, 10 pM and 10 mM) under shaking (150 rpm) at 37 °C. At pre-
determined time intervals, the external 4 mL of PBS was removed and
the dialysate was replenished with the same volume of fresh PBS. The
amount of released PTX and CUR was also measured using the protocol
as above described.

2.10. Inhibition of breast cancer cell proliferation

Briefly, 4T1 cells at a density of 5 x 103 cells/well were seeded in 96-
well plates overnight. Then, the medium was removed and replaced by a
fresh medium containing various drug formulations. After 48 h of in-
cubation, the cell viability was measured using MTT assay to evaluate
the cytotoxicity of different drug formulations on 4T1 cells [50,51].

In addition, immunogenic cell death (ICD) induced by different drug
formulations were also evaluated. 3 x 10° 4T1 cells were treated with
different drug formulations at a concentration of PTX (5 pg/mL) and
CUR (11 pg/mL) for 48 h. Afterward, 4T1 cells were harvested to
evaluate the CRT expression using Western blot. Besides, the superna-
tant media were also collected to measure the concentration of released
high mobility group protein B1 (HMGB1) using enzyme linked immu-
nosorbent assay (ELISA).

To further confirm whether the dead cells induced by the treatment
of different drug formulations could activate the immune system, 1 x
10° dead 4T1 cells were injected subcutaneously into the left flank of
balb/c mice (n = 5) on days 0 and 7. One week later, 1 x 10° live 4T1
cells were injected on the right flank of mice. Then the volume of right
tumors in each group was measured every day during the experiment. At
the end of the experiment, the mice were sacrificed and their tumors
were collected for IHC analysis.

2.11. IDO1 cellular activity test
The inhibitory effect of different drug formulations on IDO1 activity

was evaluated by measuring kynurenine (Kyn) content after treatments,
which is one of the important metabolites of tryptophan [13,52]. In
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brief, after 4T1 cells were pre-treated with Trp (100 pM) overnight,
IFN-y (0.1 pg/mL) and various drug formulations at concentration of
PTX (0.9 pg/mL) and CUR (2 pg/mL) were also added. After 48 h of
incubation, the medium was centrifuged and the supernatants were
collected. Then 50 pL of 30% TCA was added into supernatants for
protein precipitation. Afterward, Kyn was determined using HPLC. The
column was eluted using a mixture of acetonitrile and water (30:70, v/v)
at the flow rate of 1.0 mL/min at 30 °C, and the content of Kyn and Trp
was monitored at 360 nm and 280 nm with a UV detector, respectively.
In addition, the IDO1 expression level of 4T1 cells after the same
treatments as described above were also detected using western blotting.

2.12. Bio-distribution of HA-PAAVB NPs in tumor-bearing mice

To examine the bio-distribution of HA-PAAVB NPs in 4T1 tumor-
bearing mice, the near-infrared fluorescent dye, DiR, was encapsulated
into HA-PAAVB NPs. When the volume of the subcutaneous 4T1 tumor
reached 200-300 mm?, eight mice were randomly divided into two
groups. Free DiR and HA-PAAVB NPs/DiR were intravenously admin-
istrated into mice, respectively (the dosage of DiR was calculated as
0.35 mg per kg mouse). At pre-determined intervals (2, 4, 8, 10, and 24
h), the fluorescent images were captured using an in vivo imaging system
(IVISs Lumina XR Series III, PerkinElmer). Then the mice were sacrificed
and major tissues (heart, liver, spleen, lung, kidney, and tumor) were
harvested for ex-vivo imaging.

2.13. In vivo therapeutic efficacy

To study the in vivo anticancer effect, the balb/c mice bearing sub-
cutaneous 4T1 tumors were established. When the tumor volume
approximated to 150 mm?, the 4T1 tumor-bearing mice were randomly
subdivided into five groups (n = 10 per group). Then different drug
formulations were intravenously injected into mice on days of 0, 2, 4,
and 6 at doses of PTX (3 mg/kg) and CUR (6.6 mg/kg), respectively.
Tumor volumes and mice weights were measured every day during the
experiment. The tumor growth inhibition (TGI) was calculated by the
following equation: TGI = (1-(Mean tumor volume of treatment group)/
(Mean tumor volume of 0.9% NaCl group)) x 100%, where the tumor
volume was calculated on the same day [53,54]. On day 18, five mice
from each group were sacrificed, and their tumors were harvested and
stained using hematoxylin and eosin (H&E). The survival rates of the
remaining mice were monitored.

For immunoassay, the single-cell suspension from the harvested
tumor tissue was utilized to detect the cellular activity of the IDO1
enzyme, the protocol of which is similar to the above described. In
addition, the percentage of CD37CD8" and CD37CD4" cells were also
evaluated using flow cytometry. Briefly, the eviscerated tumor tissues
were cut into small pieces, followed by digestion in collagenase type I (1
mg/mL) for 4 h at 37 °C. The digested tissues were meshed twice
through a 200-mesh sieve, then centrifuged at 1500 rpm for 5 min to
collect the cell pellet. To block nonspecific binding, cell suspensions
were incubated with blocking fluid for 30 min. Multiparameter staining
was performed by utilizing different combinations of fluorophore-
conjugated antibodies for 40 min at 4 °C. The following immune cell
subpopulations were investigated, using multichannel gating: CD8" T
cells (CD3"CD4*CD8™), CD4" T cells (CD3"CD4"CD8"), and Tregs
(CD4*CD25*CD127-).

Furthermore, the biosafety of free drugs and drug-loaded NPs were
also estimated. In brief, the major organs from mice treated with
different drug formulations were harvested and stained using H&E.
Additionally, blood was also collected for the routine blood examination
and the measurement of aspartate transaminase (AST), creatinine (CRE),
alanine aminotransferase (ALT), and urea nitrogen (BUN). Meanwhile,
the metabolomics of liver and kidney tissues was also analyzed by gas
chromatography-mass spectrometry (GC-MS). In brief, the extraction
buffer (methanol/water/chloroform = 2.5:1:1) was added to the liver
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and kidney tissues of each mouse according to the ratio 1:10 (w/v). After
being stored at —80 °C overnight, the samples were thawed on ice and
centrifuged at 12,000 g at 4 °C for 10 min. The supernatant (0.14 mL)
was transferred to a 2 mL vial for vacuum freeze-drying, and then 50 pL
of methoxyamine hydrochloride was added to the freeze-dried sample to
react at 37 °C for 60 min. After that, 50 pL of N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA) was added to the above mixture and incu-
bated at 60 °C for 60 min. The metabolites in liver and kidney tissues
were determined by an Agilent 7890A gas chromatograph and a 5975C
mass spectrometer (Agilent Technologies, Wilmington, DE). In addition,
the differential metabolites were identified using the Mann-Whitney-
Wilcoxon method [55,56].

2.14. Inhibition of cell migration

Wound-healing assay and transwell assay were used to measure the
inhibitory effect of HA-PAAVB NPs/PTX + CUR on 4T1 cell migration.
For the wound-healing assay, 4T1 cells at a density of 3 x 10° cells/well
were seeded in a 24-well plate, and a sterile pipette was used to draw the
lines in each well. Then the culture medium was replaced by a fresh
medium containing different drug formulations. Following 24 h of
treatment, the migration distance was observed and measured using an
inverted microscope (Olympus IX53).

For transwell assay, 4T1 cells were seeded in a serum-free medium
containing different drug formulations in the apical chamber. Subse-
quently, the apical chambers were placed in basolateral chambers with
the medium containing 50% FBS. After 24 h of incubation, the non-
migrated cells in the apical chamber were removed. The migrated
cells were stained with 0.1% crystal violet and photographed using an
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inverted microscope. Finally, the stained cells were decolorized with
30% acetic acid, and the absorbance of decolonization solution at 540
nm wavelength was measured using a microplate reader (Tecan M200)
to quantitatively estimate the migration rate.

2.15. Inhibitor effect on lung metastasis of breast cancer cells

Briefly, 1 x 10° 4T1 cells were injected into balb/c mice followed by
the treatment of different drug formulations at doses of PTX (3 mg/kg)
and CUR (6.6 mg/kg) on day of 0, 3, and 6. On the day of 18, the mice
were sacrificed, and their lungs were harvested and stained with Bouin’s
solution to photograph and quantify the number of metastatic nodules.
In addition, the harvested lungs were also stained using hematoxylin
and eosin (H&E) to further evaluate the inhibitor effect of different drug
formulations on lung metastasis of breast cancer cells.

2.16. Statistical analysis

All of the data are reported as the means =+ standard deviations from
at least three repeated experiments. Statistical analyses were performed
using a two-sided Student’s t-test [57]. A P-value of 0.05 or less was
considered to be statistically significant.
3. Results

3.1. Synthesis of PAAVB copolymer

Poly (acrylamide-co-acrylonitrile-co-vinylimidazole-co-bis(2-meth-
acryloyl) oxyethyl disulfide) copolymer (PAAVB) was synthesized
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through radical polymerization of AAm, AN, VIm and BMAODS
(Fig. S1). To investigate the impact of molecular weight and the degree
of cross-linking on UCST, the polymers (noted as PAAVB-0.04, PAAVB-
0.08, and PAAVB-0.16) were functionalized by adding different molar
amounts of BMAODS (0.04, 0.08, and 0.16 mmol) during polymeriza-
tion. Meanwhile, poly (acrylamide-co-acrylonitrile-co-vinylimidazole)
copolymer (PAAV) without BMAODS was synthesized as control. In 'H
NMR spectra (Fig. 2A-B), the characteristic resonances of PAAVB
copolymer are shown as following: 'H NMR (400 MHz, DMSO-ds) &
(ppm): 6.97-7.72 (m, imidazole), 1.72-2.33 (m, -CH»- in -AAm-, -AN-
and -VIm-), 2.71 (-S-CH;—CH5-0-) and 4.36 (-S-CH3-CH5-O-). The mo-
lecular weights of them were also measured by GPC. Table S1 shows that
the molecular weight of PAAVB gradually increased due to the increase
of crosslinking degree, which was induced by increasing the BMAODS
ratio in the copolymer.

Next, the thermo-sensitivity of PAAVB copolymer was evaluated by
measuring the temperature-dependent 'H NMR spectra in D20. As
shown in Fig. 2C, the relative peak integrals of methylene in PAAVB-
0.08 copolymer’s backbone gradually increased with the elevation of
temperature from 30 °C to 60 °C, implying that the enhanced hydration
of the relatively hydrophobic segment might occur. It also indicated that
the hydrophobic core region of the copolymer in aqueous solution was
exposed to the aqueous environment and hydrolyzed in D,O under high-
temperature. Meanwhile, the phase transition of different polymer so-
lutions was recorded under different temperatures. In Fig. S2, the PAAV,
PAAVB-0.04, and PAAVB-0.08 were opaque at low temperature,
whereas turning to transparency with the temperature being elevated,
indicating that these polymers were thermo-sensitive and the higher
temperature could break the hydrogen bonds among polymer chains.
However, when the molar amounts of BMAODS increased to 0.16 mmol,
the PAAVB polymer was not able to disperse in an aqueous solution even
in boiling water, thus it was not suitable to apply PAAVB-0.16 in
biomedicine. As shown in Fig. 2D-F, we found that the acidic environ-
ment with a high GSH level could facilitate the phase transition at 37 °C.
To further validate this observation, UCST of different polymers under
various conditions was measured through turbidity determination. In
Fig. 2G, the UCST of PAAV copolymer was consistently lower than 37 °C
in all conditions, which was probably due to its lower molecular weight
and weaker intermolecular interactions. The Gibbs energy of dissolution
turned positive at temperatures that were lower than the cloud point
(Tcp) of a UCST polymer, and Tcp of UCST polymer was relative to AH
and AS when the value of AG was zero, which was calculated using the
following formulation [38]:

Tcp=AH/AS 5)

In general, the entropy of polymers mixing was much lower than that
for small molecules, and the increase in the molecular weight resulted in
the reduction of the entropy of mixing even further. Thus, the molecular
weight exhibited a strong influence on the polymer’s UCST. Plus, the
disulfide-cross-linked PAAVB copolymer possessed higher UCST under
the same condition on account of its higher molecular weight. For
instance, the UCST of PAAVB-0.04 (59.0 °C) and PAAVB-0.08 (62.3 °C)
were obviously higher than that of PAAV (31.8 °C) polymer at physio-
logical condition (pH 7.4) (Fig. 2H-I). The stimuli-responsive properties
of UCST for these polymers were also explored. When the PAAVB
copolymer was incubated in an acidic solution or solution containing
GSH at high concentration, the UCST of PAAVB rapidly decreased. For
example, the UCST of PAAVB-0.08 significantly decreased to 51.0 °C in
pH 6.8 and 37.0 °C in pH 5.5, respectively. Particularly, as the PAAVB-
0.08 polymer was dispersed in pH 5.5 aqueous solution with 10 mM
GSH, its UCST further dramatically declined to 22.5 °C. The reason for
this phenomenon could be the protonation of the imidazole group in the
VIm fragments and cleavage of disulfide in the BMAODS. Once being
protonated in an acidic environment, the imidazole groups would be
positively charged [58]. The intermolecular electrostatic repulsion
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could overrule the weaker hydrogen bonds followed by the disintegra-
tion of copolymers, which could finally lead to the reduction of UCST of
polymers. In addition, the molecular weight of PAAVB copolymer
treated with 10 mM of GSH markedly decreased, which might also lead
to the reduction of UCST. Overall, PAAVB copolymer possesses
changeable UCST that can be controlled by pH and GSH. Especially for
PAAVB-0.08 copolymer, its UCST is more sensitive to environmental
change. Thus, PAAVB-0.08 was chosen to prepare the carriers for drug
delivery and controlled release in the subsequent studies.

3.2. Characterization of blank HA-PAAVB NPs

HA-PAAVB NPs were fabricated using a modified emulsification
technique. Due to the amphipathy of HA-HDA, the HA-HDA could attach
to the surface of hydrophobic PAAVB NPs cores through the hexadecyl
anchors to construct the core-shell NPs. A similar structure of NPs was
also reported in our previous studies [45,59,60]. The size and zeta po-
tential of NPs were measured by DLS, which were 154.0 nm and —27.3
mV, respectively. The TEM image showed that the morphology of NPs
was spherical in shape (Fig. S3A). To examine the effects of temperature
on the size of nanoparticles, the size distribution of blank HA-PAAVB
NPs after incubated at different temperatures (25 °C, 37 °C and 43 °C)
were measured using DLS, the results were showed in Fig. S3B.
Compared to the size of NPs incubated at 25 °C (150 nm), the size of
HA-PAAVB NPs incubated at 37 °C and 43 °C increased to 222 nm and
273 nm, respectively, which might be due to the cleavage of part of
intermolecular hydrogen bonds with the increment of temperature.
Besides, we also studied the stability of HA-PAAVB NPs in PBS con-
taining 10% FBS at 37 °C (Fig. S3C), the results of which showed that
HA-PAAVB NPs could still maintain 50-300 nm, indicating that this NP
would maintain their stability in the physiological condition in vivo.

To evaluate in vitro compatibility of HA-PAAVB NPs, their hemolysis
activity was measured by incubating NPs with red blood cells. As shown
in Fig. S4A, HA-PAAVB NPs exhibited very low hemolysis activity
(<1.2%) at various concentrations (50-500 pg/mL), indicating that the
NPs had excellent hemocompatibility. HA-PAAVB NPs were also incu-
bated with LO2 cells and HK2 cells to assess the potential cytotoxicity on
normal cells. As shown in Fig. S4B, there was no significant cytotoxicity
on HK2 and LO2 cells, even at the NPs concentration of 500 pg/mL after
48 h of co-incubation. This behavior indicated that HA-PAAVB NPs
could achieve well in vitro compatibility, which is one of the basic pre-
requisites for drug carriers.

3.3. Characterization of drug-loaded HA-PAAVB NPs

Drug-loaded HA-PAAVB NPs, including both single drug-loaded NPs
(HA-PAAVB NPs/PTX and HA-PAAVB NPs/CUR) and dual drug-loaded
NPs (HA-PAAVB NPs/PTX + CUR), were also prepared using the same
method and characterized from different aspects. As shown in Fig. 3A,
the size of drug-loaded HA-PAAVB NPs ranged from 195 nm to 270 nm
with a narrow distribution, and their surface zeta potential was negative
ranging from —43 mV to —23 mV. The drug loading of PTX and CUR in
the HA-PAAVB NPs/PTX + CUR group was 15.5 pg/mg and 35.5 pg/mg
of NPs, respectively. In addition, the entrapment efficiencies of them
were also computed, which were 27.9% and 32.0%. These results
demonstrate that HA-PAAVB NPs have great potential for drug delivery,
which is attributed to their good drug loading capacity.

Subsequently, the impact of controllable UCST on drug release was
analyzed by measuring the drug release profiles at different conditions.
As depicted in Fig. 2B-C, no more than 50% of PTX and 16.5% of CUR
were released from HA-PAAVB NPs at pH 7.4 after 72 h. It was also
found that extracellular GSH concentration (2-10 pM) did not sub-
stantially impact their drug release in favor of avoiding drug leakage
during circulation. However, once the drug-loaded NPs were incubated
in acidic conditions (pH 6.8 and pH 5.5) or the solution containing GSH
at a high level (10 mM), their drug release was significantly accelerated.
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Fig. 3. (A) Characterization of PTX- or CUR-loaded HA-PAAVB NPs. (B-C) The cumulative release of PTX and CUR from HA-PAAVB NPs in PBS (pH 7.4, 6.8 and 5.5)
containing different concentrations of GSH (0 mM, 10 yM and 10 mM) at 37 °C, respectively. (D) Size distribution and (E) TEM images of HA-PAAVB NPs after
incubated in PBS (pH 7.4, 6.8 and 5.5) containing different concentrations of GSH (0 mM, 10 pM and 10 mM). (n = 3).

Especially in the solution at pH 5.5 with 10 mM GSH, 82% of PTX and
44% of CUR were released at the first 12 h of incubation, and more than
97% of PTX and 81% of CUR were released at the end of the experiment.
The changeable UCST of PAAVB polymer might be responsible for this
phenomenon. Since the UCST of PAAVB could reduce to below 37 °C in
an acidic environment containing a high level of GSH, PAAVB NPs could
disassemble and achieve the rapid drug release at 37 °C. To verify this
hypothesis, the size distribution and morphology of HA-PAAVB NPs
after they had been incubated in different solutions at 37 °C were
measured using DLS and TEM (Fig. 2D-E). As expected, the size of NPs
increased when the pH values dropped from 7.4 to 5.5. In addition, the
size of NPs at pH 5.5 with 10 mM GSH increased to 500 nm, and some of
them even were distributed in the range of 800-1000 nm, indicating that
the decreased UCST at this condition could facilitate the disintegration
of HA-PAAVB NPs as well as their drug release. The molecular weight
distribution of PAAVB-0.08 after being incubated in PBS (pH 7.4, 6.8,
and 5.5) that contained different concentrations of GSH (0 mM, 10 pM,
and 10 mM) also could validate this hypothesis (Fig. S5).

3.4. Cellular uptake and intracellular distribution of HA-PAAVB NPs

Hyaluronic acid (HA) is a natural, biodegradable, and biocompatible
polymer that can be used to targeted CD44 receptors overexpressed on
various cancer cells [59,61]. Thus, to test whether HA modification is
able to mediate more HA-PAAVB NPs internalizing into CD44 positive
cells, the 4T1 cells with a high expression level of CD44 were chosen as
the cell model to incubate with C6-loaded HA-PAAVB NPs [46]. In
Fig. S6A, it is shown that untreated cells almost had no fluorescence. In
addition, the results obtained from the mean fluorescence intensity
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(MFI) showed the group pre-incubated with excess HA decreased by
72.8% compared to the group without HA pretreatment (Fig. S6B).
Similar results were also observed in CLSM images (Fig. S6C). Therefore,
it is convincing that HA-PAAVB NPs possessed excellent targeting ca-
pacity to CD44 positive cells, and the interaction between HA and CD44
could also promote the CD44-mediated endocytosis of HA-PAAVB NPs.

3.5. In vitro antitumor activity of different drug formulations

As shown in Fig. 4A, the drug-loaded HA-PAAVB NPs showed severe
toxicity towards 4T1 cells in comparison to the free drug formulations.
Especially for the HA-PAAVB NPs/PTX + CUR group, its inhibitor effect
against 4T1 cells was better than that of other groups at all concentra-
tions, demonstrating its excellent capacity to suppress cell growth from
the synergistic effect of PTX and CUR. The synergistic effect was further
evaluated by calculating the combination index (CI) with the following
formula [62]:

CI = Dy/Dys + Do/Doys (6)

where D; and Dy are the ICsg values of PTX (0.0369 + 0.0004 pg/mL)
and CUR (0.08076 + 0.0009 pg/mL) in HA-PAAVB NPs/PTX + CUR
group, and Dy and Dy are the ICsg values of PTX (0.24707 + 0.0161 pg/
mL) and CUR (0.5352 + 0.0293 pg/mL) in HA-PAAVB NPs/PTX and HA-
PAAVB NPs/CUR groups, respectively (Table S2). CI values were lower
than 1 indicating synergism, thus, the CI value of HA-PAAVB NPs/PTX
+ CUR NPs was 0.3, which could confirm that this drug formulation
could be conducive for combining PTX and CUR to achieve the syner-
gistic therapeutic efficacy.
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Fig. 4. (A) The viability of 4T1 cells incubated with different drug formulations at varying concentrations (n = 6). (B) The CRT expression of the 4T1 cells treated
with different drug formulations and (C) quantitative analysis of the western blotting bands using ImageJ. Relative intensity was quantified after normalization to
untreated cells. (D) Treatment schedule of animal vaccination. (E) The growth of the tumors in animals with or without vaccinated by dying tumor 4T1 cells treated
with HA-PAAVB NPs/PTX + CUR (n = 5). IHC staining for (F) CD8 and (G) FOXP3 in tumor from animals with or without vaccinated by dying tumor 4T1 cells
treated with HA-PAAVB NPs/PTX + CUR. (H) The IDO1 expression of 4T1 cells treated with varying drug formulations. (I) The inhibition rate of Kyn production of

the 4T1 cells after treated with different drug formulations for 48 h (n = 3).

3.6. Immunomodulatory therapy of HA-PAAVB NPs/PTX + CUR

The immunomodulatory ability of HA-PAAVB NPs/PTX + CUR is the
focus of our attention, thus, induction of ICD response and inhibition of
IDO1 cellular activity was also tested in this study. As shown in
Fig. 4B-C, CRT (a hallmark of ICD) in 4T1 cells without treatment was
only expressed slightly. However, the treatment containing PTX obvi-
ously facilitated the CRT expression in 4T1 cells, especially for HA-

1520

PAAVB NPs/PTX + CUR, there was a 3.29-fold increment than the
group of untreated cells. Moreover, we also measured another hallmark
of ICD (HMGB1) to demonstrate the occurrence of ICD. As shown in
Fig. S7, the level of released HMGB1 also significantly increased after
the treatments of drug formulations containing PTX. Especially for the
HA-PAAVB NPs/PTX + CUR group, there was a 1.14-fold increment
than the group of untreated cells. The above results indicated that the
treatment of HA-PAAVB NPs/PTX + CUR could effectively induce ICD in
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4T1 cells.

To further investigate the ICD that could be induced by HA-PAAVB
NPs/PTX + CUR, the in vivo vaccination response was also performed
(Fig. 4D). As shown in Fig. 4E, when the living 4T1 cells were subcu-
taneously injected into the flank of balb/c mice pre-treated with dying
tumor cells killed by HA-PAAVB NPs/PTX + CUR, the tumor tissue was
formed and grew more slowly than the control group. At the end of the
experiment, the tumor tissues in all groups were harvested for immu-
nohistochemistry (IHC), the results of which indicated the increased
tumor staining for CD8" T cells in parallel with the decreased Tregs
(Foxp3™) component in animals vaccinated with HA-PAAVB NPs/PTX
+ CUR-treated cells (Fig. 4F-G and Fig. S8A and B). In addition, we also
measured other factors, such as IFN-y and Granzyme B. In Fig. S9A and
B, the enhanced level of Granzyme B and IFN-y in HA-PAAVB NPs/PTX
+ CUR group could also reflect the positive immune effect and enhance
immunity against cancer cells. Based on these results, we believed that
the treatment of HA-PAAVB NPs/PTX + CUR could effectively induce
ICD to further evoke an anti-cancer immune response.

Besides, as described above, IDO1 is always overexpressed in ma-
lignancies and can mediate the catalysis rate-limiting step in converting
Trp into Kyn, immunosuppression. Therefore, the expression and
cellular activity of IDO1 in 4T1 cells were also measured after treatment
with different drug formulations. It is found that all the drug formula-
tions had no significant impact on IDO1 expression in 4T1 cells (Fig. 4H
and Fig. S10). As we know, CUR can suppress the IDO1 activity, so the
formulation containing CUR may be able to remarkably inhibit the Trp
metabolic action. Additionally, due to the suppressible ability of PTX on
cellular activity, PTX may also inhibit the Kyn pathway of Trp degra-
dation. Thus, it was observed that the synergism of PTX and CUR
enhanced the inhibitor ratio of Kyn production. Especially for the HA-
PAAVB NPs/PTX + CUR group, there was even 82% of Kyn
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production being inhibited (Fig. 4I), indicating the cellular activity of
IDO1 was significantly influenced by different drug formulations. The
decrease of Trp and the increase of Kyn might directly suppress the
activation and proliferation of effector T cells while promoting the dif-
ferentiation of Tregs, which could be the primary cause of HA-PAAVB
NPs/PTX + CUR to reverse the tumor immunosuppressive and achieve
the better therapeutic efficacy.

3.7. In vivo biodistribution

To evaluate the biodistribution of HA-PAAVB NPs, 4T1 tumor-
bearing balb/c mice were injected intravenously with free DiR and
HA-PAAVB NPs/DiR, respectively. Their time-dependent bio-distribu-
tion was monitored using the IVIS fluorescence imaging system. As
shown in Fig. 5A, the fluorescence intensity of DiR in the mice treated
with HA-PAAVB NPs/DiR gradually increased during the whole exper-
iment. In contrast, the fluorescent signal in the mice injected with free
DiR was weaker over the experiment period, which might be due to the
rapid clearance of free DiR in mice. The major organs, such as heart,
liver, spleen, lungs, kidneys and tumors, were harvested for ex vivo
fluorescence images at 24 h post-injection. It is exhibited that both free
DiR and HA-PAAVB NPs/DiR were mainly accumulated in the liver and
spleen. However, the fluorescence intensity of tumors in HA-PAAVB
NPs/DiR group was 3.84 times higher than that in the free DiR group,
indicating that HA modification on the surface of PAAVB NPs could
improve their tumor-targeting capacity (Fig. 5B).

3.8. In vivo therapeutic efficiency

To evaluate the antitumor effects, the mice received i. v. injection of
different drug formulations (6.6 mg of CUR and 3 mg of PTX per kg of

N . Free DIR C - —=—0.0% NaCl
' /0 & . .
'3 5 M EANE REEE £2000 a E&;PAI\)\(/BC#F';CUR
a S 0 = v HA-PAAVE NPSIPTX .
= 310 S —+— HA-PAAVBNPSPTX*CUR . »”
@ 3 2 s
[ = N 4
S 51000 I
o 3 10% 5 AV s
>k © £ B B
25 g RN = = 8
ag 5 0, v ¢«
£ Z 10° :
Heart Liver Spleen Lung Kidney Tumor 0123456 81012141618
Time (d)
D E —— F Free IA-PAAVB HA-PAAVB HA-PAAVB NPs
1007 215 0.9% NaCl PTX+CUR NF’S/CUR NPs/PTX  /PTX+CUR
=
g 11| &
T * §10
T 50| 0.9% nact . °
@ - Free PTX+CUR ‘ £ 5
= HA-PAAVE NPS/CUR 2
-~ HA-PAAVB NPs/PTX * o
~ HA-PAAVB NPSIPTX+CUR ﬂ |
10 20 30 40
Time (d)
G | 75 * 1 J
- -
£ 53 = 2
= = ©
iy 7 =50 °
£ £ & 31
(] ‘5 o
% .‘% g 25 -%
°© = 14 = ]
& & ] I 4
=
0 £ & S % S 0= & 0
2D N f° ¥ O Q2 L7 K2 o @ S S
alo@ +O © V\ ¢b\\ © C,-\)QL a\ﬁ\’b kc,\) 0\~\ \~\ ® \\)G Q?\ ‘\Qe ‘S \A?E@ ‘\’b xo\) %‘\? %§ V\
o2 e?’\ P?‘\)Q~?\>YT‘$? \%d»" o? Q,Q P\*\\)@Q ?y:‘ +QVF’\ +,Cv ?‘d‘x ?}S‘i \%‘}\\%XO\) Dgo ??‘\) ?y;\ ?P:d\
« R «@ TR «® \c}> SRR q@a Y\vq SR NSRY

Fig. 5. (A) In vivo whole animal imaging of 4T1 tumor-bearing mice which were intravenously injected with free DiR and DiR-loaded HA-PAAVB NPsat2h, 4 h, 8 h,
10 h and 24 h, and ex vivo fluorescence imaging of dissected organs after 24 h post-injection. (B) Quantitative analysis of the fluorescent intensity of DiR in tumor
tissue detected by in vivo imaging system (n = 3). (C) The determination of tumor volume and (D) the survival rates after the mice bearing 4T1 tumors were treated
with different drug formulations (n = 5). (E) Flow cytometry analysis of CD8" CTLs/Treg ratios in tumor tissue in 4T1 tumor-bearing mice treated with different drug
formulations (n = 5). (F) IHC staining for CD8 and FOXP3 expression of the tumors from mice at the end of the experiment. Elisa analysis to show the impact of the
different drug formulations on (G) IFN-y, (H) TNF-a and (J) IL-6 in plasma at the end of the experiment (n = 5).
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mice body) four times, when the tumor size grew to 175 + 20.6 mm°>. As
shown in Fig. 5C, although free PTX + CUR, HA-PAAVB NPs/PTX, and
HA-PAAVB NPs/CUR suppressed the tumor growth at a relatively low
level, the tumor volume in these groups still increased over 1000 mm? at
the end of the experiment. However, HA-PAAVB NPs/PTX + CUR ach-
ieved enhanced anti-tumor efficiency. For example, the tumor inhibition
rate in HA-PAAVB NPs/PTX + CUR group was 60.3% =+ 4.4%, which
was significantly higher than that of free PTX + CUR (19.3% + 12.1%),
HA-PAAVB NPs/CUR (26.3% =+ 9.4%), and HA-PAAVB NPs/PTX
(34.1% =+ 15.6%) groups. H&E staining image of tumor tissue also
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showed that more severe damage induced by HA-PAAVB NPs/PTX +
CUR appeared in most areas (Fig. S11). HA-PAAVB NPs/PTX + CUR also
significantly prolonged the survival of tumor-bearing mice. Fig. 5D
shows that 80% of mice were still alive on day 45, whereas all the mice
in other groups died.

To further evaluate whether HA-PAAVB NPs/PTX + CUR could
promote the immune activity on attacking tumors, immune phenotyping
was performed on the tumors and plasma from the mice in different
groups. As shown in Fig. SE, the CD8" T cells/Tregs ratio significantly
increased in HA-PAAVB NPs/PTX + CUR group, which was 5.7-12.1
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Fig. 6. (A) The images and (B) quantitative analysis of wound healing response on 4T1 cells treated with different drug formulations (n = 3). (C) Transwell migration
assay on 4T1 cells after being treated with different drug formulations (n = 3). (D) Morphology, (E) Metastasis foci and (F) H&E images of lungs from mice with
metastatic breast cancer after the systematic injection of different drug formulations (n = 4). Black arrows represented the foci of tumor metastases (n = 4).
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folds higher than other groups. Moreover, the ratio of CD8" T and CD4 "
T cells in the HA-PAAVB NPs/PTX + CUR group increased significantly,
which was 1.6-2.8 folds and 2.1-4.6 folds higher than other groups,
respectively (Fig. S12 A-B). On the contrary, Treg cells in HA-PAAVB
NPs/PTX + CUR group significantly decreased 0.76-fold in compari-
son to 0.9% NaCl group (Fig. S12C). These results were further
corroborated by IHC staining for CD8 and Foxp3, where CTLs appeared
and Treg disappeared in response to the synergistic effect of PTX and
CUR (Fig. 5F). It was also found that the treatment of HA-PAAVB NPs/
PTX + CUR boosted the production of IFN-y and TNF-a, which also
strengthened effector T cells or attack cancer cells directly (Fig. 5G-H).
Meanwhile, HA-PAAVB NPs/PTX + CUR also achieved the strongest
suppressible capacity on IDO1 metabolic pathway at the tumor tissue. In
Fig. 51, the treatment of HA-PAAVB NPs/PTX + CUR prevented 67.3%
+ 5.2% of Typ from converting to Kyn. Because the enhanced produc-
tion of Kyn in the malignant tumor can not only induce effector T-cell
arrest but also lead to binding of aryl hydrocarbon receptor (AhR), a
ligand-gated transcription factor that is expressed in many immune cells
and participate in many immunomodulatory effects [11,22,63-68].
After the Kyn-AhR complexes formation, it will potentiate IL-6 produc-
tion, which can lead to the aggressive tumor growth [11,65]. Thus,
when IDO1 activity was suppressed by the treatment of HA-PAAVB
NPs/PTX + CUR, the transcription of IL-6 would be also inhibited,
reducing the immunosuppression in the tumor. (Fig. 5J).

Because lung metastasis of breast cancer is responsible for a majority
of treatment failures [64,69-71], the efficiency of preventing metastasis
was also paid great attention. Therefore, we first assessed the direct
impact of drug formulations on the metastatic potential of 4T1 cells in
vitro. Fig. 6A depicts that the wounds of untreated cells were almost
healed after 24 h of incubation, and the single drug formulation only
inhibited the wound healing at a limited level. However, free PTX +
CUR and HA-PAAVB NPs/PTX + CUR significantly inhibited the wound
closure of 4T1 cells in comparison to other groups. The healing rate of
HA-PAAVB NPs/PTX + CUR (20.5%) was obviously lower than that of
free PTX + CUR (60.4%) (Fig. 6B). Meanwhile, the results of the
transwell assay further verified that HA-PAAVB NPs/PTX + CUR
possessed the strongest inhibitory effect on 4T1 cell migration compared
to other groups (Fig. 6C and Fig. S13). Based on the results above, it is
concluded that HA-PAAVB NPs/PTX + CUR could effectively inhibit the
migration of 4T1 cells in vitro.

In addition, we further examined the effect of drug formulations on
the progression of lung metastasis in vivo. As depicted in Fig. 6D-E, the
average number of lung metastatic nodules in both 0.9% NaCl and free
PTX + CUR group exceeded 20. In contrast, drug-loaded HA-PAAVB NPs
significantly suppressed breast cancer lung metastasis. Especially for
HA-PAAVB NPs/PTX + CUR group, there were less than 9 metastatic
nodules appearing in the lung. Meanwhile, the lungs were also harvested
for H&E staining after the treatment (Fig. 6F). It is shown that the
number of lung metastatic nodules in group HA-PAAVB NPs/PTX + CUR
was less than that of other groups, where the area was smaller, further
demonstrating that HA-PAAVB NPs/PTX + CUR could be beneficial for
the suppression of the lung metastasis of breast cancer.

According to these results, it is demonstrated that this dual drug
nanomedicine could induce an immunogenic cell death stimulus to
boost immune-response as well as inhibit the regional activity of IDO1
enzyme to prevent Treg proliferation and IL-6 production. Then, the
above-mentioned immune-response could reduce the primary tumor
growth as well as suppress breast cancer to lung metastases. Thus, we
can conclude that the synergistic effect of chemotherapeutic and
immunomodulatory therapy of HA-PAAVB NPs/PTX + CUR can
enhance therapeutic efficacy both in vitro and in vivo.

3.9. Biosafety

Biosafety is another key issue for the application of nanomedicine in
the clinic. Thus, we conducted a series of experiments to evaluate
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whether HA-PAAVB NPs/PTX + CUR to be safe in vivo. As shown in
Fig. S14, the weight of mice treated with HA-PAAVB NPs/PTX + CUR
did not change drastically through the whole experiment. In addition,
the H&E images showed that HA-PAAVB NPs/PTX + CUR did not have
obvious toxicity to the normal tissues (Fig. 7A). Nevertheless, some
damages of liver and kidney were observed in the free PTX + CUR group.
Additionally, the blood biochemical results also depicted that free PTX
-+ CUR could induce the dysfunction of the liver and kidney. Some major
function indexes of the liver (ALT, AST) and kidney (CREA, UREA) in the
free PTX + CUR group were remarkably different from those in 0.9%
NaCl group (Fig. 7B-E). Meanwhile, the results of blood routine analysis
showed that the abnormal content of lymph, MPV, WBC, and Gran
appeared in mice treated with free PTX + CUR, indicating that free drug
formulation could cause hepatic, renal, and other physical function
disorder (Fig. S15).

Furthermore, global hepatic and renal metabolomics analysis was
also performed. Based on the metabolomics analytical data of GC/MS,
101 hepatic metabolites, and 95 renal metabolites were identified
(Table S3). Through identifying the differential metabolites using the
Mann-Whitney-Wilcoxon method, it was found that there were 3
significantly altered renal metabolites in free PTX + CUR group vs. 0.9%
NaCl group, such as the increase of 1-lysine and decrease of 1-methyl
nicotinamide and inosine, while only one significantly altered kidney
metabolites (pipecolic acid) were identified in HA-PAAVB NPs/PTX +
CUR group (Fig. 7F and Table S4). Since inosine plays an important role
in the energy metabolism of the kidney, its downregulation may damage
the kidney [72]. Meanwhile, there were 4 significantly altered hepatic
metabolites in the free PTX + CUR group vs the 0.9% NaCl group,
including the decrease of malonic acid and pyruvic acid and increase of
i-lysine and L-Tryptophan, which suggested that there appeared the
abnormality in energy metabolism and amino acid metabolism [73].
Additionally, pyruvic acid was an important intermediate in glucose
metabolism, connecting glycolysis with the TCA cycle, the decrease of
pyruvic acid raised the possibility of abnormal glycolysis in free PTX +
CUR group [74]. In contrast, only one significantly altered hepatic
metabolites (1-cysteine) in HA-PAAVB NPs/PTX + CUR group vs the
0.9% NaCl group were determined (Fig. 7G and Table S5). These results
were also consistent with the finding from the metabolism pathway
analysis. In Fig. 7H-1, after the treatment of free PTX + CUR, there was 3
pathways (including biotin metabolism, nicotinate and nicotinamide
metabolism, and Lysine degradation) being over-activated through the
analysis of renal tissue, whereas only one pathway (Lysine degradation)
was activated by the HA-PAAVB NPs/PTX + CUR treatment. Of note in
Fig. 7J-K, the pathway analysis of hepatic tissue showed that 2 path-
ways (Aminoacyl-tRNA biosynthesis and Biotin metabolism) were
regulated in the free PTX + CUR group. However, there were 7 pathways
being over-activated through the analysis of hepatic tissue in HA-PAAVB
NPs/PTX + CUR group, because L-cysteine is a common amino acid in
our body and usually participates in multiple metabolic pathways.

Overall, these results show that this targeted and intelligent nano-
medicine possesses preferable biosafety for further medical applications.
Since that the UCST (>45 °C) of carrier polymer PAAVB was higher than
normal physiological temperature, both PTX and CUR were entrapped in
the NPs, so the toxic side effects induced by the unspecific drug leakage
can be consequently avoided.

4. Conclusion

To summarize, a new copolymer PAAVB with controllable UCST that
can be tuned by pH and GSH was synthesized and proposed in this paper.
Then, a nano-platform was prepared with this copolymer being coated
with a HA layer, which demonstrated the capability to specifically
deliver PTX and CUR to CD44-overexpressing 4T1 breast cancer. Under
the co-existence of an acidic condition and a high level of GSH (lysosome
of cancer cells), electrostatic repulsion was enhanced due to imidazole
protonation and the molecular weight dropped by cause of disulfide
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Fig. 7. (A) H&E images of the different organs slices from mice on day 18 after the administration of varying drug formulations for three times. (B-E) The changes of
serum AST, ALT, CREA and UREA levels on day 18 (n = 4). Heatmap analysis of the metabolites between different drug formulations groups in (F) kidney and (G)
liver. Significantly altered metabolic pathways in kidney (H) Free PTX + CUR group vs. 0.9% NaCl group and (I) HA-PAAVB NPs/PTX + CUR group vs. 0.9% NaCl
group. Significantly altered metabolic pathways in liver (J) Free PTX + CUR group vs 0.9% NaCl group and (K) HA-PAAVB NPs/PTX + CUR group vs 0.9% NaCl
group.(1: Biotin metabolism, 2: Nicotinate and nicotinamide metabolism, 3: Lysine degradation, 4: Lysine degradation, 5: Aminoacyl-tRNA biosynthesis, 6: Biotin
metabolism, 7: Thiamine metabolism, 8: Taurine and hypotaurine metabolism, 9: Pantothenate and CoA biosynthesis, 10: Glutathione metabolism, 11: Glycine,
serine and threonine metabolism, 12: Cysteine and methionine metabolism, 13: Aminoacyl-tRNA biosynthesis). Heatmap’s color is determined by the relative
expression, the red represents upregulated, blue represents downregulated. The size of the pathway’s circle is determined by the number of metabolic metabolites,
and its color is determined by the P value (n = 4). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

reduction. Consequently, hydrogen bonds among the polymers were
directly weakened or even overruled, which led to the decrease of the
polymer’s UCST and the disassembly of HA-PAAVB NPs. This distinctive
behavior precisely controlled the drug release to avoid the unspecific
drug leakage and their toxic side effects, which also significantly
improved the capacity of PTX on inducing immunogenic death of cancer
cells and CUR on reversing the IDO1 enzyme-mediated tumor immu-
nosuppression. In addition, the enhanced synergistic effect of PTX and
CUR that was mediated by HA-PAAVB NPs could inhibit primary breast
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cancer growth and their lung metastasis. Therefore, the intelligent drug
delivery system [75-84] based PAAVB copolymer presented in this
paper could provide an effective platform that combines chemo- and
immune-therapeutics for fighting against various malignant tumors.
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