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ABSTRACT: Antibody-based tumor-targeting nanomedicines,
despite their high efficacy, present significant challenges in
preparation and long-term storage. We introduce a novel approach
for the synthesis of durable, ready-to-use, antibody-coupled
nanomedical drugs. Our research centers on the development of
HER2-targeting DM1-loaded nanoparticles for gastric cancer
treatment using a modular methodology. We synthesized Fc-
PLG-Mal, conjugated DM1 through a “click” reaction, and
subsequently bound the resultant compound with the HER2
antibody trastuzumab. The nanoparticles demonstrated a high
drug loading content, stable particle size, and effective HER2
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targeting. HER2-PLG-DM1 exhibited significant cytotoxicity against NCI-N87 gastric cancer cells, with an ICg, of 0.35 nM.
Biodistribution revealed rapid and substantial tumor accumulation, 6-fold higher than that of nontargeting IgG-PLG-DM1. HER2-
PLG-DM1 significantly inhibited tumor growth in NCI-N87 tumor-bearing mice, achieving a 90.8% tumor inhibition rate, and
displayed dose-dependent effects without significant liver and kidney toxicity. These studies offer an efficient and stable method for

the preparation of antibody-coupled drugs.

1. INTRODUCTION

Passive targeting anticancer preparations (PTAPs) opened the
gate for tumor-targeted therapy, generally by taking advantage
of the enhanced permeability and retention effect (EPR) of
tumor tissues.'™® Normally, PTAPs contained antineoplastic
drugs and unmodified carriers, referring to nanoparticles,
liposomes, and polymer micelles.””'" The accumulation of
antineoplastic drugs toward tumor tissues was based on the
indistinctive uptake of immune cells and EPR of tumors to
these microparticles.11 However, more accurate targeting
ability of PTAPs was limited by their carrier properties, such
as grain size, zeta potential, and compound composition,
especially the lack of targeted modifying carriers that could
target tumor tissue actively.

Active targeting anticancer preparations (ATAPs) mainly
include small molecule targeting agents, monoclonal antibod-
ies, antibody-drug conjugates (ADCs), and targeted nanodrug
delivery systems (TNDSs)."> Many researchers focus on the
investigation of ADCs and TNDSs."*™'® ADCs deliver potent
cytotoxic compounds selectively to tumor cells by conjugating
them to antibodies, thus improving the therapeutic effect of
chemotherapeutic agents. The basic constituents of ADCs are
antibodies, cytotoxic compounds, and the linkers."” By now,
nine ADCs are currently approved for cancer treatment, with
many more of them being tested in preclinical and clinical
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studies.”” This has spurred tremendous research interests in
the field”'™> Tt is recognized that many nanocarriers,
including natural and chemical synthesis products, could be
used as targeted deliver systems for TNDS.”*"** Tian and
colleagues designed an antibody-modified prodrug nano-
particle based on biomacromolecule dextran (DEX) for the
efficient delivery of the anticancer drug doxorubicin (DOX).
The team combined oxidized dextran (ODEX) with DOX
through a Schiff base reaction to form ODEX-DOX, which
could self-assemble into nanoparticles (NPs). Furthermore,
they prepared acid-responsive and antibody-modified CD147-
ODEX-DOX NPs by reacting CD147 monoclonal antibodies
with aldehyde groups on the surface of the ODEX-DOX NPs.
These nanoparticles have a small particle size and a high DOX
loading capacity. They demonstrated good stability and pH
responsiveness in various media and tumor microenviron-
ments. In vitro and in vivo experiments had shown that CD147-
ODEX-DOX NPs can significantly inhibit the growth of
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Figure 1. Synthetic route of HER2-PLG-DM1.
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HepG2 tumors.”” Lehot et al. developed antibody-toxic
nanoparticle conjugates (ATNPs) by complexing anti-HER2
antibody-oligonucleotide conjugates (AOCs) with cytotoxic
cationic polydiacetylenic micelles. The optimizing ATNPs
were found to selectively kill antigen-positive SKBR 2 cells in
vitro and perform 60% tumor regression in vivo.”’ Therefore,
ATAPs are a classical and efficient cancer therapy strategy.
However, the current technology of ATAP preparation is
complicated and time-consuming, and the inactivation and off-
target phenomena also cannot be neglected during the
preparation process. Herein, we report on the development
of a novel HER2-targeted nanomedicine loaded with DMI,
relying on a simple and quick method. As outlined in Figure 1,
we utilized the carboxyl groups on the side chain of azide-
terminated poly(r-glutamic acid) (PLG) as the payload
binding sites to achieve the nanomedicine. We first grafted
N-(2-aminoethyl)maleimide hydrochloride (Mal-C,H,-NH,:
HCI) onto the carboxyl group of PLG to introduce maleimide
groups, forming PLG-Mal. The Fc-III-4C peptide-PLG-Mal
(Fc-PLG-Mal) was prepared through an amide reaction
between the carboxyl group and amido group of the Fc-III-
4C peptide. The mentioned Fc-III-4C peptide exhibits a strong
affinity to the Fc segment of IgG of various species, especially
the human IgG that has the largest binding affinity (Kp, = 2.45
nM). Subsequently, a thiol-maleimide “click” chemistry
approach was utilized, involving the reaction between the
maleimide group and the sulthydryl group of DMI, to
synthesize Fc-PLG-DM1.*" The HER2-PLG-DMI conjugate
was then prepared by simply mixing the antibody with Fc-
PLG-DML1 in an aqueous solution for a brief period of 2 h.
This process leveraged the strong binding affinity between the
Fc-III-4C peptide and the Fc region of the HER2 antibody.
Our preparation method was simple and quick, benefiting form
the “click” reaction of thiol-maleimide and the affinity ability of
the Fc-III-4C peptide. In addition, HER2-PLG-DM1 showed
significant tumor inhibition effects, with a tumor suppression
rate of 90.8%, and the therapeutic effect of nanomedicine
groups was significantly better than that of mere mixture
groups. In the previous study,”” to increase the DAR value, the
material preparation process involved five types of conjuga-
tions (maleimide conjugation with PLG, DBCO-PEG-NHS
conjugation with the Fc-III-4C peptide, thiol conjugation on
DM1 with maleimide, azide with DBCO click reaction, and Fc-
III-4C peptide conjugation with an antibody). In this study, we
directly conjugated the Fc-III-4C peptide onto PLG, avoiding
the conjugation of DBCO-PEG-NHS with the Fc-III-4C
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peptide and the click reaction between azide and DBCO.
The successful formulation of HER2-PLG-DM1 illustrates the
promising potential of this strategy for the future design and
development of functional nanomedicines.

2. MATERIALS AND METHODS

2.1. Materials. y-Benzyl-L-glutamate-N-carboxyanhydride
(BLG-NCA) was procured from Chengdu Enlai Biological
Technology Co., Ltd., China. The crude material was subjected
to a double recrystallization process using ethyl acetate and
subsequently dried under vacuum conditions at ambient
temperature before being utilized. N,N’-Disuccinimidyl carbo-
nate (DSC) was obtained from Shanghai Bidepharmatech Co.,
Ltd. N-(2-Aminoethyl)maleimide hydrochloride salt was
supplied by Leyan Co., Ltd. Fc-III-4C peptide was purchased
from Shanghai GL Biochem Ltd. Cyanine S amine (CyS-NH,)
was obtained from Xi’an Qiyue Biotechnology Co., Ltd. Anti-
human HER2 monoclonal antibody (trastuzumab) was
purchased from Bioxcell Co., Ltd. RPMI 1640 medium, fetal
bovine serum (FBS), and phosphate-buffered saline (PBS)
were supplied by Dalian Meilun Biotechnology Co., Ltd.
Penicillin and streptomycin were purchased from Beijing
Sevenbio Co., Ltd. The Cell Counting Kit-8 (CCK-8) assay
was sourced from Solarbio Co., Ltd. All additional reagents and
solvents were acquired from Sinopharm Chemical Reagent
Co,, Ltd,, and employed without further purification.

2.2. Cells and Animals. The NCI-N87 gastric cancer cell
line was obtained from the BeNa Culture Collection Co., Ltd.,
China, and cultured in RPMI 1640 medium supplemented
with 10% FBS and 1% penicillin—streptomycin solution at 37
°C under 5% CO,. Female BALB/c nude mice (6—8 weeks
old, 15—19 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. All animals received
proper care, and the in vivo studies were conducted according
to the guidelines approved by the Institutional Animal Care
and Use Committee of Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences.

To establish a subcutaneous gastric cancer model, an
inoculum size of § X 10° NCI-N87 cells was subcutaneously
injected into the right flank of BALB/c nude mice > When the
tumor volume was approximately 100 mm?®, the mice were
randomly divided into needed groups (n = S) 'and treated with
a designed dose and frequency.

2.3. Instruments and Methods. The '"H NMR spectra of
products were recorded on an AV-300 spectrometer (Bruker)

https://doi.org/10.1021/acsomega.4c07442
ACS Omega 2024, 9, 48598—48606


https://pubs.acs.org/doi/10.1021/acsomega.4c07442?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07442?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07442?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07442?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

at room temperature in deuterated sodium hydroxide
(NaOD)/D,0O. Dynamic light scattering (DLS) and zeta
potential data were measured by a zeta potential/size analyzer
(Malvern, Nano-ZS, UK). The transmission electron micros-
copy (TEM) test (JEM-1400Flash, 120 kV, Japan) was carried
out to investigate the morphology features of the products.
The loading content of maytansine (DM1) was quantified by
an ultraviolet/visible light spectroscopy test (UV/vis Lambda
365 spectrometer, PerkinElmer, USA). The cell viability assay
experiment was carried out with a microplate reader (Tecan
Spark multimode microplate reader, Swiss). The biodistribu-
tion analysis of products was measured using an IVIS lumina
LT series III in vivo imaging system (PerkinElmer, USA).

2.4. Preparation of Fc-PLG-Mal, HER2-PLG-DM1, Fc-
PLG-DM1/Cy5, HER2-PLG-DM1/Cy5, and 1gG-PLG-DM1/
Cy5. Fc-PLG-Mal was synthesized via a one-pot method. PLG
(210.0 mg, 10.0 ymol) was dissolved in 8.0 mL of anhydrous
N,N-dimethylformamide (DMF). Then, TEA (40.8 mg, 0.4
mmol) and DSC (76.8 mg, 0.3 mmol) were added and reacted
at room temperature for 12 h. Subsequently, the Fc-III-4C
peptide (69.4 mg, 40.0 nmol) was introduced into the
prepared solution. The mixture was stirred at ambient
temperature to allow the reaction to proceed for 24 h.
Following this, maleimide (38.8 mg, 0.4 mmol) was
incorporated into the solution, which was then continuously
stirred at room temperature for an additional 48 h. It is critical
to protect the reaction mixture from exposure to water and
oxygen during this process. After that, the DMF solution was
precipitated by using an excess amount of distilled water in the
dialysis membrane (MWCO = 3500 Da) to obtain Fc-PLG-
Mal. Fc-PLG-Mal (144 mg, 4.0 ymol) was dissolved in S mL
anhydrous DMF, and then DM1 (214.5 mg, 0.2 mmol)
dissolved in acetonitrile was added into the DMF solution.
After a short time of ultraviolet radiation, the mixture solution
was transferred into a dialysis membrane (MWCO = 7000 Da)
and dialyzed against distilled water to gain Fc-PLG-DM1. The
drug loading content (DLC) of DM1 was determined by using
UV/vis spectroscopy. For the preparation of HER2-PLG-
DM]1, trastuzumab, which is the HER2 antibody, was mixed
with Fc-PLG-DMI in phosphate-buffered saline (PBS) at a pH
of 7.4 for a brief period of 2 h. This process capitalizes on the
strong affinity between the Fc-III-4C peptide and the
crystallizable fragment (Fc) of trastuzumab. The synthesis
route of HER2-PLG-DM1 is presented in Figure 1.

Similarly, this method was also used to prepare Fc-PLG-
DM1/CyS, HER2-PLG-DM1/CyS, and IgG-PLG-DM1/CyS.
Fc-PLG-Mal (144 mg, 4.0 ymol) was dissolved in S mL of
anhydrous DMF, and then DM1 (214.5 mg, 0.2 mmol) and
fluorescent dyes [Cyanine S amine (CyS-NH,, 8.0 mg, 12.2
umol) dissolved in acetonitrile were added into the DMF
solution, and the mixture was allowed to react for 48 h. The
reaction solution was transferred into a dialysis membrane
(MWCO = 7000 Da) and dialyzed against distilled water to
obtain Fc-PLG-DM1/CyS. The CyS loading content was
measured by UV—vis spectroscopy.

Because of the strong binding affinity of the Fc-III-4C
peptide for the Fc region of monoclonal antibodies, simple
mixing and stirring of the monoclonal antibodies (Trastuzu-
mab and IgG) with Fc-PLG-DM1/CyS in solution are
sufficient to yield the conjugates HER2-PLG-DM1/CyS and
IgG-PLG-DM1/CyS. Fc-PLG-DM1/CyS (100.0 nmol) and
monoclonal antibodies (HER2: 50.0 nmol, IgG: 50.0 nmol)
were dissolved and stirred in 1.0 mL of PBS buffer (pH 7.4) for

2 h. The hydrodynamic size and zeta potential were
determined with a Malvern potential/size analyzer.

2.5. Cell Viability Assay. The cytotoxicity of IgG-PLG-
DM1 and HER2-PLG-DM1 was evaluated using a CCK-8
assay.”* Typically, NCI-N87 cells were seeded in 96-well plates
at a density of 5 X 10° cells per well and incubated overnight.
IgG-PLG-DM1 and HER2-PLG-DM1 were added at the
designed concentrations. After 48 h of incubation, 20.0 uL of
the CCK-8 solution was added into each well, and the wells
were incubated for 1 h. The absorbance of each well was
measured at 450 nm using a microplate reader (Tecan Spark
multimode microplate reader, Switzerland) to determine the
cell viability.

2.6. Biodistribution Analysis. NCI-N87 tumor-bearing
BALB/c nude mice were used for biodistribution analysis.*>
The mice were treated with HER2-PLG-DM1/CyS or IgG-
PLG-DM1/CyS at matched CyS$ fluorescence content. Next, 1,
4, and 12 h postinjection, one mouse from each group was
sacrificed. The main organs and tumors were collected and
analyzed using an IVIS Lumina LT Series III in vivo imaging
system.

2.7. In Vivo Antitumor Efficacy. BALB/c nude mice
(female, 6—8 weeks) were subcutaneously injected with NCI-
N87 cells in the right flank to establish a subcutaneous NCI-
N87 tumor-bearing model.** When the tumor volumes were
approximately 100 mm?, the mice were randomly divided into
five groups (n = 5) and treated with PBS, HER2 + IgG-PLG-
DM1 (2.17 mg/kg HER2, 2.31 mg/kg IgG, and 0.08 mg/kg
DM1), HER2*2 + IgG-PLG-DM1%*2 (2.17 mg/kg HER2, 2.31
mg/kg IgG, and 0.08 mg/kg DM1), HER2-PLG-DM1 (1.09
mg/kg HER2 and 0.04 mg/kg DM1), and HER2-PLG-DM1%2
(2.17 mg/kg HER2 and 0.08 mg/kg DM1). Therapeutic
treatments were given at 6 day intervals for a total of three
administrations. Tumor growth and body weight were assessed
every 3 days over a 27 day period. The formula used to
calculate the tumor volume was as follows:

tumor volume (V) = a X b*/2

where a and b stand for the longest and shortest diameters of
the tumors measured with Vernier calipers. The tumor
inhibition rate (E) was calculated by the following formula:

™V~ T
E =1 - ——2|x 100%
™V, - T

where TV, and TV, are the average tumor volumes of the
sample and control group, respectively. T is the initial average
tumor volume on day 0.

2.8. Systemic Toxicity Evaluation In Vivo. Blood was
collected from mice (n = 5) after various treatments for the
analysis of serum biochemical parameters. Liver function
parameters (alanine aminotransferase (ALT) and aspartate
aminotransferase (AST)) and kidney function parameters
(blood urea nitrogen (BUN) and uric acid (UA)) were
measured following the manufacturer’s instructions.

2.9. Hematoxylin and Eosin (H&E) Staining. From
BALB/c nude mice, the principal organs, including the heart,
liver, spleen, lungs, and kidneys, as well as the tumor were
harvested and immersed in 4% buffered paraformaldehyde for
a duration of 24 h for fixation.”” Subsequently, these tissues
were embedded in paraffin, sectioned to a thickness of 5.0 ym,
and stained with hematoxylin and eosin (H&E) to micro-
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Figure 2. (a) 'H NMR spectrum of Fc-PLG-Mal. (b) UV/vis spectra of DM1 and Fc-PLG-DM1. (c) Diameters of trastuzumab (HER2), Fc-PLG-
DM], and HER2-PLG-DM1. (d) The transmission electron microscopy (TEM) images of HER2-PLG-DMI1. (e) The zeta potentials of
trastuzumab, Fc-PLG-DM1, and HER2-PLG-DML1. (f) UV/vis spectroscopy of DM1 and HER2-PLG-DM1.

scopically assess histopathological alterations (Nikon TE
2000U microscope).

2.10. Statistical Analysis. Data are presented as the mean
+ standard deviation (SD). The statistical significance of
differences was evaluated using a one-way analysis of variance
(ANOVA). A difference was considered statistically significant
for values of P < 0.05 and highly significant for values of P <
0.01.

3. RESULTS AND DISCUSSION

3.1. Characterization of Fc-PLG-Mal and HER2-PLG-
DM1. To enable quick bonding of the DM1 and antibody to
the side chain of PLG, aminol groups of Mal-C,H,-NH,-HCl
and Fc-III-4C were used to react with —COOH on the side
chain of PLG, resulting in the formation of Fc-PLG-Mal.
Figure 2a shows the 'H NMR spectrum of Fc-PLG-Mal. The
Fc-PLG-DM1 preparation was started with a “click” chemical
reaction between the maleimide group and the sulfhydryl
group of DM1 in the DMF solution. Then, the DMF solution
underwent dialysis (with a molecular weight cutoff of 3500)
against distilled water followed by freeze-drying to yield the Fc-
PLG-DM1 product. The presence of peaks f at § 6.30 ppm and
g at 0 5.86 ppm in the spectroscopic analysis indicated the ring
opening of the maleimide group under alkaline conditions. The
ratio of peak areas for peaks a, h, and i was 12:51:51, indicating
a mean number of 20 maleimide groups grafted to one PLG
chain. Meanwhile, the DM1 loading content (DLC) contained
in Fc-PLG-DM1 was measured by ultraviolet/visible light
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(UV/vis) spectroscopy (Figure 2b). Subsequently, we
prepared HER2-PLG-DM1 by mixing the HER2 antibody
with Fc-PLG-DM1 in PBS (pH 7.4) for only 2 h, taking
advantage of the high-affinity interaction between the Fc-III-
4C peptide and Fc segment of the antibody. As shown in
Figure 2c, the mean diameters of trastuzumab, Fc-PLG-DM1,
and HER2-PLG-DMI1 measured by the dynamic light
scattering (DLS) were 7.7 = 1.2 nm (polydispersity index
[PDI] = 0.10), 82.3 + 5.8 nm (PDI = 0.21), and 112.3 + 12.5
nm (PDI = 0.28), respectively. Moreover, the absence of any
free monoclonal antibodies in the particle size distribution
curve confirms the successful conjugation of trastuzumab to
Fc-PLG-DM1. Figure 2d shows the transmission electron
microscopy (TEM) images that the mean diameter of HER2-
PLG-DM1 was approximately 90.0 + 10.5 nm. The zeta
potentials of trastuzumab, Fc-PLG-DMI1, and HER2-PLG-
DM1 were 3.87 + 0.5, —12.8 + 1.4, and —8.74 + 0.8 mV,
respectively (Figure 2e). The negative charges were attributed
to the presence of carboxyl groups on the side chain of PLG.
The DLC of HER2-PLG-DM1 was measured by UV/vis
spectroscopy (Figure 2f) and was found to be 5.74 + 0.08%.
Finally, IgG-PLG-DM1, HER2-PLG-DM1/CyS, and IgG-
PLG-DM1/CyS were prepared using the same method.

3.2. In Vitro Cytotoxicity Assay and Biodistribution
Analysis. The cytotoxicity of IgG-PLG-DM1 and HER2-PLG-
DM1 against NCI-N87 cells (Figure 3a) was measured by the
CCK-8 assay. As shown in Figure 3a, HER2-PLG-DM1
demonstrated significant cytotoxicity toward NCI-N87 cells
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Figure 3. (a) Cytotoxicity of IgG-PLG-DMI1 and HER2-PLG-DMI. (b) Ex vivo imaging of IgG-PLG-DM1/CyS and HER2-PLG-DM1/CyS in
different tissues after 1, 4, and 12 h. (c) Quantitative fluorescence analysis of different tissues after 1, 4, and 12 h (n = 3).

after 72 h of incubation. The IC;, value of HER2-PLG-DM1
was 0.35 nM. The cytotoxicity of IgG-PLG-DM1 was relatively
lower than that of HER2-PLG-DMI, as evidenced by ICq,
higher than 100 nM. The improved delivery efficiency of
HER2-PLG-DM1 toward NCI-N87 cells with high HER2
expression may be attributed to the HER2-targeting antibody
(trastuzumab) that allows HER2-PLG-DMI1 to reach NCI-
NB87 cells efficiently. The much lower cytotoxicity of IgG-PLG-
DM1 toward NCI-N87 may be due to the nontargeting IgG
and PLG segments that block the direct uptake of NCI-N87
cells to DM1.

Biodistribution of HER2-PLG-DM1 in BALB/c nude mice
was measured by fluorescence imaging. Figure 3b shows the
fluorescence images of main organs and tumors of female nude
mice at intervals of 1, 4, and 12 h after injection by IgG-PLG-
DM1/CyS and HER2-PLG-DM1/CyS. IgG-PLG-DM1/CyS$
nanoparticles were predominantly found in the liver and
kidneys, with minimal accumulation at the tumor site over
time. In stark contrast, a rapid and substantial accumulation of
HER2-PLG-DM1/CyS within the tumor was observed,
reaching a peak within just 4 h postadministration. This
selective targeting underscores the potential of HER2-PLG-
DM1/CyS as a theranostic agent for HER2-positive tumors,
highlighting its utility in both diagnostic imaging and targeted
drug delivery. In addition, much more tumor accumulation of
HER2-PLG-DM1/CyS than IgG-PLG-DM1/CyS group at 12
h was still observed. Figure 3¢ shows the fluorescence intensity

of main organs and tumors at different times. Liver and kidneys
are the main metabolic organs of IgG-PLG-DM1 and HER2-
PLG-DML1. After 1 h administration, the fluorescence intensity
in tumors of HER2-PLG-DM1/CyS was 4.1-fold greater than
that observed in tumors of IgGPLG-DM1/CyS and then 6.0-
fold at 4 h, and a consistently high intensity was maintained
after 12 h. These results indicated that HER2-PLG-DM1 could
recognize and accumulate at NCI-N87 tumor sites, therefore
improving the targeting ability and reducing the potential side
effects.

3.3. In Vivo Inhibition Tumor Tests. The effectiveness of
HER2-PLG-DM1 in treating tumors was evaluated in nude
mice with NCI-N87 tumors. When the tumors reach
approximately 100 mm?®, the mice were divided randomly
into five groups (n = 5) and treated on days 0, 6, and 12 via tail
vein injection as follows: PBS, aHER2 + IgG-PLG-DM1 (2.17
mg/kg of HER2, 2.31 mg/kg of IgG, and 0.08 mg/kg of
DM1), aHER2*2 + IgG-PLG-DM1*2 (2.17 mg/kg of HER2,
2.31 mg/kg of IgG, and 0.08 mg/kg of DM1), HER2-PLG-
DM1 (1.09 mg/kg of HER2 and 0.04 mg/kg of DM1), and
HER2-PLG-DM1%2 (2.17 mg/kg of HER2 and 0.08 mg/kg of
DM1) (Figure 4a). Figure 4b,c depicts the tumor growth and
the corresponding change in weight of the mice across all
groups under study. Compared to the PBS group, HER2-PLG-
DMI1 and HER2-PLG-DM1%2 exhibit a significant inhibition
effect, with tumor growth inhibition values of 79.5 and 90.8%
on day 27. HER2-PLG-DM1 showed a dose-dependence
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Figure 4. Pharmacodynamic results of the designed groups on NCI-N87-bearing mice. Therapy regimen (a), mean tumor size (b), body weight
(c), tumor images (d), and tumor weight (e) (n = S). Data are presented as means + SD. *P < 0.05 and **P < 0.01.
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Figure 5. (a) Hepatorenal function index and (b) H&E analysis of designed groups. Data are presented as means + SD.

relationship. Furthermore, HER2-PLG-DM1 groups also aHER2 + IgG-PLG-DM1 groups. At the equivalent total
showed significantly improved antitumor ability toward payload dose, the antitumor efficacy of HER2-PLG-DM1 was
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still higher than that of aHER2 + IgG-PLG-DM1, which may
be due to the specific binding of trastuzumab to HER2-
positiveNCI-N87 cells, which facilitated the delivery of more
DM1 from HER2-PLG-DM1 to the tumor. The body weight
loss of all groups was less than 10%, which indicates the safety
of all drugs at the given dose. The tumor images (Figure 4d)
and tumor weight (Figure 4e) of all groups at the end of the
experiment period showed that HER2-PLG-DM1 groups
possessed a significant anticancer effect on control and mixture
groups.

The liver and kidney function tests, as depicted in Figure Sa,
indicated no significant alterations in the levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
blood urea nitrogen (BUN), or uric acid (UA) following the
administration of HER2-PLG-DMI. This suggests that the
treatment did not cause substantial hepatic or renal toxicity,
which is a critical consideration in the assessment of drug
safety. The maintenance of these biomarkers within normal
ranges post-treatment underscores the potential safety profile
of HER2-PLG-DM1 in the context of liver and kidney
function. These results confirmed the acceptable cytotoxicity
of the DM1-loaded nanomedicine, which is consistent with the
body weight change. The therapeutic efficacy of HER2-PLG-
DM1 was evaluated by tumor staining with hematoxylin and
eosin (H&E) (Figure Sb). Hematoxylin and eosin (H&E)
staining is a fundamental method in histopathological analysis,
providing crucial morphological details of tumor tissues. In the
context of evaluating the effects of treatments like HER2-PLG-
DM1 and IgG-PLG-DM1 on tumor growth, H&E staining
plays a pivotal role. The pathological analysis of H&E stain
sections from the PBS group would typically reveal the robust
proliferation of tumor cells, characterized by intact cell
morphology, indicating a lack of treatment impact. Conversely,
in groups treated with aHER2 + IgG-PLG-DMI1, there is a
notable reduction in tumor cell density, suggesting a
therapeutic effect. In contrast, the tumor morphology of
HER2-PLG-DM1 groups became sparse and more isolated,
with significant nuclear pyknosis and necrosis than PBS and
aHER2 + IgG-PLG-DM1 groups. These results indicated that
HER2-PLG-DMI1 nanomedicine facilitated more delivery of
DM1 to the tumors than PBS control and mixture groups,
resulting in the apoptosis of the NCI-N87 tumor cells.

4. CONCLUSIONS

In this work, we successfully prepared a nanomedicine sample
containing trastuzumab as an active targeting antibody, along
with DMI1, which exhibits high antitumor efficacy. By
utilization of the carboxyl groups in the side chain of the
poly(L-glutamic acid) and the amido group of maleimide and
Fc-III-4C peptide, Fc-PLG-Mal was synthesized. Then, the
“click” reaction between DM1 and maleimide and the stirring
operation in aqueous solution were utilized to prepare the
active targeting nanomedicine HER2-PLG-DMI in a very
simple and quick manner. The introduction of the Fc-III-4C
peptide avoided the chemical impact on the targeting ability of
the Fab segment of monoclonal antibodies. The DLS, TEM,
zeta potential, and UV/vis tests were carried out to confirm the
properties of the nanomedicine HER2-PLG-DML. In addition,
HER2-PLG-DM1 was actively targeted and internalized into
HER2-expressing NCI-N87 cells. The biodistribution analysis
certified that this active targeting nanomedicine exhibits a 6.0-
fold increase in tumor accumulation compared to the
nontargeting IgG-PLG-DM1. Furthermore, HER2-PLG-DM1

showed significant antitumor activity with a tumor inhibition
rate of 90.8%. This research suggests that HER2-PLG-DM1
has the potential ability to actively target HER2-expressing
tumor and be used as an active targeting nanomedicine for
HER2-positive gastric cancer therapy.
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