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Introduction

Breast cancer is among the most frequently diagnosed cancer and now becomes the
leading cause of cancer death in women worldwide (Bray et al. 2018). According to
the latest data from the International Agency for Research on Cancer (IARC) of the
World Health Organization (WHO), more than 2.26 million new cases of breast can-
cer were diagnosed in 2020, which were responsible for 11.7% of all new cases of can-
cer. So far, chemotherapy remains an essential treatment for preventing recurrence in
many patients with stage I-III breast cancer. Given the relatively unfavorable prognosis,
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it is even the sole systemic therapy with demonstrated efficacy for triple-negative breast
cancer (TNBC), and only chemotherapeutic agents are approved by the Food and Drug
Administration (FDA) (Waks and Winer 2019).

The anthracycline antibiotic doxorubicin (DOX, Fig. 1) is one of the most effective
chemotherapeutic agents approved for various cancers, which is also most commonly
used in standard regimens, such as AC4, AC-T, and TaxAC for breast cancer. Specifically,
the use of DOX appears most important in patients with more lymph node involvement
and with TNBC disease (Blum et al. 2017). Overall, chemotherapy regimens containing
both DOX and taxane achieve the greatest risk reduction and remain the appropriate
choice in high-risk patients (Bray et al. 2018). However, the clinical application of DOX
is usually associated with multiple adverse effects, particularly the cardiac mortality that
may affect ~11% of the patients under treatment (Chatterjee et al. 2010). More to the
point, DOX-related cardiotoxicity is typically a kind of dose-limiting toxicity, leading to
limited cumulative tolerable dose and lowered therapeutic efficacy. It has been demon-
strated that even 26% of patients develop congestive heart failure at a cumulative dose of
550 mg/m? of DOX (Ewer and Ewer 2010). Therefore, the DOX therapies with attenu-
ated toxicity but maintained anticancer efficacy are still a great challenge.

Over the past decades, much research has been devoted to investigating solution ways
against DOX-induced cardiotoxicity, mainly including development of new drug deliv-
ery systems and discovery of efficient cardioprotective adjuvants. The PEGylated lipo-
somal doxorubicin (Doxil) is a liposome-encapsulated form of DOX available in the
market with reduced cardiotoxicity and an improved pharmacokinetic profile. Major
limitations of this improved DOX formulation are complicated preparation process and
high cost, although several clinical trials have demonstrated that its monotherapy is an
effective alternative to other commonly used chemotherapy regimens in patients with
metastatic breast cancer (Duggan and Keating 2011). Meanwhile, various cardiac pro-
tective agents have been evaluated, including dexrazoxane, the only one approved by
EDA for treatment of anthracycline extravasation (Cvetkovi¢ and Scott 2005; Kane et al.
2008). Unfortunately, its clinical use has been restricted due to carcinogenic potential
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Fig. 1 Schematic representation of the self-assembly of CPMSD and its multifunction for cancer therapy
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with an increased risk for development of acute myeloid leukemia and myelodysplas-
tic syndrome (Shaikh et al. 2016; Spalatoceruso et al. 2019). In recently years, oxidative
stress caused by excessive production of reactive oxygen species (ROS) has been the
most widely investigated and accepted mechanism of DOX-induced cardiotoxicity, and
natural antioxidative molecules with good efficacy and safety have attracted increasingly
high attention (Mitry and Edwards 2016; Kaiserova et al. 2007; Sun et al. 2017; Benzer
et al. 2018; Guo et al. 2018). However, drug delivery system research is still a huge chal-
lenge to realize further development and clinical application of these promising cardio-
protective candidates mainly due to undesirable physico-chemical properties.

Nanofabrication by self-assembly provides polymeric micelles (PMs) a typical core—
shell structure, which solubilizes and stabilizes hydrophobic molecule in the core, while
the hydrophilic shell can improve the steric stabilization by reducing opsonization and
prolong blood circulation (Torchilin 2007; Gong et al. 2013; Wicki et al. 2015). With the
advantages of adequate function and easy manufacture, PMs are becoming more and
more attractive in drug delivery, especially for co-delivering conventional cytotoxic
agent and some medical adjuvant to produce distinctive effect of killing two birds with
one stone (Yu et al. 2020; Kuerban et al. 2020; Zhang et al. 2018).

MPEG-PCL diblock copolymer is a common carrier material for nanomicelles and
also a research hotspot in recent years. Poly(e-caprolactone) (PCL) has good biodegrad-
able and biocompatible which is an ideally suitable for long-term drug delivery due to its
slow degradation, which has good application prospects in anticancer drugs and other
drug carriers (Sinha et al. 2004). Although there are no drugs with mPEG-PCL as car-
rier yet on the market, a large number of preclinical studies have proved its superior-
ity (Kwon and Kataoka 2012). Some researchers used mPEG-PCL to encapsulate poorly
soluble drugs, such as cyclosporine A, paclitaxel, and curcumin to make nanomicelles.
Compared with free drugs, micelles can effectively increase the circulation time of drugs
in the blood and improve their bioavailability in vivo (Wei et al. 2018; Zhai et al. 2017).
The application of mPEG-PCL polymer provides more options for the treatment of
breast cancer.

Much recent research has demonstrated that salvianolic acid A (SAA), an active
polyphenol from Salvia miltiorrhiza, is a potent natural antioxidant with great benefit
against various oxidative stress injuries, such as DOX-induced cardiotoxicity. Recently, it
has been approved in China for oral administration for the treatment of diabetic periph-
eral neuropathy, and angina attack and acute myocardial infarction, respectively (Lin
et al. 1992; Fan et al. 2012, 2015; Hou et al. 2017). As illustrated in Fig. 1, the present
study just aimed to develop a complex nanomicellar formulation (CPMSD) that dually
loaded DOX and SAA to produce multiple beneficial effects for breast cancer chemo-
therapy. By using biocompatible copolymer as drug carrier, the novel formulation of
CPMSD provided an efficient way co-delivering SAA with DOX for injection, also over-
come the major limitations of its unsatisfactory physico-chemical properties, such as
instability, poor solubility, and low systemic bioavailability (Zhou et al. 2013; Shen et al.
2009; Xu et al. 2014). Herein, the multifunctional nanomicellar system of CPMSD was
fabricated under the optimal formulation to meet the demands of clinical application,
and both the therapeutic efficacy and mechanism of action were investigated via in vitro
and in vivo models. To the best of our knowledge, so far there have been no reports



Li et al. Cancer Nanotechnology (2022) 13:21 Page 4 of 22

about complex nano-formulation co-delivering DOX and SAA. There is no doubt that
the resulting multifunctional nanomicellar system of CPMSD would pay the way for
breast cancer chemotherapy with DOX-containing regimens.

Material and methods

Materials

Doxorubicin hydrochloride (DOX) was supplied by Beijing Ouhe Technology Co., Ltd
(Beijing, China), and salvianolic acid A (SAA) was purchased from Nanjing Guangrun
Biotechnology Co., Ltd. (Nanjing, China), respectively. The macroinitiator used was pol-
yethylene ethylene glycol monomethyl ether (nPEG) with a number-average molecular
weight of 2000 obtained from Sigma-Aldrich Co (St Louis, MO, USA), and all the amphi-
philic diblock copolymers were synthesized in our laboratory by ring-opening polym-
erization according to the method previously reported (Liu et al. 2015). All solvents and
other reagents were available commercially and of analytical grade or higher. Ultra-pure
water prepared by a lab purification system was used throughout the experiment.

Cells and animals

The MCF-7 human breast adenocarcinoma cell line was acquired from Chinese Acad-
emy of Science Cell Bank for Type Culture Collection (Shanghai, China), and the
MCE-10A non-cancerous human breast epithelial cell line was donated by the Affili-
ated Hospital of Binzhou Medical College (Yantai, China). DMEM containing 10% fetal
bovine serum and 1% penicillin/streptomycin (HyClone Laboratories, Logan, USA) was
used for cell culture in a humidified incubator with 5% CO, at 37 °C. The female athymic
nude mice (BALB/c, nu/nu) with body weight of 20£2 g (aging from 6 to 8 weeks) were
obtained from Shanghai Experimental Animal Center (Shanghai, China). All animal
experimental procedures were conducted by following the National Institutes of Health
(NIH) guidelines and approved by the Animal Experimentation Ethics Committee of
Yantai University, China.

Preparation of CPMSD and characterization

By using amphiphilic diblock copolymer as drug carrier, the nanomicelles co-encapsu-
lating DOX and SAA (CPMSD) were prepared via a simple and reliable thin-film hydra-
tion method as previously reported (Zhang et al. 2018). In brief, a specified amount of
copolymer and SAA were firstly dissolved in acetone at first. After 5 min of stirring, the
solvent was slowly evaporated under water bath at 4542 °C to form a thin-layer film,
dissolved with physiological saline at 45 °C to obtain a transparent micelle solution, fol-
lowed by successive addition of the phosphate-buffered solution (PBS; 10x, pH 7.4) and
DOX aqueous solution. The mixture was stirred at room temperature (~ 20 min), filtered
through a 0.22-pm filter, and then subjected to lyophilization under vacuum (FD-1C-80
freeze dryer, Shanghai, China) to obtain the freeze-dried powder of CPMSD stored at
—20 °C until use (See Additional file 1: Table S1 and Figure S2).

The micelles were reconstituted to obtain an aqueous solution (~1 mg/mL) for
morphology observation by using transmission electron microscopy (JEM-1400 TEM,
JEOL, Tokyo, Japan). The mean diameter and particle size distribution were measured
by dynamic light scattering method (Zetasizer Nano ZS 90, Malvern, UK) at room
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temperature with a scattering angle of 90°, and the polydispersity index (PDI) was cal-
culated to evaluate size distribution.

HPLC-UYV quantification of both drugs was performed simultaneously via a Waters
€2695 HPLC system. The chromatographic separation was conducted on a TC-C18
column (250 mm x 4.6 mm i.d., 5 um; Agilent Technologies) at 30 °C, and the injec-
tion volume was 10 pL. The mobile phase composed of methanol and 0.2% formic
acid (55:45) was delivered at a flow rate of 1 mL/min. The detection wavelength was
set at 254 nm, and the retention time was 6.16 min for DOX and 9.63 min for SAA,
respectively. For determination of drug loading content (DLC) and entrapment effi-
ciency (EE), the lyophilized powder of micelles was weighed (M), reconstituted to
obtain an aqueous solution (~ 1 mg/mL); then about tenfolds of methanol was added
for demulsification, followed by vortex mixing (5 min) and filtration (0.22 pm, Milli-
pore); the filtrate then was subject to HPLC analysis for determination of the amount
of drugs (M1). Meanwhile, the same aliquot of the aqueous solution of micelles was
subject to centrifugation (8000 rpm x 10 min) to remove free drugs; then the super-
natant was processed using the same program as above for HPLC assay of the amount
of drug loaded in micelles (M2). DLC and EE then were calculated according to the
ratio of M1 to M, and M2 to M1, respectively. The in vitro drug release was investi-
gated by a dialysis method as reported previously (Liu et al. 2015; Zhang et al. 2022).
Briefly, total DOX concentration was set at 0.2 mg/mL, and the PBS solution contain-
ing 1% polysorbate 80 (pH 7.4) was used as release medium for incubation at 37 °C.
At pre-set intervals, the sample outside dialysis bag with a molecular weight cut-off
of 8-10 kDa (Shanghai Yuanye Biotechnology Co., Ltd., China) was withdrawn and
mixed with mobile phase for HPLC analysis to determine the amount of drug release

for calculation of in vitro drug release rate.

Formula optimization

Design of experiment (DOE) was performed for formula optimization of CPMSD via
Box—Behnken design (BBD) method due to the high efficiency with small numbers of
tests (Jiang et al. 2014). Design-Expert® (Version 8.0.6, State-Ease Inc., Minneapolis,
MN, USA) was applied for a three-factor-three-level BBD, which included the major
independent variables, such as polymer type (X)), mass ratio of DOX to SAA (X,), and
drug feed ratio (X;) as displayed in Table 1. The dependent variables were particle size
(Y1), drug loading (Y;), and entrapment efficiency (Y5), and the design matrix contain-

ing a total of 17 experimental runs was obtained as shown in Table 2.

Table 1 Independent variables and levels involved in Box-Behnken design

Independent variable Level

Low (—1) Medium (0) High (+1)
X, types of polymer mPEG-PLA mPEG-PCL mPEG-PCL-Phe(Boc)
X, mass ratio of DOX/SAA 1:2 1:4 1:6

X; feed ratio 41 5:1 81
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Table 2 Box-Behnken experimental design and the observed responses

Run Independent variable Dependent variable
X, X, X, Y, (nm) Y, (%)? Y; (%)°

1 0 0 0 11+£1.30 133+£04 85.6£4.8(79.14+3.8,920+4.0)
2 0 —1 —1 18.78£0.75 145+1.0 7504+2.1(67.5429,824+23)
3 0 +1 +1 17.65+0.97 45406 4304£20(371413,455+5.2)
4 0 0 0 16.99+1.12 134411 92943.3(87.0425,98.7+2.38)
5 0 0 0 16.98 +0.90 139£15 1004+£4.2(97.1£53,103.6+1.8)
6 0 —1 +1 17.66+2.11 8.0+0.7 80.6£5.2(7494+43,904+7.1)
7 0 0 0 16.82£2.01 1514+£1.0 101.6£150(101.24£12.2,102.3£12.6)
8 +1 +1 0 17.16£1.01 165412 101.8+£2.8(99.9+33,103.8+14)
9 —1 —1 0 224542234 11.7+£0.7 878+4.6(81.64+3.2,939+42)
10 -1 0 +1 15034167 99406 789167(725i5 ,853+£59)
1 0 +1 —1 16.774+0.52 198+£15 14+87(89.7£7.1,10254+7.0)
12 +1 0 —1 1844+0.73 16.6+1.7 877:&53(81 1445,94244.1)
13 +1 —1 0 266.9+24.21 11.7+£07 727+£65(666+57,789+49)
14 +1 0 +1 1823+£1.31 10.6+0.5 939+8.0(87.5+6.2,100.2+£6.1)
15 0 0 0 1746£0.63 157£12 91.6+£11.3(852492,98.1+£93)
16 -1 +1 0 16.06 £0.37 150+£14 849:|:78(788:i:60 90.9+6.8)
17 —1 0 —1 1155£9.78 146+£09 1.7£9.1(5594+78,675+7.1)

2The data are the sum of DOX and SAA

®The data are the mean of two drugs and the EE value of separate drug is presented successively in brackets for DOX and
SAA

Molecular dynamics simulation

Molecular dynamics simulation was performed to investigate the molecular mechanism
of drug entrapment into micelles by using the open source HyperChem software (Pro-
fessional 80, Hypercube Inc., Gainesville, USA). At first, the 3-D structure of copolymer
or small-molecule drug was theoretically simulated by means of molecular mechanics
(MM) and molecular dynamics (MD) (Zhang et al. 2018). According to the initial struc-
ture, a series of geometrical optimization then were performed at MM level via OPLS
method by using the steepest descent algorithm until the root mean square gradient was
less than 0.10 kcal/(mol- Angstrom). After heating from 0 to 600 K, the optimized struc-
ture then was subject to a series of MD simulations running at 600 K with each runtime
of 100 ps to obtain a lower energy minimum, for which the CHARMM27 force field was
used and the solvent effect was considered implicitly (Jorgensen et al. 1996; Yin et al.
2021; Foloppe and MacKerell 2000). Finally, random docking was performed to exam-
ine the interactions among drug and copolymer based on the optimal 3-D structures of
copolymer and small-molecule drug (DOX or SAA).

Assessment of in vitro cytotoxicity and cell uptake

The in vitro cytotoxicity against MCF-7 or MCEF-10A cells was evaluated by using the
Cell Counting Kit-8 (CCK-8, Dalian Meilun Biotech Co., Ltd, China). Briefly, the cells
in logarithmic growth phase were prepared as single-cell suspensions, and seeded into
96-well plates at a density of 4 x 10° per well for pre-incubation overnight. Then the cells
were subjected to different treatment paradigms for 24 h incubation. Drug was aspirated
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and PBS (pH 7.4) was used to rinse cells thrice; then cell viability assessment was per-
formed according to the kit manual by recording the absorbance of medium with CCK-8
(10%, v/v) after 6 h incubation via a microplate reader at 450 nm (Li et al. 2020a). All
the results were the average measurement of six replicate wells and are expressed as
mean & SD.

For cell uptake studies, the MCF-7 cell line was inoculated on a glass petri dish
(35 mm x 12 mm, 1 x 10° cells/mL) for 24 h. After removal of the spent medium, fresh
DMEM medium containing drug at an equivalent DOX concentration of 0.2 pM was
placed and cells were incubated for 2 h. Then the medium was aspirated, and the cells
were rinsed thrice with PBS (pH 7.4) and then put in 4% paraformaldehyde fix solution
for 15 min. After discarded the fix liquid, cells were rinsed thrice with PBS. After oper-
ated procedures above, the cells were further incubated in DAPI solution for 15 min.
After removal of the dye, cells were rinsed thrice with PBS and subjected to observation
under a confocal laser scanning microscopy (CLSM).

In vivo studies using a murine xenograft model

The xenograft tumor model in nude mice was established by subcutaneously inoculat-
ing human breast cancer MCF-7 cells (4 x 107 cells) (Zuo et al. 2019); the tumor-bearing
mice with the volume of solid tumors reached 170—200 mm? then were randomized into
four groups (n=8), and i.v. administered once every 2 days for repeated 5 times with
various formulations, namely, CPMSD micelles, free DOX solution, the cocktail solu-
tion of free DOX and SAA, or the vehicle as a negative control. For each administration,
normal saline was used as a vehicle and the dosage was 2.5 mg/kg for DOX and 10 mg/
kg for SAA equivalent (Zhang et al. 2018). At 24 h after the last dosing, blood samples
were collected to prepare serum for further biochemical estimations; then all the mice
were sacrificed and tumors and major tissues were immediately harvested, weighed, and
stored for further analysis.

Quantitation, data analysis, and statistics
Drug content of both drugs in micelles was determined by a dual wavelength HPLC
method using Waters 2695 HPLC system. Briefly, The chromatographic separation was
performed on a TC-C18 column (250 mm x 4.6 mm, 5 um) at 30 °C via isocratic elu-
tion with the mixture of methanol and 0.2% aqueous formic acid (55/45, v/v) at a flow
rate of 1.0 mL/min, and the detection wavelength was set at 420 nm during 0—12 min
for DOX, and 254 nm during 12-25 min for SAA, respectively. UPLC-MS/MS assay
was performed to determine drug content in biosamples, such as plasma and tissues by
using an AB Sciex Triple Quad™ 4500 system connected with Shimadzu LC-30AD via
electrospray ionization (ESI) interface. The mass spectrometer was operated in positive
mode by using multiple reaction monitoring (MRM) of the transitions m/z 544.2/396.8
for DOX and m/z 749.4/591.5 for the internal standard azithromycin, while in negative
mode using the transitions m/z 493.2/294.9 for SAA and m/z 367.0/149.0 for the internal
standard curcumin, respectively.

Colorimetric assays were performed by using commercial kits to evaluate major
markers of cardiotoxicity, such as lactate dehydrogenase (LDH), creatine kinase (CK)
and cardiac troponin T (cTnT) in serum, and malondialdehyde (MDA) and superoxide
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dismutase (SOD) in cardiac tissue. For histological examination, the paraffin-embedded
sections of the left half heart of mice were sliced (5 pm) and then HE staining for light
microscope observations was performed. All specimens were analyzed, and the repre-
sentative images were captured by two pathologists with blind investigation.

All data are presented as mean =+ standard deviation (SD) of replicate measurements.
Student’s ¢-test was applied to statistical analysis of experimental data by using the sta-
tistical software package SPSS 20.0 (International Business Machines Corporation, New
York, USA). Statistical significance was indicated by p <0.05 and more statistical signifi-
cance by p<0.01.

Results and discussion

Optimal formulation of CPMSD based on DOE

Taking into consideration the fact that Box—Behnken design (BBD) method has been
widely applied in DOE due to the high efficiency with small numbers of tests (Jiang et al.
2014), a 3-factor-3-level BBD was performed herein for optimizing the formulation of
CPMSD. As shown in Table 1, the independent variables were some crucial factors con-
cerned with complex polymeric micelles fabrication, such as the types of polymer (X;),
mass ratio of DOX to SAA (X,), and the feed ratio of carrier to drugs (X;), for which the
corresponding levels were set according to preliminary one-factor tests for screening.
More to the point, three common used amphiphilic block copolymers were applied for
micellar formula optimization, namely, mPEG-PLA, mPEG-PCL, and mPEG-PCL-Phe
(Boc), wherein the hydrophilic segment was mPEG with an average molecular weight of
about 2000, and the hydrophobic segment was selected from polylactide (PLA), polycap-
rolactone (PCL), or that capped with N-t-butoxycarbonyl-phenylalanine (Boc-Phe). All
these copolymers were synthesized and characterized in our lab, and the drug entrap-
ment properties had been well demonstrated in previous studies (Zhang et al. 2018;
Liu et al. 2015; Jiang et al. 2014). Resultantly, the design matrix containing a total of 17
experimental runs was obtained from BBD as shown in Table 2, which contained 12 fac-
torial points at the midpoint of edge for each process space, and 5 replicates at the center
point for estimation of pure error sum of squares. Each experimental run then could be
performed in light of the design matrix in random order to avoid bias.

It is well known that the dimensional characteristics of nanomicelles may contribute
to passive targeting to tumor through the enhanced permeability and retention (EPR)
effect, since it preferred to avoid macrophages uptake and clearance by mononuclear
phagocyte system (MPS) or the reticuloendothelial system (RES), and achieved long cir-
culation and fairly high chance of reaching tumor site. Furthermore, the nanomicelles
with high DLC and EE but small particle size are usually expected to avoid immune
clearance and maintain desired systematic bioavailability (Li et al. 2020b). Herein, sev-
eral key performance indices (KPI) of micellar system thus were used as the dependent
variables for statistical analysis and evaluation of CPMSD formulation, namely, particle
size (Y7), drug loading capacity (DLC, Y,), and entrapment efficiency (EE, Y5).

The observed responses of KPI (Table 2) clearly revealed that there was significant dif-
ferentiation among these experimental runs. Specifically, the particle size ranged from
15 to 267 nm, while DLC and EE changed between 4.5 and 19.8%, and 43.0% and 101.8%,
respectively. The influence of all these independent variables (X;, X;, X;) on KPI was
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further investigated by using multiple regression analysis. The cubic polynomial regres-
sion model for each KPI could be obtained with determination coefficient (R?) more
than 0.9 and the p-value less than 0.05, and the 3-D response surface plots illustrated
overall influence of the independent variables (Fig. 2A—C). Among all the three formula-
tion factors involved in the present study, X, namely, the feed ratio of copolymer carrier
to both drugs, was found to be the most important one for fabricating CPMSD micelles,
especially had a great impact on DLC and EE. According to these results, all the three
factors X}, X, and X; thus were determined at the medium level for fabricating CPMSD
micelles. That is to say, the multifunctional nanomicelles of CPMSD could be achieved
by using the amphiphilic block copolymer of mPEG-PCL as a carrier for encapsulating
both drugs under a carrier—drug mass ratio of 5:1 and DOX-SAA mass ratio of 1:4.

On the basis of optimal formulation obtained from BBD study, several batches of
CPMSD nanomicelles were prepared by conventional thin-film hydration technique,
then characterized for verification (Zhang et al. 2018). DLS assay clearly demonstrated
that the CPMSD micelles were usually the uniform and small particles with mean
particle size ranging within 15 to 25 nm and the PDI values less than 0.2. Meanwhile,
HPLC quantitation indicated that the DLC values for DOX and SAA together were
(15.71+0.8)%, and EE values were generally more than 95%. All these KPI values deter-
mined were in close agreement with the predicted values of optimal micellar system of
CPMSD from DOE model that showed particle size of 17.1 nm, DLC of 14.3%, and EE of
94.4%, suggesting that the DOE-based optimal formulation would be reliable for fabri-
cating the aimed dual drug-loaded nanomicelles of CPMSD for further evaluation.

10
100

558888

Fig. 2 Response surface plots of DOE showing the effects of formulation on A particle size, B drug loading
capacity and C entrapment efficiency of CPMSD
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Molecular mechanism of drugs entrapment into micelles
The possible mechanism of amphiphilic block copolymer encapsulating both drugs
to form novel nanomicelles of CPMSD was further investigated in the present study.
The approaches of molecular mechanics (MM) and molecular dynamics (MD) were
applied to examine molecular interactions among the polymeric carrier (mPEG-PCL)
and small-molecule drug (DOX and SAA) based on simulating their theoretical struc-
tures (Jorgensen et al. 1996; Foloppe and MacKerell 2000). As illustrated in Fig. 3a—d,
the copolymer initially displayed a curvilinear conformation, then gradually bended
and changed with the heating process, and finally formed into a spherical shape after
100 ps MD simulation, which consisted of hydrophilic and hydrophobic parts and pro-
vided suitable binding sites for small molecules. Meanwhile, both small-molecule drugs
constantly adjusted the conformation and distance from copolymer to obtain favorable
interaction modes (Fig. 3e—h). Resultantly, the copolymer encapsulated SAA into the
hydrophobic cavity and DOX to the hydrophilic surface, respectively (Fig. 3i).
Chemically DOX is a kind of antibiotics with the amino sugar linked to anthracycline
via a glycosidic bond (Fig. 1), which contributes to its hydrophilicity and the preference
for binding to the hydrophilic surface of the copolymer mPEG-PCL. In contrast, SAA
is a kind of salvianolic acid with fairly high hydrophobicity, thus could tight bind with
the hydrophobic cavity of the copolymer. More to the point, the phenolic hydroxyl and
carboxyl groups in SAA (Fig. 1) would significantly enhance the molecular interaction
with the other drug molecule DOX via its basic amino sugar. From this point of view,
SAA plays an important role as a bridge between DOX and the copolymer, which greatly
promotes copolymer—drug interaction, and leads to significant increase in drug encap-
sulation efficiency of the complex micellar system CPMSD, especially for the relatively
hydrophilic drug molecule DOX. The findings from MD simulation clearly demon-
strated that CPMSD could act as a new and efficient dual drug-loaded micellar DDS by

Fig. 3 Molecular dynamics simulation of drug entrapment into CPMSD. a—d MD simulation process of the
copolymer (mPEG-PCL); e-h merging copolymer with drugs (DOX and SAA), DOX—yellow stick, SAA—
purple stick; i the final 3-D map of copolymer-drug interaction (copolymer—gray solid surface, DOX—blue
stick, SAA—pink stick)
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Fig. 4 Characterization of CPMSD by A appearance observation (— solution before lyophilization, lyophilized
powder, solution after lyophilization), B TEM imaging (x 150,000), C effect of temperature on particle size, and
D stability of particle size in the incubation system containing FBS at 37 °C (n=3)

Table 3 Effect of lyophilization and storage temperature on the stability of CPMSD (n=3)

Parameters Lyophilization Storage®
Before After 4°C 25°C 4°C 25°C
1 week 1 week 1 month 1 month
Particle size (nm) 216+15 202+26 219417 212+10 22621 238+23
DLC (%) 16.1+£0.6 162408 162+1.2 168+1.2 159+19 164+04
EE (%) 99.6+34 97.7+£28 96.8+4.0 95.2+3.1 96.9+39 96.2+2.1

2The data are collected from the lyophilized powders of CPMSD

a unique mechanism involved in drug entrapment, which might also result in specific
drug release profiles of CPMSD.

Colloidal properties and stability of CPMSD

Polymeric nanomicelles are a kind of self-assembled colloidal particles for drug delivery,
and the colloidal stability has a great impact on pharmaceutical performance, such as
in vitro and in vivo drug release behaviors (Moore et al. 2015). Herein, an overall inves-
tigation was performed on the colloidal properties and stability of CPMSD, as well as
the influence of technique process and ambient conditions. Resultantly, the freeze—dry-
ing process provided a yellowish red lyophilized powder of CPMSD micelles with good
disparity but no collapse or atrophy, and the micellar solutions before and after lyophi-
lization were both observed as a stable colloidal suspension with typical Tyndall effect
(Fig. 4A). Meanwhile, the micelles before and after lyophilization showed no significant
difference in these performance indices, such as particle size, DLC, and EE (Table 3).

Page 11 of 22
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The findings thus demonstrated that the freeze—drying process would not alter major
physico-chemical properties of the present micellar system of CPMSD. The TEM image
for morphology further revealed that CPMSD micelles were uniform nanoparticles with
spherical or nearly spherical shape and a typical particle size of about 20 nm (Fig. 4B).

In order to get a better understanding of the influence of temperature on colloidal
stability of CPMSD, six batches of fresh prepared micellar solution (2 mL/branch) were
divided into two groups (#=3) and placed at 4 °C and room temperature (25 °C), respec-
tively; then the particle size was monitored periodically. Resultantly, it was found that
the micellar solution freshly prepared could maintain a stable particle size at 4 °C for at
least 24 h, and a significant increase in particle size was observed after storage at room
temperature for 12 h (Fig. 4C), suggesting that the CPMSD micelles should be made into
lyophilized powders for long-term storage. The long-term stability of CPMSD lyophi-
lized powders at various temperatures then was studied according to the major param-
eters of micelles, such as particle size, DLC, and EE. As shown in Table 3, there was no
significant difference of any parameter between the lyophilized powder freshly prepared
and that after storage (p>0.05). The results provided further evidence for the good sta-
bility of CPMSD, which could keep stable as lyophilized powders stored at 4 °C or room
temperature for at least 1 month.

The particle size change in simulated serum was further inspected to evaluate the col-
loidal stability of CPMSD in systemic circulation. The micelles were incubated with fetal
bovine serum (FBS, pH 7.4) at 37 °C under gentle stirring, and an aliquot of the sam-
ple was withdrawn for the measurement according to the time schedule. As shown in
Fig. 4D, there was no significant change with time in micellar particle size within 24 h
incubation in the simulated body fluid containing 1% or 10% FBS (p>0.05), indicat-
ing a good colloidal stability of CPMSD in vivo. Meanwhile, the CPMSD micellar par-
ticles in PBS displayed a slightly negative zeta potential, i.e., (1.77+0.49) mV, and this
value became more negative with increasing FBS content, namely (3.20+0.53) mV and
(3.62£0.27) mV in the incubation system containing 1% FBS and 10% FBS, respectively.
These findings together demonstrated the coating effect of endogenous proteins, such
as serum albumin, might be chiefly responsible for in vivo colloidal stability of CPMSD.

In vitro drug release from CPMSD

The in vitro drug release characteristics of CPMSD were investigated via dialysis method,
and PBS solution containing 1% Tween 80 (pH 7.4) was used as the release medium to
maintain the chemical stability and sink condition for both DOX and SAA. Resultantly,
there was significant difference in the in vitro release profile between DOX and SAA
(Fig. 5).

Although the encapsulated drugs were both sustained released from CPMSD, DOX
had a much higher release rate at early stage than SAA did, and an initial release burst
with a percent cumulative release of 45% within 0.5 h could be observed. The drug
release of DOX increased steadily, and the cumulative drug release amount reached
a peak of about 90% within 3 h. In contrast, the nanomicelles of CPMSD constantly
released SAA at a rather slow rate, which had a percent cumulative release up to 70%
within 72 h.
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Fig. 5 The in vitro drug release profile in PBS (pH 7.4) at 37 °C (n=3)

Table 4 Model fitting for in vitro drug release from nanomicelles of CPMSD micelles

Model Dox? SAA?

Zero-order equation Y=0.78t+71.07 (0.2103) Y=0.86t+21.50(0.7811)
First-order equation Y=287.66 [1 —exp(—1.261)] (0.9819) Y=65.18 [1 —exp(—0.101)] (0.9765)
Higuchi equation Y=6.36t"2 46167 (04924) Y=8.55t"247.05 (0.9402)

?The data in parenthesis are the determination coefficient for model fitting

Furthermore, the kinetic mechanism of drug release from CPMSD was investigated by
fitting several common kinetic models to the cumulative release profiles, including the
zero-order, first-order, and Higuchi models. As shown in Table 4, the first-order model
was determined as the optimal one with the highest goodness of fit, and the values of
determination coefficient (R*) reached up to 0.97 for both drugs. Thus, it could be con-
cluded that non-constant diffusion was the chief mechanism involved in drug release
from CPMSD micelles for both DOX and SAA, while matrix swelling and dissolution
could be negligible in the present dual drug-loaded polymeric micellar system. All these
findings clearly demonstrated the special drug releasing characteristics of CPMSD and
also provided a strong evidence for the above-mentioned distinctive mechanism of drug
entrapment based on MD studies, which thought that CPMSD micelles would be prone
to a relatively fast drug release for DOX from the hydrophilic surface, but an extended
release for SAA from the inner core.

In vitro cytotoxicity and cellular uptake

Taking into account the fact that DOX is a cytotoxic drug, herein the in vitro cyto-
toxicity was investigated by using CCK-8 assay of cell viability. For the sake of com-
parison, the non-cancerous human breast epithelial cell line MCF-10A was used
along with the human breast cancer cell line MCF-7, and various treatments related
to the present micellar system of CPMSD were involved, including free solution of
DOX or SAA, and the cocktail formulation of DOX and SAA. It was found that free
DOX alone could significantly inhibit in vitro proliferation of both cell lines in a
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similar concentration-dependent manner (Fig. 6A), and the half inhibitory concen-
tration (IC;,) was determined as 0.27 pM for MCE-7 cells, and 0.56 pM for MCE-
10A cells, respectively. These findings were in good consistence with those reported
previously and clearly demonstrated the potent cytotoxicity of DOX toward normal
cells, although it is indeed an effective chemotherapy agent for human breast can-
cer (Tsou et al. 2015). However, the case was quite different for SAA. As shown in
Fig. 6B, free drug of SAA alone at a final concentration within 10 pM had almost no
significant influence on the in vitro proliferation of MCF-7 or MCF-10A cells, and the
relative inhibition rate was not more than 20%, indicating that SAA is not the same

kind of cytotoxic agent as DOX. The result was in line with the findings concerning
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biological and pharmacological activities of this natural product reported previously
(Lin et al. 1992; Fan et al. 2012, 2015; Hou et al. 2017; Zhou et al. 2013) and suggested
that SAA-DOX combination may be a promising comprehensive treatment strategy
for breast cancer through different mechanisms of action from the two drugs.

Then the influence of SAA on in vitro cytotoxicity of DOX was studied under
various conditions. As shown in Fig. 6C, free DOX alone at a final concentration of
230 ng/mL caused a relative inhibition rate of about 60% against MCF-7 and ~45%
against MCF-10A cell line, respectively, which were significantly different (p <0.05)
and indicated that breast cancer cells may be more sensitive to the cytotoxic agent
DOX than normal mammary epithelial cells. When compared with free DOX alone at
the same concentration (230 ng/mL), the combination treatment of CPMSD or cock-
tail preparation at a same weight ratio of DOX to SAA (1:4) displayed similar inhibi-
tory potency against breast cancer MCEF-7 cells, and no significance difference was
observed among the three groups (p > 0.05). It is worth noting that the case was totally
different for the effect on MCF-10A cells. The combination of SAA exhibited obvious
protection on the normal mammary epithelial cells via cocktail or CPMSD prepara-
tion, and the inhibition rate could be significantly reduced in contrast to free DOX
alone (p<0.05). More to the point, it was found that CPMSD had a slightly higher
inhibition rate against MCF-10A cells than the cocktail of free DOX and SAA, which
may be closely related to the slow releasing profile of SAA from CPMSD micelles as
mentioned above (Fig. 5). All these findings together, therefore, demonstrated that
DOX could be the major active pharmaceutical ingredient responsible for anticancer
efficacy of the present micellar system of CPMSD, and the combination with SAA
would have not affect anticancer potency of DOX, but lead to beneficial protection
against side effect of DOX, such as the cytotoxicity to normal cells.

DOX is an anthracycline drug widely used in breast cancer chemotherapy. So far, the
best-known and widely accepted mechanisms are based on the inhibition of DNA repli-
cation, transcription, and repair processes, which is mediated by the drug intercalation
into DNA and occur in the nucleus (Szaflarski et al. 2013). The final target location of
DOX is the nucleus, which is usually regarded as the main target responsible for the
anticancer potency of DOX (Li et al. 2019). The cellular uptake of DOX and the effect
of CPMSD formulation thus were investigated following the evaluation of antican-
cer potency in vitro. Cell nuclei were stained by DAPI, and CLSM was employed for
observation through detecting its blue fluorescence and the obvious specific red fluo-
rescence of DOX. Continuous increase in the fluorescence intensity of DOX could be
clearly observed with extension of the incubation time. After a 2-h incubation, all the
three groups treated with DOX at an equivalent concentration displayed similarly strong
red fluorescence when compared with the control group without any drug treatment.
According to the Merge column, the regions with red fluorescence of DOX were well
overlapped with those with blue fluorescence of DAPI and there was no significant dif-
ference among these DOX-containing treatments (Fig. 6C), indicating a rapid uptake of
DOX almost entirely into the nuclei of MCF-7 cells, no matter what the preparation of
DOX was. The results from in vitro evaluation together revealed that the CPMSD prepa-
ration might be an efficient nano-formulation of DOX with full maintenance of the anti-
cancer potency and the final target of this chemotherapy drug.
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In vivo anticancer efficacy

Female BALB/c nude mice bearing human breast cancer MCF-7 cells were employed
to evaluate in vivo therapeutic responses of the CPMSD preparation, such as antican-
cer efficacy, as well as the protective effect against DOX-induced cardiotoxicity. All the
model mice were randomly divided into several groups (n=8) administering different
formulations of DOX under the same regime, and the antitumor therapeutic efficacy was
assessed through characterizing the tumor with time after administration. More specifi-
cally, the aim drug DOX, which was delivered by the free drug alone, CPMSD, or the
cocktail formulation both with a DOX/SAA mass ratio of 1:4, was intravenously admin-
istered at a single DOX dose of 2.5 mg/kg for five times every each other day (Zhang
et al. 2018). The mice only given the same volume of vehicle (saline) were used as the
negative control (NC) for comparison.

In contrast to the mice in NC group, the animals administered DOX all had drastic
inhibition of tumor growth, no matter what the drug formulation was. As illustrated in
Fig. 7A, tumor grew gradually in the NC group and the relative tumor volume reached
150% after the last injection of saline, whereas the other three groups (DOX, cocktail,
and CPMSD) similarly showed an opposite temporal profile and all displayed a signif-
icant difference from the NC group in the relative tumor volume (p<0.01). After the
accomplishment of all the five DOX dosages, the relative tumor volume was observed
ranging from less than 40% to about 50%, which varied with the formulations of DOX.
Moreover, significant difference among these DOX formulations could be found after
the second dosage, and some tumors were even completely eradicated through treat-
ment by the CPMSD micelles. Since it would take time for the micelles to penetrate into
tumors, concentrate at the tumor site, and release drug (Zuo et al. 2019), these findings
thus indicated that CPMSD might be a kind of sustained release preparation of DOX
with tumor-targeting efficiency, as well as the most potent DOX formulation against
breast cancer growth in mice.

In order to confirm the observation of tumor volume changes, all the mice were
sacrificed one day after the last dosage and tumors were resected and weighed. As
shown in Fig. 7B, the tumor weight averaged 70.1 £ 11.5 mg for the mice in NC group,
25.9+5.6 mg for DOX group, 30.5+7.2 mg for cocktail group, and 27.4 4+ 8.7 mg for
CPMSD group, respectively. The mice only treated by saline showed the maximum
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Fig. 7 Evaluation of anticancer efficacy of various preparations in nude mice bearing human breast cancer
MCF-7 cells (n=28, mean £ SD) by relative tumor volume (A), tumor weight (B), and body weight change with
time (C). In each group, the dosage was 2.5 mg/kg for DOX and 10.0 mg/kg for SAA equivalent. NC normal
saline, Cocktail solution of free DOX and SAA, CPMSD compound micelles of DOX and SAA, DOX group free
DOX solution. **p <0.01 compared with the NC group and #p <0.01 compared with DOX group



Li et al. Cancer Nanotechnology (2022) 13:21 Page 17 of 22

mean tumor weight, while all the DOX-containing treatments, no matter what the
drug formulation was, led to dramatic shrinkage of the tumor weight in comparison
with that in the NC group (p<0.01). Then the tumor growth inhibition (TGI) was
calculated to quantify treatment effects. The TGI value for antitumor activity rating
reached up to 63.0% by free DOX alone, 56.5% by the cocktail formulation of DOX,
and 60.9% by CPMSD preparation, respectively, and there was no significant differ-
ence among these DOX formulations (p > 0.05).

Meanwhile, the body weight was monitored for each animal to investigate the
potential difference in systemic toxicity among various treatments. Although the mice
in each group had a similar mean body weight till the second dosage, significant dif-
ference could be observed among the three DOX formulations involved after finish-
ing all the five dosages (p<0.01), and the final body weight of the mice in CPMSD
group was the closest to that in NC group (Fig. 7C), suggesting excellent biosafety of
this DOX formulation. Together with the above-mentioned findings from evaluation
of the in vitro cytotoxicity, thus it was concluded that the present dual drug-loaded
polymeric micellar system of CPMSD could greatly alleviate systemic toxicity of DOX
but not attenuate its in vivo antitumor potency via co-treatment with SAA. As shown
in Fig. 8, there were also significant differences in biodistribution profile of both drugs
between CPMSD and the simple cocktail formulation of free DOX and SAA. More
to the point, the mice administered with CPMSD micelles had the higher amount of
SAA in cardiac tissue (Fig. 8B), which would be more beneficial to the cardiac protec-
tion against DOX than the simple cocktail formulation. The drug releasing profile of
CPMSD together with the metabolic fate of SAA may be responsible for such drug
biodistribution characteristics. SAA is known as a kind of natural polyphenol com-
pound with fast and extensive metabolism, leading to a short retention time and very
low systemic bioavailability (< 1%) (Hou et al. 2007; Pei et al. 2008). Fortunately, drug
encapsulation into CPMSD micelles significantly retarded in vivo metabolic transfor-
mation of SAA (unpublished data) and improved the distribution of prototype drug
into normal tissues, such as the major target organ of DOX-induced cardiotoxicity,
suggesting a possible mechanism for high antitumor potency and low toxicity of the
present micellar system of CPMSD.
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In vivo protective effects against cardiotoxicity

The clinical use of DOX is limited by severe cardiotoxic side effects, although it is a
potent anticancer drug. Oxidative stress is generally recognized as one of the main
mechanisms responsible for DOX-induced cardiotoxicity and much research has
recently been devoted to this challenge, mainly including some doxorubicin-antioxidant
co-drugs (Chegaev et al. 2013), and dual drug-loaded nano-platform for targeted cancer
therapy toward clinical therapeutic efficacy of multifunctionality (Ma et al. 2020). Our
present study aimed at the CPMSD formulation for breast cancer chemotherapy, which
was a high-performance multifunctional polymeric micellar delivery system co-loading
the anticancer drug DOX and the highly potent natural antioxidant SAA. Following
evaluation of antitumor efficacy, the detoxification effect of SAA delivered by CPMSD
was further investigated in tumor-bearing nude mice through assay of several principal
physiological and biochemical markers related to myocardial function, as well as inspec-
tion of myocardial histologic changes concerned with cardiotoxicity.

Along with monitoring body weight changes, the heart weight of each animal was
measured for calculating the cardiac weight index (CW1I) by its ratio to body weight. As
shown in Fig. 9A, the NC group had a maximum CWT value of (0.48 +0.01)%, while the
minimum value was found as (0.34+0.03)% for the mice administered free DOX alone.
Significant difference in CW1I could be observed between the NC group and any of the
other two groups treated with DOX-containing formulation but CPMSD at an equiva-
lent dosage (p<0.01). There was no significant difference between the DOX and cock-
tail group, even though it was co-administered with the antioxidant agent SAA through
the cocktail formulation. However, the CWI value for the mice administered CPMSD
micelles was found as (0.46 £ 0.02)%, which was significantly higher than the other two
DOX-containing groups (p<0.01), and even close to that in the NC group (p>0.05).
Taking into consideration of the changes in both CWI and body weight (Fig. 7C), these

CWI (%)
SOD (U/mgprot)
MDA (nmol/mgprot)
LDH (U/L) or cTnT (ng/L)
CK (UIL)

NC DOX  Cocktail CPMSD NC DOX Cocktail CPMSD NC DOX Cocktail CPMSD

Fig. 9 Evaluation of cardiotoxic effects in nude mice bearing MCF-7 cancer cells by A heart weight index,
B LDH, CK, and cTnT in serum, € SOD, MDA in heart tissues (**p <0.01 and *p <0.05, compared with NC,
*p<0.01 and *p<0.05, compared with CPMSD, #p <0.01 and ®p < 0.05, compared with DOX), and D light
microscope observation (x400) of pathological change in mice left ventricles (with the black arrows
indicating representative morphological changes, such as cell necrosis, superficial cytoplasm, and nucleus
and transverse structure loss)
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results thus indicated the differentiated effect of co-treatment formulation on DOX-
induced cardiotoxicity and the effectiveness of CPMDC that could nearly bring the two
major physiological indices back to normal.

In order to quantitatively evaluate the protective efficacy of CPMSD against cardio-
toxic side effects caused by DOX dosing, biochemical analysis was further performed
on the crucial markers involved in cardiac toxicity, including SOD and MDA in heart
tissues, and LDH, CK, and ¢TnT in plasma (Ewer and Ewer 2010; Zhang et al. 2018).
When compared with the NC group, the mice administered free DOX alone showed sig-
nificantly decreased SOD level along with elevated MDA content (p <0.01), suggesting
the DOX-induced oxidative injury and remarkable amelioration of co-administration
of SAA through the CPMDC formulation (Fig. 9B). Meanwhile, significant increases
in plasma level of LDH, CK, and cTnT could correspondingly be observed in the mice
administered free DOX alone or the simple cocktail of DOX and SAA (Fig. 9C), which
confirmed the occurrence of cardiac injury in both DOX and cocktail group. Compari-
son among these DOX-containing formulations further revealed the reducing effect
on all these markers of co-treatment with SAA by CPMDC, but not the cocktail of free
DOX and SAA (p<0.01). Due to the effective protection against DOX-induced cardio-
toxicity, it therefore was concluded that the tumor-bearing mice would greatly benefit
from the present CPMSD formulation of DOX and SAA into dual drug-loaded poly-
meric micelles.

Finally, the histopathological examination of cardiac tissue specimens was performed
to manifest DOX-induced toxic injuries on the main target organ. As illustrated in
Fig. 9D, the tumor-bearing nude mice in NC group showed basically normal morphol-
ogy of cardiac myocyte in the left ventricle, while the DOX-containing treatments could
affect cardiomyocytes in different ways and to different degrees depending on the for-
mulation, among which the severest myocardial damage was observed in the mice only
treated with free DOX. Accompanied by infiltration of inflammatory cells, the DOX
alone group exhibited obvious myocardial injuries, such as cross-striations, myocardial
endochylema puffing, and sarcoplasmic matrix partly resorbed, as well as myocardial
fiber disarrangement, cellular swelling, and degeneration, hinting toward toxin-medi-
ated necrosis of cardiomyocytes. More to the point, these DOX-induced cardiomyocytes
injuries could be alleviated by co-administering SAA, especially through the CPMSD
micelles, which displayed less histopathological changes than the cocktail formulation at
an equivalent dosage. These findings altogether demonstrated the high potency of SAA
against cardiotoxic effect of DOX by co-administering both drugs through the CPMSD
formulation.

Conclusions

The present study was an important part of finding efficient strategies for high-per-
formance chemotherapy of breast cancer. By using biocompatible copolymer carrier,
CPMSD was developed as an advanced multifunctional polymeric micellar delivery
system co-loading the anticancer drug DOX and potent natural antioxidant SAA to
overcome the dose-dependent cardiotoxicity associated with cancer therapy. Based on
optimal formulation, the complex polymeric micelles CPMSD could be constructed by
colloidal self-assembly of the amphiphilic copolymer of mPEG-PCL, which integrated
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SAA into the hydrophobic cavity and bound DOX to the ball-shaped surface. CPMSD
was demonstrated to have favorable physico-pharmaceutical properties, as well as the
specific effect of killing two birds with one stone by maintaining the anticancer efficacy
of DOX against the associated cardiotoxicity, which thus provide it a great promise for
clinical translation as an improved nano-formulation of the well-known anticancer drug.
Further investigations would be focused on drug—drug interactions that play a pivotal
role in combination therapy.
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