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Introduction

A CD326 monoclonal antibody modified core
cross-linked curcumin-polyphosphoester prodrug
for targeted delivery and cancer treatmentf

Haijiao Li,* Mingzu Zhang,? Jinlin He, @22 Jian Liu, ©2° Xingwei Sun*“ and

Peihong Ni () *2

Stimuli-responsive cross-linked micelles (SCMs) are ideal nanocarriers for anti-cancer drugs. Compared
with non-cross-linked micelles, SCMs exhibit superior structural stability. At the same time, the
introduction of an environmentally sensitive crosslinker into a drug delivery system allows SCMs to
respond to single or multiple stimuli in the tumor microenvironment, which can minimize drug leakage
during the blood circulation process. In this study, curcumin (CUR) was modified as the hydrophobic
core crosslinker by utilizing the bisphenol structure, and redox sensitive disulfide bonds were introduced
to prepare the glutathione (GSH) stimulated responsive core crosslinker (abbreviated as Nz-ss-CUR-ss-
N3). In addition, amphiphilic polymer APEG-b-PBYP was prepared through the ring opening reaction,
and reacted with the crosslinker through the “click” reaction. After being dispersed in the aqueous
phase, core cross-linked nanoparticles (CCL NPs) were obtained. Finally, monoclonal antibody CD326
(mAb-CD326) was reduced and coupled to the hydrophilic chain ends to obtain the nanoparticles
with surface modified antibodies (R-mAb-CD326@CCL NPs) for further enhancing targeted drug
delivery. The structures of the polymer and crosslinker were characterized by *H NMR, UV-Vis, FT-IR,
and GPC. The morphology, size and stability of CCL NPs and R-mAb-CD326@CCL NPs were
investigated by DLS and TEM. The in vitro drug release behavior of CCL NPs was also studied. The
results showed that the CCL NPs exhibited reduction-responsiveness and were able to release the
original drug CUR under 10 mM GSH conditions. Additionally, the CCL NPs exhibited excellent stability
in both the simulated body fluid environment and organic solvents. Especially, R-mAb-CD326@CCL NPs
can actively target tumor cells and showed better therapeutic efficacy in in vivo experiments with a
tumor suppression rate of 78.7%. This work provides a new idea for the design of nano-drugs targeting
breast cancer.

deaths is over one million each year." And the high incidence
and low survival rate of cancer have seriously endangered

According to the statistical study conducted by the American
Cancer Society in 2023, the number of new cancer cases and
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human health.” The current treatment methods mainly include
surgery, chemotherapy and radiotherapy. Among them, most
traditional chemotherapy drugs cannot accumulate high con-
centrations at the tumor sites and have significant toxic side
effects.® With the development of materials science and phar-
macology, the use of nanotechnology to deliver anti-cancer
drugs has highlighted its advantages and become a research
hotspot.*® How to improve the stability of nanoparticles
and achieve precise targeted drug delivery are two key issues
in this field.”*°

Currently, it is widely believed that micelles formed by
amphiphilic polymers in solution can be used as drug carriers
to encapsulate hydrophobic anti-cancer drugs in micelles for
in vivo drug delivery to disease sites.'' However, the nano-
structures of self-assembled micelles often undergo dissociation
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under the conditions of dilution or high concentrations, result-
ing in drug leakage and early release in the body. To overcome
this problem, researchers utilize covalent bond cross-linking at
the cores, shells or interfaces of the micelles to prevent micellar
dissociation and regulate drug release behavior.'” These
systems can be designed as stimuli-responsive linkages so that
the cross-linked bonds can be available for degradation or
hydrolysis under specific conditions, such as low pH or reducing
environments. In these cases, drugs are released almost exclu-
sively in the cancerous tissue or cancer cells, enabling the
minimization of drug leakage during blood circulation.'®™"°

In recent reports, researchers proposed that the surface
of nano-drugs can be modified by various specific target
molecules, such as antibodies, aptamers, peptides, nucleic
acids, affibodies and chemical small molecules, so that the
drug delivery system can be recognized and internalized by
cancer cells, and the precise release of drugs at tumor sites can
be achieved.?*>® There are multiple highly expressed proteins
at the tumor site, and the corresponding monoclonal antibo-
dies can serve as targeting molecules for anti-cancer drugs due
to their easy modification, strong specific recognition ability,
and good biosafety.””*®

The most common modification sites of antibodies are
cysteine residues containing sulfhydryl groups (also called
“thiol groups”) and lysine residues containing amino
groups.”*® Among them, the cysteine modification method
has higher reactivity, but the number of free thiol groups in the
antibody is very low. Therefore, when coupling antibodies to
the surface of drug loaded nanoparticles, it is necessary to
reduce the disulfide bonds of the antibody to produce more
thiol groups.*! The commonly used type of antibody is IgG, an
immunoglobulin composed of two heavy and two light chains
covalently linked by disulfide bonds between chains. Disulfide
bonds can be broken by reducing reagents such as dithiothrei-
tol (DTT) and tris(2-chloroethyl) phosphate (TCEP), as they are
easily exposed to solvents.*> By controlling the feed ratio of the
reducing agent, the molecular weight of the reduced antibody
fragment can be controlled, so that the product can still
maintain the antigen binding sites.>®> CD326 monoclonal anti-
body (mAb-CD326) can specifically recognize the EpCAM
(CD326) protein derived from epithelial tumors, which is highly
expressed in epithelial tumors. Researches have shown that in
various cancers (such as the colon, pancreas, bladder, prostate,
breast, and ovary and hepatoblastoma), the positive rate of
CD326 in tumor cells is higher than that in the corresponding
normal tissues.**® Among them, breast cancer is a kind of
tumor formed by uncontrolled proliferation of breast epithelial
cells under the action of various carcinogenic factors. There-
fore, mAb-CD326 can be used to target and identify breast
cancer cells and induce an immune response to kill them.?” At
the same time, it does not cause damage to normal epithelium,
because the boundary between cells is a very dense and highly
organized structure.’®

It is worth noting that the disruption of inflammatory
pathways plays a key role in cancer treatment.*>*® Inflamma-
tion induces an increase in pro-inflammatory cytokines and
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transcription factors, leading to cancer cell proliferation and
tumor growth, such as tumor necrosis factor-o. (TNF-a), inter-
leukins, nuclear factor-kB (NF-kB), and signal transducer and
activator of transcription 3 (STAT3).*! TNF-o excitation activates
NF-kB, which further regulates cytokines such as interleukin
(IL)-1, IL-2 and interferon gamma (IFN-y). STAT3 is described as
a common target of several signaling pathways that regulate
oncogenes, pro-inflammatory cytokines, and growth factor
transduction. This factor contributes to cell growth and survival
by increasing the expression of anti-apoptotic proteins such as
Bcl-2 and Bcel-xL. Curcumin (CUR) is a small molecule hydro-
phobic drug that can exert anti-inflammatory and anti-cancer
functions by modulating several immune pathways, such as
NF-«xB, STAT3, and TNF-a, and thus has anti-cancer properties
against a variety of cancers, including lung, breast and prostate
cancers.’>"® Meanwhile, CUR is a naturally derived small
molecule anti-cancer drug with low cytotoxicity, low price,
and abundant sources. Its polyphenolic structure has chemical
activity and is easy to modify.**> It can be converted into a
cross-linking agent through various chemical reactions. When
nanomedicine enters the tumor environment, stimuli response
of the connecting group causes the sensitive bonds to break
and release the original drug.

We have previously reported that core cross-linked polymer
micelles are crosslinked with polyphosphoester containing
azide groups at both ends as a crosslinking agent, or with
lipoic acid groups of polymer side groups.’*™*® As a new
attempt, herein, we design a curcumin derivative containing
double azide groups (N;-ss-CUR-ss-N3) as crosslinking agents
and modify mAb-CD326 on the surface of the nanoparticles.
The resulting polymer nanoparticles have the following advan-
tages: (i) increasing the drug loading of the nanoparticles,
(ii) maintaining the stability of the nanoparticles in the phy-
siological environment, and (iii) breaking the disulfide bond
connecting CUR in the tumor cell microenvironment, releasing
the original drug. As shown in Scheme 1, we first synthesized a
CUR derivative as the hydrophobic core crosslinker N;-ss-CUR-
ss-N; by modifying the hydroxyl group of CUR. Redox-sensitive
disulfide bonds were introduced into the derivative, which will
be broken to release the original CUR in response to the high
concentration of glutathione (GSH) stimulation at the tumor
sites. Then, the hydrophobic polymer APEG-b-PBYP was pre-
pared by ring-opening polymerization of 2-(but-3-yn-1-yolxy)-2-
ox0-1,3,2-dioxaphospholane (BYP) with APEG-OH. It was bonded
by N;-ss-CUR-ss-N; to obtain the nano prodrugs (abbreviated as
APEG-b-PBYP-ss-CUR), which can be dispersed in aqueous
solution to form the core cross-linked nanoparticles (CCL NPs).
In the next step, mAb-CD326 was reduced and conjugated at the
end of the hydrophilic PEG chain through the Michael addition
reaction to obtain drug loaded nanoparticles with surface mod-
ified mAb-CD326 (R-mAb-CD326@CCL NPs). When the drug is
injected into mice, the nanoparticles can actively target and
recognize highly expressed protein receptors on the surface of
tumor cells, thus delivering the drug to the tumor sites and
achieving specific release of CUR due to the special tumor
microenvironment.

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic diagram of the preparation of R-mAb-CD326@CCL
NPs and their endocytosis by tumor cells and triggering CUR release in the
cancer cytoreductive environment.

Results and discussion

Firstly, we synthesized a curcumin derivative (N3-ss-CUR-ss-N3)
as the hydrophobic core crosslinker. As shown in Scheme 2, the
phenolic hydroxyl groups of CUR were activated with triphos-
gene and reacted with 2’-azidoisobutyryloxy-2-hydroxyethyl
disulfide (OH-ss-N3) to obtain Nj;-ss-CUR-ss-N3. Subsequently,
using the hydroxyl group of allyl polyethylene glycol (APEG-OH)
as an initiator, an amphiphilic diblock copolymer (APEG-b-
PBYP) was prepared through ring opening polymerization of
the BYP monomer, in which the alkynyl groups in the side
groups of the PBYP chain could react with the azide groups of
N;-ss-CUR-ss-N; via a copper-catalyzed Huisgen azide-alkyne
cycloaddition reaction (CuAAC click chemistry) to obtain the
prodrug APEG-b-PBYP-ss-CUR, followed by dispersion in aqueous
solution to form core cross-linked nanoparticles (CCL NPs). In
another reaction, the disulfide bonds between the chains of mAb-
CD326 were reduced to yield thiol groups by the reducing agent
TCEP. Finally, the surface of cross-linked prodrug nanoparticles
(CCL NPs) was modified by the reduced mAb-CD326 to form
R-mAb-CD326@CCL NPs through the “click” reaction between
the allyl group at the end of PEG and the mercaptan group of
R-mAb-CD326.

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Synthetic routes to core cross-linked nanoparticles modified
by the CD326 monoclonal antibody (R-mAb-CD326@CCL NPs).
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Characterization of N;-ss-CUR-ss-N;, APEG-b-PBYP and APEG-
b-PBYP-ss-CUR

The reduction-responsive core cross-linker N;-ss-CUR-ss-N; was
synthesized in three steps, and the products of each reaction
step were characterized by "H NMR. Fig. S1 and S2 in the ESL
show the "H NMR spectra of HO-ss-Br and HO-ss-N;. Fig. 1(a)
shows the '"H NMR spectrum of N;-ss-CUR-ss-Nj. It can be seen
that all chemical shifts correspond to the protons in N;-ss-CUR-
ss-N;. Moreover, compared with the "H NMR spectrum of the
intermediate HO-ss-N3, peak 6 to peak 12 in Fig. 1(a) represent
the proton signals of CUR. To further demonstrate the
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Fig.1 'H NMR spectra of (a) N3-ss-CUR-ss-Nz and (b) APEG-b-PBYP
(solvent: CDCls).
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Fig. 2 Structural characterization: (a) FT-IR spectra of HO-ss-OH, HO-ss-Br, HO-ss-Nz and Ns-ss-CUR-ss-Ns; (b) *H NMR spectra of APEG-b-PBYP
and its degradation products at incubation times of 24, 48, and 72 h respectively (solvent: CDCls). (c) GPC traces of APEG-b-PBYP with different feed
ratios of hydrophilic and hydrophobic units. (d) UV-Vis spectra of APEG-b-PBYP, free CUR, N3-ss-CUR-ss-Nz and cross-linked prodrug APEG-b-PBYP-

ss-CUR, respectively.

successful synthesis of N;-ss-CUR-ss-Nj, the products of each
reaction step were tested by FT-IR. As shown in Fig. 2(a), the
disappearance of the hydroxyl peak and the appearance of the
azide peak indicate that the bisphenol groups of CUR have
been successfully modified to azide groups.

The hydrophobic BYP monomer was synthesized according to
previous literature.”™>" To verify the successful preparation of
the diblock copolymer APEG-b-PBYP, we used 'H NMR, FT-IR
and GPC to analyze the structure and molecular weight. Fig. 1(b)
shows the "H NMR spectrum of APEG-b-PBYP. Each signal peak
can be attributed to the corresponding proton in the APEG-b-
PBYP structure. The FT-IR spectrum also displays the structural
information in Fig. S3 in the ESIL,{ and a clear alkynyl peak
appeared at 3270 cm™ ', indicating that the APEG-b-PBYP copo-
lymer has been successfully prepared. In this work, a series of
amphiphilic copolymers with different molecular weights of
PBYP were prepared according to different feed ratios of hydro-
philic and hydrophobic segments. The molecular weight and
dispersity of the amphiphilic polymer APEG-b-PBYP were char-
acterized by GPC. As shown in Fig. 2(c), the molecular weight of
the polymers showed an overall increasing trend with the
increase of the hydrophobic section (BYP), which indicates the
successful preparation of amphiphilic copolymers. The specific
data are listed in Table S1 in the ESL{ Considering the water
solubility and the number of cross-linking sites, a copolymer
APEG-b-PBYP with a ratio of hydrophilic to hydrophobic blocks
of 1:1.2 was chosen for subsequent experiments.

As a drug carrier, it is necessary to consider the biodegrad-
ability of copolymers. The amphiphilic copolymer APEG-b-

9470 | J Mater. Chem. B, 2023, 11, 9467-9477

PBYP contains polyphosphoester chains that can be decom-
posed by phosphodiesterase I (PDE 1).>>”* Herein, 'H NMR is
used to monitor the degradation products of APEG-b-PBYP at
different times in the presence of phosphodiesterase I (PDE I).
As shown in Fig. 2(b), after incubation of APEG-b-PBYP in PB
7.4 solution of 0.5 mg mL ™" of PDE I, the proton peaks at § 2.3-
2.4 ppm attributed to polyphosphoester gradually weakened
from 0 h to 72 h until they disappeared. At the same time, a new
chemical shift peak appeared at  0.85 ppm, indicating that the
polyphosphoester in APEG-b-PBYP can undergo degradation
reactions and has good biodegradability.

UV-Vis spectroscopy can be used to clearly characterize the
absorption peak changes of original CUR, crosslinker and core
cross-linked prodrugs. Fig. 2(d) shows the UV-Vis spectra of
APEG-b-PBYP, free CUR, N3-ss-CUR-ss-N; and cross-linked pro-
drug APEG-b-PBYP-ss-CUR, respectively. It can be seen that the
maximum absorption peaks of free CUR and Nj;-ss-CUR-ss-N3
are at 429 nm and 403 nm, respectively. Compared with these
two substances and the copolymer APEG-b-PBYP without UV
absorption, the maximum UV absorption wavelength of the
cross-linked polymer prodrug APEG-b-PBYP-ss-CUR has red-
shifted to 419 nm. This proves that the alkynyl groups of the
copolymer APEG-b-PBYP undergo an effective click reaction
with the azide groups of the N;-ss-CUR-ss-N; crosslinker.

Effect of different cross-linking degrees on drug loading

Three kinds of core cross-linked nano prodrugs were prepared
by adjusting the feed ratios of Nj3-ss-CUR-ss-N; and APEG-b-
PBYP, and their drug contents were 8.3%, 10.8% and 14.4%,

This journal is © The Royal Society of Chemistry 2023
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Table 2 Sulfhydryl content of mAb-CD326 and ratios of mAb-CD326
grafted onto CCL NPs to the initial feed (grafting rate)

Feed ratio Yield CUR contents -SH content  Feeding ratio  Grafting

Samples (mq :my)* (%) (Wt%) Samples (ne:my)” (my:my)? rate (%)
APEG-b-PBYP-ss-CUR-1 10:7 62.5 8.3 mAb-CD326@CCL NPs 0.59 1:1000 19.1
APEG-b-PBYP-ss-CUR-2 10:8 69.8 10.9 R-mAb-CD326@CCL NPs-1 7.6 1:500 49.9
APEG-b-PBYP-ss-CUR-3 10:9 61.8 14.4 R-mAb-CD326@CCL NPs-2 7.6 1:1000 81.9
R-mAb-CD326@CCL NPs-3 7.6 1:2000 76.3

% my : m, is the mass ratio of APEG-b-PBYP and N;-ss-CUR-ss-Nj.

respectively. The specific information is shown in Table 1. The
results show an increase in drug loading as the degree of cross-
linking rises. Considering that polymer prodrugs used for
cellular and in vivo experiments should have high drug loading
and good dispersity, we chose the sample APEG-b-PBYP-ss-CUR-
2 in Table 1 for subsequent experiments.

Characterization of R-mAb-CD326

In this study, we used mouse mAb-CD326 (40 kDa) as the target
molecule, which belongs to the immunoprotein IgG2a type.
Its hinge region contains four pairs of interchain disulfide
bonds, and they are easily reduced to fragments with thiol
groups. The molecular weight of the reduced monoclonal
antibodies (R-mAb-CD326) was characterized by MALDI-TOF
MS. From Fig. S4 in the ESI,} it can be seen that the R-mAb-
CD326 mainly exhibits peak signals at a mass/charge ratio of
23234. From the molecular weight, it can be inferred that the
four pairs of disulfide bonds contained in the hinge region
were basically reduced to thiol groups (-SH). Table 2 lists the
thiol content of the antibodies before and after reduction,
which were determined using the DTNB sulfhydryl assay kit
as 0.59 and 7.6 (molar ratio), respectively. Afterwards, different
antibody feed ratios were set and the grafting rate of the
reduced monoclonal antibody (R-mAb-CD326) on the surface
of CCL NPs was measured using a BCA kit. As shown in Table 2,
after reduction, the grafting rate of R-mAb-CD326 has signifi-
cantly increased. In the control groups with different mass
ratios of mAb-CD326 to CCL NPs, the reduced antibody had the
highest grafting rate when the feeding ratio of mAb-CD326 and
CCL NPs was 1:1000. Considering the balance between cost
and antibody grafting rate, we chose the sample named R-mAb-
CD326@CCL NPs-2 in Table 2 for subsequent experiments, and
uniformly referred to as R-mAb-CD326@CCL NPs.

Morphology and size analysis of nanoparticles

Using transmission electron microscopy (TEM) and dynamic
light scattering (DLS), we investigated the morphology and size
of the antibody modified core cross-linked nanoparticles
(R-mAb-CD326@CCL NPs) and the prodrug nanoparticles
(CCL NPs) without antibody. As shown in Fig. 3(a) and (b), for
the CCL NPs, the average particle size tested by DLS was
129 nm, while the particle size was around 100 nm measured
by TEM. In contrast, the particle size of R-mAb-CD326@CCL
NPs was 146 nm in Fig. 3(c), larger than that of CCL NPs. And
the size measured by TEM was also around 110 nm, as shown
in Fig. 3(d). These results indicate that the size of nanoparticles

This journal is © The Royal Society of Chemistry 2023

Nyt n, is the molar ratio of -SH and mAb-CD326. 1, :m, is the mass
ratio of mAb-CD326 and CCL NPs.
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Fig. 3 Size distribution and morphology of nanoparticles: (a) histogram of
particle size distribution and (b) TEM image of CCL NPs in PB 7.4 solution
(concentration: 0.5 mg mL™Y). (c) Histogram of particle size distribution
and (d) TEM image of R-mAb-CD326@CCL NPs in PB 7.4 solution
(concentration: 0.5 mg mL™Y).

before and after coupling antibodies is appropriate and uni-
formly distributed for anticancer nano-drugs. The average
particle size tested by DLS is slightly larger than that deter-
mined by TEM, because the hydrophilic chain of nanoparticles
could collapse after freeze-drying when preparing the TEM
samples, while the nanoparticles tested by DLS exist in aqueous
solution with more spreading hydrophilic chains.

Stability of CCL NPs

The core cross-linked prodrug nanoparticles (CCL NPs) were
prepared using crosslinker N;-ss-CUR-ss-N; with stimulus
responsiveness. Due to the existence of disulfide bonds, free
CUR can be released in a reducing environment in the presence
of glutathione (GSH). At the same time, CCL NPs should remain
stable in a normal physiological environment. Herein, the
particle size stability of prodrug nanoparticles under different
conditions was tested by changing the concentration and
medium. From Fig. 4(a), it can be seen that CCL NPs can
remain stable in PB 7.4 solution for a long time. Since the core
cross-linked bonds are disulfide bonds that can be cleaved by
GSH, the nanoparticles tended to dissociate in the presence of

J. Mater. Chem. B, 2023, 11, 9467-9477 | 9471
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Fig. 4 Size distribution curves of nanoparticles under different condi-
tions: (a) in PB 7.4 solution, (b) in PB 7.4 solution with 10 mM GSH, (c) in PB
7.4 solution with 10% FBS, (d) in PB 7.4 solution with different concentra-
tions of CCL NPs, and (e) in DMF, and (f) TEM image of CCL NPs in PB 7.4
solution with 10 mM GSH after stirring for 48 h.

10 mM GSH as shown in Fig. 4(b), and large aggregated
fragments of particles appeared. Fig. 4(f) shows the TEM image
of CCL NPs in PB 7.4 solution containing 10 mM GSH after
incubation for 48 h, and the phenomenon was consistent with
the results shown in Fig. 4(b). In addition, the change curves of
their particle size in PB 7.4 solution with 10% FBS were tested
to study the stability of nanoparticles in blood circulation. The
result shown in Fig. 4(c) indicates that the nanoparticles
remained stable for 24 h, the peak at 10 nm belonged to the
small nanoparticle aggregates contained in the serum itself.
Fig. 4(d) shows the particle size distribution curves of different
concentrations of CCL NPs in the aqueous phase, and the
nanoparticles remained well distributed even in a very dilute
concentration of 15.6 mg L™ '. Fig. 4(e) further demonstrates
the storage stability of CCL NPs, which can maintain the
micellar structure even in DMF. Overall, these experimental
results confirmed the storage stability and good stimuli respon-
siveness of CCL NPs.

In vitro drug release

After demonstrating the good stability of CCL NPs, the in vitro
drug release behavior was further investigated. Fig. 5(a) shows
the CUR release curves of CCL NPs in PB 7.4 and PB 7.4 plus
10 mM GSH, respectively. It shows that CCL NPs could remain
basically stable in the PB 7.4 solution, and the cumulative drug
leakage of CUR was only about 10% at 144 h. However, in PB 7.4
plus 10 mM GSH, CUR drug release reached 60% at 72 h. As
time passed, the drug continued to be released, and the
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cumulative drug release reached over 80% in 144 h. This indicates
that in the tumor microenvironment, high GSH concentration can
reduce and break the disulfide bonds linked to CUR, and the
cross-linking structure in the prodrug nanoparticles is destroyed,
making the nanoparticles tend to dissociate, thus releasing
hydrophobic drug CUR. This is consistent with our previous
research results shown in Fig. 4(b). In Scheme 1, the dissociation
mechanism of crosslinker N;-ss-CUR-ss-N3; and the process of
releasing CUR are presented.

In vitro hemolysis activity

When the prodrug is injected into the body, it will enter the
bloodstream, so the prepared prodrug must have good blood
compatibility. Fig. 5(b) is a photo of two sets of blood compat-
ibility tests. It can be intuitively seen that compared with the
control group, the CCL NPs group showed no significant
hemolysis, and most red blood cells were concentrated at the
bottom of the centrifuge tubes. A UV-Vis spectrophotometer
was used to test the degree of ring-breaking of erythrocytes after
incubation with free CUR and CCL NPs. As shown in Fig. 5(c),
even at high CUR concentrations of 150 mg L™, the hemolysis
rate of CCL NPs remained around 0%, while the free CUR group
showed high hemolysis at the same high concentration of CUR,
indicating that the prepared CCL NPs greatly improved the
hemocompatibility of CUR.

In vitro DPPH radical scavenging

Free radicals increase dramatically during tumor formation
and growth, and they may cause irreversible damage to the
DNA of cells due to their strong oxidative properties.>* The
diketone and phenolic hydroxyl groups in the molecular struc-
ture of CUR can provide protons to block free radical reactions,
so they can scavenge free radicals.’® A free radical scavenging
experiment was performed in vitro using the DPPH method
(namely 1,1-diphenyl-2-trinitrophenylhydrazine). As shown in
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Fig. 5(d), the copolymer APEG-b-PBYP had almost no ability to
scavenge free radicals, while GSH can eliminate free radicals
due to the presence of free thiol groups, but its efficiency is
much lower than that of free CUR and CCL NPs that release free
drugs under GSH conditions. The latter can achieve 91% and
75% free radical clearance within 30 min, respectively. This
further proves that CCL NPs can responsively release free CUR
in the presence of GSH and exert their ability to scavenge free
radicals.

In vitro cytotoxicity and apoptosis

The CD326 expression levels on the surface of human umbilical
vein endothelial cells (HUVEC cells) and breast cancer cells
(MCF-7 cells) were determined by flow cytometry and PE-anti-
human-CD326 flow antibody. Fig. 6(a) and (b) show that
HUVEC cells basically did not express CD326, while MCF-7
highly expressed CD326, which was consistent with the pre-
vious research.>® Therefore, the cytotoxicity, endocytosis and
apoptosis-inducing ability of R-mAb-CD326@CCL NPs were
investigated in cellular and animal experiments using MCF-7
cells as the high CD326-expressing cells and HUVEC cells as the
low CD326-expressing cells.

For polymeric nano-drugs, the loaded drug should be
responsively released within the tumor microenvironment to
kill cancer cells, while the nanocarriers should be non-toxic to
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Fig. 6 The expression level of the CD326 protein on the surface of (a)
HUVEC cells and (b) MCF-7 cells. (c) Cell viability of HUVEC cells and MCF-
7 cells after incubation with APEG-b-PBYP at different concentrations for
48 h. (d) Cell viability and (e) apoptosis of MCF-7 cells incubated for 48 h
with different doses of free CUR, CCL NPs and R-mAb-CD326@CCL NPs,
respectively.
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normal and cancer cells. The biocompatibility of the polymeric
nanocarrier APEG-b-PBYP on HUVEC cells and MCF-7 cells was
evaluated by MTT assay. Fig. 6(c) shows the cell viability of
APEG-b-PBYP after incubation with the two kinds of cells for
48 h. Even if the concentration of APEG-b-PBYP increased from
6.25 mg L~ " to 200 mg mL ™", the viability of the above two types
of cells remained above 90%, indicating that the polymer
carrier APEG-b-PBYP has good biocompatibility.

We also investigated the toxicity of CUR, CCL NPs and R-
mAb-CD326@CCL NPs to MCF-7 cells using the MTT assay.
From the cytotoxicity results shown in Fig. 6(d), we can find
that the cell viability of all three groups of samples decreased
with the increase of CUR concentration after incubation with
MCF-7 cells for 48 h. This indicates that the toxicity of all three
samples to MCF-7 cells is dose-dependent. As shown in Table 3,
the half-inhibitory concentration (ICs,) values of CUR, CCL NPs
and R-mAb-CD326@CCL NPs to MCF-7 cells were 1.07 mg L™,
3.34 mg L', and 1.22 mg L™, respectively. Compared to free
CUR, the toxicity of both CCL NPs and R-mAb-CD326@CCL NPs
decreased, which was due to the reduction of nanoparticle
biotoxicity by using a kind of biocompatible carrier, while
R-mAb-CD326@CCL NPs exhibited higher cytotoxicity than
CCL NPs. This may be due to the fact that nanoparticles
modified by R-mAb-CD326 can better target tumor cells and
enhance endocytosis.

To investigate the ability of R-mAb-CD326@CCL NPs to
induce apoptosis of MCF-7 cells, we used the AnnexinV-APC/
7-AAD cell apoptosis detection kit to detect the apoptosis of
MCF-7 cells and compared R-mAb-CD326@CCL NPs with PBS,
free CUR, and CCL NPs, respectively. In all tests, the incubation
time was 48 h. As shown in Fig. 6(e), when the CUR dose was
6.25 mg L™, the apoptosis rate of MCF-7 cells in the R-mAb-
CD326@CCL NP group was 42.9%, which was equivalent to the
free CUR (41.4%), and much higher than CCL NPs (6.7%). And
the late apoptosis rate of MCF-7 cells in the R-mAb-
CD326@CCL NP group was 32.5%, which was higher than that
of early apoptotic cells (10.4%).

Cellular uptake

CLSM was used to further evaluate the endocytosis behavior of
free CUR, CCL NPs and R-mAb-CD326@CCL NPs. As shown in
Fig. 7(a), with the extension of time, the nanoparticles were
taken up by the cells. The green fluorescence of CUR appeared
and the fluorescence increased with time. However, compared
with the passive uptake behavior of CCL NPs without mono-
clonal antibodies, R-mAb-CD326@CCL NPs were able to actively
identify cancer cells, so the green fluorescence emitted was
significantly stronger, and some cyan fluorescence displayed by

Table 3 ICsq values of free CUR, CCL NPs and R-mAb-CD326@CCL NPs
against MCF-7 cells

Samples IC50 (mg LY
Free CUR 1.07
CCL NPs 3.34
R-mAb-CD326@CCL NPs 1.22
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the overlap of the green fluorescence and the blue fluorescence can
be clearly observed at 8 h, indicating that some drugs have success-
fully escaped from the lysosomes and entered into the cellular
nucleus. In addition, the fluorescence in the free CUR group was
very weak because the small molecule drug CUR was mainly
endocytosed and exocytosed by the difference in intracellular and
extracellular concentrations, which was difficult to trap and enrich
in the tumor sites. Similarly, flow cytometry was used to quantify the
drug fluorescence taken up by the cells. The same results as those
measured by CLSM can be obtained from Fig. 7(b). The above
statistics demonstrate that the core cross-linked nanoparticles can
actively targete and get better enrichment in MCF-7 cells after
modification with the reduced monoclonal antibody R-mAb-CD326.

In vivo anti-tumor experiment

Animals were housed according to AAALAC (Association for
Assessment and Accreditation of Laboratory Animal Care)
guidelines. All animal-related experiments were conducted in
full accordance with institutional guidelines, and were
approved by the Advisory Committee on Animal Use and Care
Management of the Second Affiliated Hospital of Soochow
University. Laboratory animal practitioner number: 220228492.

The anti-tumor effect of R-mAb-CD326@CCL NPs in mice
was studied using in situ breast cancer cell line. On the 10th
day, after MCF-7 cells were inoculated, the tumor size of
the mice was about 100 mm?®. The dose of CUR was kept of
20 mg kg~ " and given every 2 days for a total of 7 injections, and
the mice were executed on the 14th day.

In vivo biodistribution and fluorescence imaging

To validate the targeting ability of R-mAb-CD326@CCL NPs in
mice, tumors and organs (heart, liver, spleen, lungs, and
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kidneys) of mice were removed to test their drug contents after
treatment, and fluorescence images were recorded. As shown in
Fig. 8(a), it can be intuitively seen that there was almost no drug
fluorescence in normal tissues. In the CCL NPs group, weak
fluorescence appeared in the tumor, while in the R-mAb-
CD326@CCL NPs group, the fluorescence intensity of the
tumor was very strong. In addition, Fig. 8(b) shows that the
drug accumulation in organs was at a low level of less than 3%
in all groups, and the CCL NPs group could accumulate at
higher levels in the tumor due to the EPR effect. Most notably,
the group of R-mAb-CD326@CCL NPs showed the highest drug
distribution, reaching 8.8%. This provides strong evidence that
R-mAb-CD326@CCL NPs can actively target tumor cells. These
results are consistent with the above analysis.

In vivo anti-tumor efficacy

Fig. 8(c) shows that the body weight of the mice in each group
did not change significantly during the treatment. This shows
that the toxicity and side effects of the drugs are relatively low.
As can be seen in Fig. 8(d), MCF-7 cells in the PBS group grew
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rapidly, reaching a mean tumor volume of 527 mm? at the end
of treatment. The free CUR group showed a less pronounced
tumor suppressive effect and a mean volume of 400 mm?, while
the CCL NPs group, which could be passively targeted to the
tumor sites by the EPR effect, showed a stronger tumor sup-
pression effect (254 mm?®). In addition, the group of R-mAb-
CD326@CCL NPs showed the best therapeutic effect (112 mm?)
with 78.7% tumor suppression due to its ability to actively
identify the highly expressed CD326 receptor on the tumor
surface and increased the uptake of the drug by the cells.
Meanwhile, a representative image of the tumors was taken
after the mice were executed and are displayed in Fig. S5 in the
ESI,T and the weight of the tumors was recorded as shown in
Fig. 8(e) which was basically consistent with the volume mea-
sured before.

Histopathology and immunohistochemical analysis

H&E staining and immunohistochemistry (IHC) were further
used to study the death of tumor cells in mice and their
modulatory behavior towards cytokines after treatment with
PBS, free CUR, CCL NPs and R-mAb-CD326@CCL NPs, respec-
tively. As shown in Fig. 9, H&E staining of tumor tissue sections
revealed the anti-tumor activity of R-mAb-CD326@CCL NPs.
The tumor cells in the PBS group showed the best growth, the
free CUR and CCL NPs groups showed different degrees of
tumor cell necrosis. However, the tumor sections in the group
of R-mAb-CD326@CCL NPs showed the largest area of necrosis
with the number of tumor cells significantly reduced, accom-
panied by crumpling and rupture.

Immunohistochemistry (IHC) was used to analyze the
expression of four types of cytokines (TNF-a, IFN-y, Bcl-2 and
NF-kBp65) in each group of tumors. Tumor necrosis factor
TNF-o. is one of the bioactive factors that can directly kill
tumors. Interferon IFN-y exerts anti-tumor effects by inhibiting

TNF-0.

Bol2 |

g 2 S g
Fig. 9 H&E, immunohistochemistry (IHC) analyses of TNF-a, IFN-vy, Bcl-2
and NF-xBp65 expression (white arrows) of tumor slices on the 14th day of
treatment (scale bar: 50 um).
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Fig. 10 HG&E staining images of the heart, liver, spleen, lung and kidney
sections of MCF-7 bearing mice treated with PBS, free CUR, CCL NPs and
R-mAb-CD326@CCL NPs, respectively (scale bar: 50 pm).

cell proliferation and modulating immunity. The anti-apoptotic
gene Bcl-2 can inhibit the apoptosis of target cells induced by
most chemotherapeutic drugs. The nuclear transcription factor
NF-kBp65 can be activated and involved in inflammation and
the development of many cancers. As shown in Fig. 9, a small
amount of TNF-o and IFN-y secretion was present in the PBS
group due to the presence of some immune effect at the tumor
sites. The distribution of TNF-o was less in necrotic tissues, but
in the non-necrotic areas of the sections in the treatment groups,
the expression of both TNF-a and IFN-y were increased. For the
tumor-promoting factors Bcl-2 and NF-kBp65, the PBS group
showed abundant expression, while the treatment groups
showed varying degrees of decreased expression. In the IHC
results of each group, R-mAb-CD326@CCL NPs exhibited the
best modulation effect. This suggests that R-mAb-CD326@CCL
NPs can induce apoptosis in breast cancer tumor cells by
regulating various signalling pathways.

The major organs of the mice were collected at the end of
the treatment for H&E staining analysis (Fig. 10). Under the
microscope, we could not observe significant damage on the
slice of the heart, liver, spleen, lungs and kidneys in each group
of mice, indicating that R-mAb-CD326@CCL NPs have good
biocompatibility.

Conclusions

In this study, we design a kind of nanoparticles core cross-
linked by a derivative of the natural small molecule drug
curcumin (CUR), and modify the surface of the nanoparticles
with the CD326 monoclonal antibody for active targeting of
breast cancer tumors. The particle size of R-mAb-CD326@CCL
NPs was 146 nm and uniform, which allows them to accumu-
late at the tumor site, and the drug can be continuously
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released in a reducing environment. In cellular assays, R-mAb-
CD326@CCL NPs showed good inhibitory and apoptosis effects
on MCF-7 cells. In vivo experiments also demonstrated that
R-mAb-CD326@CCL NPs were able to actively target tumor sites
and greatly enhance the bioavailability of CUR. Furthermore,
R-mADb-CD326@CCL NPs had good therapeutic effect with a
tumor inhibition rate of 78.7%. This work provides a new idea
for improving the smart responsiveness of drugs and the
structural design of targeted nano-drugs. The strategy using
the drug derivative as the core crosslinker for micelles avoided
the possible risks associated with the introduction of off-system
crosslinkers, greatly improved the stability of nanoparticles,
reduced drug leakage in normal tissues, and responsively
released the drug under the reducing conditions of the tumor
microenvironment. Meanwhile, the carriers are biodegradable,
which can be decomposed by enzymes and metabolized by the
human body. The above characteristics of R-mAb-CD326@CCL
NPs make them a kind of promising new targeted nano-drug
for breast cancer treatment.
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