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Background: Specific modifications to carriers to achieve targeted delivery of chemother-
apeutics into malignant tissues are a critical point for efficient diagnosis and therapy. In this
case, bovine serum albumin (BSA) was conjugated with cetuximab—valine—citrulline (vc)—
doxorubicin (DOX) to target epidermal growth factor receptor (EGFR) and enable the release
of drug in EGFR-overexpressed tumor cells.

Methods: Maleimidocaproyl-valine—citrulline—p-aminobenzylcarbonyl-p-nitrophenol (MC-Val-
Cit-PAB-PNP) and DOX were used to synthesize MC-Val-Cit-PAB-DOX, which was further
linked with cetuximab to prepare antibody—drug conjugates (ADCs). Then, the ADCs were
adsorbed to the surface of the BSA nanoparticles (NPs), which were prepared by a desolvation
method to obtain cetuximab-ve-DOX-BSA-NPs. The cetuximab-ve-DOX conjugates adsorbed on
the surface of the BSA nanoparticles were determined and optimized by size exclusion chromato-
graphy. An in vitro cytotoxicity study was conducted using a colon carcinoma cell line with
different EGFR-expression levels to test the selectivity of cetuximab-ve-DOX-NPs.

Results: The ve-DOX and cetuximab-ve-DOX conjugates were both synthesized success-
fully and their structural characteristics confirmed by '"H-NMR and SDS-PAGE. The MTT
assay showed stronger cytotoxicity of cetuximab-vc-DOX-NPs versus control IgG-ve-DOX-
NPs in EGFR—overexpressing RKO cells. Cellular binding and intracellular accumulation
determined by flow cytometry and confocal laser scanning microscopy revealed the strong
binding ability of cetuximab-vc-DOX-NPs to RKO cells. The in vivo imaging study demon-
strated that cetuximab-vc-DOX-NPs exhibited higher fluorescent intensity in tumor tissues
than non-decorated nanoparticles (IgG-ve-DOX-NPs). In vivo tumor inhibition and survival
tests showed that cetuximab-ve-DOX-NPs revealed higher tumor inhibition efficacy and
lower systemic toxicity than control IgG-vc-DOX- NPs

Conclusion: The obtained results emphasize that cetuximab-ve-DOX-NPs, with good
tumor-targeting ability and low systemic toxicity, are a promising targeting system for
drug delivery.

Keywords: bovine serum albumin, antibody—drug conjugate, cetuximab, doxorubicin,
colonic carcinoma, epidermal growth factor receptor

Introduction
Cytotoxic drugs are used to prevent the spread of cancer and are known to kill
certain types of cancer cells. The main goal in developing cancer therapeutics is to
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identify cytotoxicity against cancer cells to selectively and
effectively eradicate tumors without affecting normal
tissues.'” Most anticancer drugs currently in use target
rapidly dividing cells by disrupting steps in the cell cycle
or by targeting the pathways that control normal cell
growth and malignant transformation,” > without discrimi-
nating between cancer and normal cells. Thus, the major
drawback of these conventional cytotoxic drugs is accu-
mulation in normal tissues after administration, which
results in serious adverse effects.

One means by which to improve the selectivity and effi-
cacy of cancer therapy is by targeting the altered levels of
cells."*”  Antibody
offers many advantages. For example, it specifically targets

expression on malignant therapy
antigens. Considerable efforts have been made to combine
monoclonal antibodies with cytotoxic drugs to reduce the
systemic toxicity and increase the therapeutic -effect.
Antibody—drug conjugates (ADCs), consisting of an antibody
carrier and one or multiple drug-linker moieties that conjugate
the drug to the antibody carrier, emerged to confer selective
and sustained cytotoxic drug delivery to tumors. They can
deliver highly potent drugs to targeted cells through specific
antibody—antigen binding. The monoclonal antibody of ADCs
can highly target antigens expressed on the surface of cells of
hematological malignancies and epithelial tumors, thus
increasing the accumulation of chemotherapeutics in tumor
tissues and cells, followed by enhanced antitumor activity.
Recently, two ADC drugs have become available on the mar-
ket and approved by the FDA, namely, brentuximab vedotin
(Adcetris™) for Hodgkin lymphoma and T-DM1 (Kadcyla®™)
for breast cancer. Colorectal cancer is the third most common
type of cancer worldwide and is associated with a poor
prognosis.® Some colorectal cancer cells express large num-
bers of epidermal growth factor receptors (EGFRs) on their
surface.”'® EGFR is a cell-surface receptor tyrosine kinase and
member of the EGFR family of extracellular protein ligands.""
It is involved in the cell cycle and the regulation of cell
survival, as well as cellular processes related to metastasis,
such as angiogenesis, cell movement, and cell invasion. Many
malignancies, including colorectal, head, neck, non-small cell
lung, ovarian, breast, and prostate cancers, as well as glioma,
overexpress EGFR.'*'® Therefore, the EGFR is a promising
target for cytotoxic drugs for selective chemotherapy.
Cetuximab (Erbitux®), which was approved by the FDA for
the treatment of colorectal cancer in 2004,'* is a human—mouse
chimeric monoclonal immunoglobulin G; (IgG) antibody that
targets and antagonizes EGF activity, resulting in the induction
of apoptosis and the inhibition of cancer cell proliferation.

The linker has a key role in ADC outcomes because its
characteristics substantially impact the therapeutic index,
efficacy, and pharmacokinetics of the ADC.'® Stable lin-
kers in ADCs can maintain the antibody concentration in
the blood circulation and do not release the cytotoxic drug
before reaching the target, resulting in minimum off-target
effects. However, the linker should be labile enough to
rapidly release the cytotoxic drug once the ADC is inter-
nalized to the tumor cells.'® Previously, it has been well
demonstrated that antibody surface-modified nanoparticles
with a covalent linkage such as a PEG spacer are specifi-
cally internalized in target cancer cells. Comparatively,
peptide linkers may offer better control of drug release
and also can be selectively cleaved specifically by lysoso-
mal proteases, such as cathepsin B, found in high
levels inside tumor cells. Thus, unlike the chemically
labile linkers discussed thus far, peptide linkers combine
greater systemic stability with rapid enzymatic release of
the drug in the target cell.’

MC-Val-Cit-PAB-PNP is a cathepsin-cleavable ADC pep-
tide linker. For the FDA-approved drug brentuximab vedotin,
the thiols were modified with MC-vc-PAB-MMAE, which
incorporates a cathepsin B protease cleavage site (vc: valine—
linker (PAB: para-
aminobenzyloxycarbonyl) between the maleimide group
(MC: maleimidocaproyl) and the cytotoxic drug (MMAE)."”
ADCs containing the Val-Cit linker have been shown to be

citrulline) and a self-immolative

much more stable in vivo (¢, for drug release: ~7 days) than
previously described hydrazone and disulfide-based linkers.'®

Despite humanization, cetuximab-containing ADCs
still present a potential risk in inducing immunogenicity.
As a typical hapten-carrier antigen, an ADC contains two
domains, namely, a small molecule compound and the
monoclonal antibody (ie, an immunogenic carrier protein).
An animal’s immune system can recognize the hapten with
heterogeneous immune responses, including Ig class-
switched high-affinity antibodies.'®** This may lead to
safety issues, such as anaphylactoid problems of varying
severity, and also impact on therapeutic efficacy, rendering
the product less effective or non-efficacious. Therefore, it
is essential to engineer carrier-loaded ADCs to reduce the
immunogenicity and to deliver the cargo to the target cells.

Biologically originating and biodegradable polymers,
such as albumin and apolipoprotein-based nanoparticles,
are widely used as carriers to deliver drugs because of their
specific functions in vivo.”' > Owing to the presence of
hydrophobic regions, albumin nanoparticles show high affi-
nity toward lipophilic drugs, which can reversibly bind and
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allows delivery in the body for release onto or inside the cell
(surface or cy‘toplasm).24 On the other hand, owing to their
high content of charged amino acids, albumin nanoparticles
could allow electrostatic adsorption of positively or nega-
tively charged molecules.? The secondary structures of albu-
min contain 48% helical structures and 15% folding
structures, while others are random coils, which provide
many reticulate interspaces for drug adsorption. In addition,
albumin has a favorable pharmacokinetic profile owing to its
long half-life in the blood system (19 days).® Doxorubicin
(DOX) is an effective anticancer drug, which can kill cancer
cells by activating apoptosis pathways, but its clinical appli-
cation is limited because of its serious side effects, especially
its inherent dose-dependent cardiotoxicity. It is often loaded
into albumin nanoparticles, which can be easily prepared
under ambient conditions.”” For example, Kakinoki and
Taguchi introduced a drug delivery system containing
DOX; the system was composed of human serum albumin
(HSA) and tartaric acid derivative.”® Bae et al produced
DOX-loaded HSA
However, these cytostatic drug-loaded nanoparticles may

nanoparticles by  desolvation.”
not release drug completely and can induce the death of
both cancer cells and normal cells. Thus, in this study, we
introduced a drug delivery system combining the advantages
of ADCs and albumin nanoparticles to release drug cleavably
and specifically without acting in non-target cells such as
heart tissue.

In previous studies,’®' DOX was loaded in the inner
space of bovine serum albumin (BSA) nanoparticles, which
resulted in low drug-loading efficiency and non-responsive
drug release in the tumor site. Therefore, it is necessary to
construct a novel ADC coupling BSA nanoparticles. Since, to
the best of our knowledge, there have been no comprehensive
reports in the literature on the study of adsorptive attachment
of ADCs to BSA nanoparticles, the main objective of this
study was to optimize the adsorptive attachment of cetuximab-
ve-DOX to BSA nanoparticles and to investigate the cytotoxi-
city and specific binding of the modified nanoparticles to high
and low EGFR-expressing colon carcinoma cells. The pre-
paration and endocytosis of cetuximab-vc-DOX-modified
BSA nanoparticles (cetuximab-vc-DOX-NPs) is shown in
Figure 1. First, the monoclonal antibody cetuximab was con-
jugated with DOX by a ve bond. The product was determined
qualitatively by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and high-performance liquid
chromatography (HPLC). Then, cetuximab-ve-DOX was
adsorptively attached to BSA nanoparticles. The modified
BSA nanoparticles produced were further characterized by

3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium  bro-
mide (MTT) assay, flow cytometry (fluorescence-activated
cell sorting [FACS]), confocal laser scanning microscopy
(CLSM), in vivo imaging in terms of biological reactivity,

tumor inhibition efficacy, and survival tests.

Materials and Methods

Materials

MC-Val-Cit-PAB-PNP was purchased from Levena
(Nanjing, China), DOX-HCI was obtained from Hisun
(Taizhou, China), BSA (purity >97%) was obtained from
Xinjingke (Beijing, China), cetuximab was obtained from
Merck (Darmstadt, Germany), human IgG antibody was
purchased from Yeasen (Shanghai, China), MTT was pur-
chased from Shanghai Institute of Cell Research (Shanghai,
China), concanavalin A tetramethylrhodamine was pur-
chased from Invitrogen (Karlsruhe, Germany), cyanine
7-N-hydroxysuccinimide (Cy7-NHS) was purchased from
Lumiprobe (New York, USA), and SPF grade BALB/c nude
mice, weighing 20-25 g (3 weeks), were obtained from
Lingchang (Shanghai, China). All other reagents were of

analytical grade and used as received.

Preparation of Cetuximab-vc-DOX
Conjugates

Synthesis of MC-Val-Cit-PAB-DOX
MC-Val-Cit-PAB-PNP and DOX-HCI were reacted as pre-
viously described. The synthetic pathway is shown in
Figure 2.*? In brief, MC-Val-Cit-PAB-PNP (57.8 mg,
0.1008 mmol) and DOX-HCI (50 mg, 1.1 equivalent) dis-
solved in N-methyl-2-pyrrolidone (NMP) (4.5 mL) were
treated with diisopropylethylamine (DIEA) (0.055 mL, 1.1
equivalent). The mixture was left to stand in the dark at room
temperature for 2 days, and then methylene chloride (CH,
Cly) (75 mL) was added. The resulting suspension was
stored in the freezer overnight, and the solid was collected
by filtration and washed with CH,Cl, three times. The
undissolved material was purified by flash chromatography
on silica gel with a mixture of CH,Cl, and methanol at
different ratios: 15:1, 10:1, and 5:1. The sample was loaded
at a minimum amount of 2:1 CH,Cl,/CH;OH to produce the
product as an orange solid. Then, the product was purified by
preparative  chromatography (Megres CI8, 5 pum,
20x300 mm [Merck, Darmstadt, Germany] 2:1 CH;0OH/50
mM Et;N/HCO,H buffer [pH 2.8], flow rate 5 mL/min,
A=280 nm).
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Figure | The preparation and endocytosis of cetuximab-vc-DOX-modified BSA nanoparticles (cetuximab-vc-DOX-NPs).

Preparation of Cetuximab-vc-DOX dithiothreitol (DTT) (pH 8.0), and incubated at 37°C for
Immunoconjugates (ADCs) 45 min. The solution was transferred to a Millipore mem-
Cetuximab (PBS pH 7.4, 5 mg/mL) was treated with 250  brane and diafiltration was carried out against sterile water
mM sodium borate/250 mM NaCl and 100 mM until cetuximab was totally purified. The concentration of
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Figure 2 Synthetic pathway of MC-Val-Cit-PAB-DOX.

cetuximab was adjusted to 2 mg/mL, then the solution was
treated with MC-Val-Cit-PAB-DOX/DMF (5 mg/mL).
After incubation on an ice bath for 1 h, cysteine (PBS,
10 mg/mL) was added to end the reaction in another 45
min. Diafiltration was carried out with sterile water until
the effluent was free of SH groups. The human IgG anti-
body was conjugated with ve-DOX with the same method.
The produced IgG-MC-Val-Cit-PAB-DOX (IgG-vc-DOX)
was used as the control immunoconjugate.

Characterization of Cetuximab-vc-DOX
Conjugates

Characterization of MC-Val-Cit-PAB-DOX

"H-NMR measurements were performed in DMSO-dg
across the range of 0-15 ppm with a Varian 500 MHz
instrument (Bruker, USA). The purity of MC-Val-Cit-PAB
-DOX was determined by HPLC (Purospher STAR RP-18
endcapped column [Merck, Germany], 2:1 CH3;OH/50
mM Et;N/HCO,H buffer [pH 2.8], flow rate 0.8 mL/min,
A=280 nm). The molecular weight was determined by
mass  spectrometry Waters  ZQ 2000
(Waters, USA).

using a

Characterization of Cetuximab-vc-DOX
Immunoconjugates
Qualitative Analysis by SDS-PAGE

SDS-PAGE was used to analyze cetuximab-conjugated

o o NO,
ST

H
J—NHZ

MC-Val-Cit-PAB-DOX

MC-Val-Cit-PAB-DOX at a constant voltage of 75 V for
30 min, then 115 V for 1.5 h in electrophoresis buffer
(0.25 mM Tris, 1.92 mM glycine, 1% SDS, pH 8.3) using
a MiniVE (Hoefer, USA) vertical electrophoresis system.
The gel was dyed with Coomassie brilliant blue buffer for
1 h, then washed with destaining agent (40% methanol,
7% acetic acid, and 53% water).

of Cetuximab and DOX in
Cetuximab-ve-DOX Immunoconjugates

Quantitative  Analysis

The quantitative analysis of cetuximab and DOX in cetux-
imab-vc-DOX immunoconjugates was conducted by UV-
vis spectrophotometry. A series concentration of
DOX-HCl (1040 pg/mL) was prepared to obtain the
standard curve at 495 nm with UV-3200 (Mapada,
China), as well as cetuximab (5-1500 pg/mL) at 280 nm,
as no absorbance of antibody occurred at 495 nm. Both
280 and 495 nm can be used to determine the absorbance
of produced cetuximab-vc-DOX immunoconjugates, fol-
lowed by calculation of the mole ratio between DOX and
cetuximab.

Preparation of BSA Nanoparticles
(BSA-NPs)

BSA nanoparticles were prepared by a desolvation
method, as described in the literature.”’** In brief,
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20.0 mg BSA was dissolved in 2.0 mL purified water and
the solution was filtered through a 0.22 um cellulose
acetate membrane filter, then the pH was adjusted to 9
with 0.05 M Na,CO3-NaHCO;. To form nanoparticles,
ethanol was added at the rate of 0.5 mL/min under con-
stant stirring at room temperature. Subsequently, 12 pL of
25% glutaraldehyde solution was added to induce particle
cross-linking. The cross-linking was performed under con-
stant stirring of the suspension at room temperature for 16
h. Then, the nanoparticles were purified by centrifugation
(15,000 rpm, 15 min, 4°C).

Characterization of Nanoparticles
Determination of Surface-Adsorbed Cetuximab-vc-
DOX by SEC

To determine the unbound immunoconjugates, a size
exclusion chromatography (SEC) method described pre-
viously was used.** The resulting supernatants were col-
lected and analyzed by SEC on an Xtimate® SEC-300
column, 7.8 mm X 30 cm (Merck, Germany) using phos-
phate buffer (pH 7.4) as the eluent, at a flow rate of
0.8 mL/min. Aliquots of 20.0 pL were injected, and the
eluent fraction was monitored by detection at 280 nm. To
calibrate the SEC system for molecular weight, globular
protein standards were used. The amount of cetuximab-vc-
DOX bound to the nanoparticle surface was calculated as

follows:
. . mo—cxV
Loading efficiency = | —————— | x 100%
mo

where mq represents the amount of cetuximab-ve-DOX
added, ¥V represents the total volume of BSA-NP solution
and cetuximab-vc-DOX solution, and c is the concentra-
tion of cetuximab-vc-DOX determined in the supernatant

obtained after the modification step.

Particle Size, Zeta Potential Analysis, and TEM
Observation

Nanoparticles were analyzed with regard to zeta potential
using a ZetaPlus zeta potential analyzer (Brookhaven
Instruments, USA). The particle diameter and polydisper-
sity by photon correlation spectroscopy (PCS) were mea-
sured with the to both
measurements, the samples were diluted with purified

same instrument. Prior
water to a suitable concentration. The optimized cetuxi-
mab-vc-DOX-NPs was observed by transmission electron

microscopy (TEM) (JEOL JEM 1010, Japan).

Cell Cultures

EGFR-overexpressed colorectal cancer cells RKO (ATCC
CRL-2577) were purchased from the Type Culture
Collection of the Chinese Academy of Sciences
(Shanghai, China). The cells were cultured at 37°C and
5% CO, in RPMI 1640 medium (Gibco, Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal calf
serum (Gibco Invitrogen) and 1% antibiotics (50 U/mL
penicillin and 50 pg/mL streptomycin; Gibco Invitrogen).
In addition, EGFR-low-expressed LS174T cells (ATCC
CL-188) were used as a control cell line. The cells were
cultured at 37°C and 5% CO, in DMEM (Gibco
Invitrogen) supplemented with 10% fetal calf serum
(Gibco Invitrogen) and antibiotics (50 U/mL penicillin
and 50 pg/mL streptomycin; Gibco Invitrogen).

Determination of the Cell Viability of Cetuximab-vc-
DOX-NPs and 1gG-vc-DOX-NPs

The in vitro cell cytotoxicity was assessed on RKO cells
and LS174T cells by the MTT assay.*”*° In brief, 5.0x10°
cells per well were seeded in a 96-well microplate and
incubated at 37°C in a CO, incubator for 24 h. After
complete cell attachment, the supernatant was removed
and the cells were exposed to the different nanoparticle
formulations, including DOX, cetuximab-vc-DOX-NPs,
and IgG-vc-DOX-NPs (all formulations contained DOX
0.5, 1.5, and 5 pg/mL). BSA-NPs had been proven to be
safe, with low cytotoxicity, in our preliminary experiment
(data not shown). Control wells were treated with equiva-
lent volumes of culture medium. After incubation, the
supernatant was removed and replaced with 200 pL of
free medium containing 0.5% fresh MTT solution, and
the cells were incubated at 37°C for another 4 h. Then,
the medium was discarded and 150 uL of DMSO was
added to dissolve the sediment. The microplate was sha-
ken for a moment on a microplate shaker and the absor-
bance of every well was taken at a wavelength of 490 nm
on a multi-scan microplate reader. Cell viability (%) was
calculated as follows:

x 100%

o Aagg of treated cells
Cell Viabil =
el Viability(%) Ao of control cells

Assessment of Cetuximab-vc-DOX-NP
and IgG-vc-DOX-NP Binding to
EGFR-Positive Cells by Flow Cytometry

The experiment was performed on RKO (EGFR-positive)
and LS174T (EGFR-negative) cell lines. After harvesting
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the cells by trypsinization and centrifugation (1000 rpm, 5
min), 2x10° cells were cultured in six-well plates. After 24
h, the supernatant was removed and the cells were incu-
bated with 2 mL of different nanoparticle formulations
(cetuximab-vc-DOX-NPs, IgG-ve-DOX-NPs)
media at 37°C for 4 h and 24 h, which is approximately
equivalent to 10 ug/mL of DOX. After this incubation, the
cells were washed twice with PBS, then trypsinized and

in fresh

collected. After washing with PBS, flow cytometry
(FACS) analysis was performed with 10,000 cells/sample,
using a MACSQuant Analyzer (Miltenyi, Germany). The
green autofluorescence of these nanoparticles at 488/520
nm showed that this FACS analysis was feasible.

Cellular Uptake and Intracellular
Distribution of Cetuximab-vc-DOX-NPs

To investigate the cellular uptake and intracellular distribu-
tion of cetuximab-vc-DOX-NPs, the fluorescence accumula-
tion was analyzed wusing confocal laser scanning
microscopy.’’ Thus, 2x10° RKO and LS174T cells were
seeded into a confocal dish (Becton Dickinson, Germany)
and incubated for 4 h at 37°C. Subsequently, the cells were
washed twice with PBS, and the membrane was stained with
concanavalin A tetramethylrhodamine (50 pg/mL) for 2
min. After fixation with 4% paraformaldehyde (PFA), the
cells were washed again with PBS. The confocal micro-
scopy analysis was performed using an LMS 700 device
(Zeiss, Germany) equipped with an argon ion laser and LSM

Image Examiner software (Zeiss, Germany).***

Biodistribution of Cy7-Modified
Cetuximab-vc-DOX-NPs

To evaluate the in vivo biodistribution and targeting ability of
cetuximab-vc-DOX-NPs, amine-reactive Cy7-NHS, a near-
infrared (NIR) fluorescent dye, was reacted with BSA-NPs at
aratio of 1:20. Cy7-NHS is a reactive compound suitable for
the modification of amino groups on protein, the optimal pH
value for modification being 8.3-8.5. Thus, 0.1 M sodium
bicarbonate solution was added to the mixture of BSA-NPs
and Cy7-NHS to adjust the pH to 8.5, followed by stirring at
room temperature for 4 h. The Cy7-labeled BSA-NPs were
purified from unreacted Cy7-NHS by diafiltration. A certain
amount of the Cy7-modified BSA-NPs was incubated with
cetuximab-vc-DOX with a weight ratio of 1.2, as described
previously.*' Finally, the Cy7-modified BSA-NPs were
stored at 4°C in the dark until use.

Ethical and legal approval from the Animal Welfare and
Research Ethics Committee of China Pharmaceutical
University (no 20191105-008) was obtained prior to the
start of the animal experiments. All animal experiments
were conducted in full compliance with the ethical guide-
lines of China Pharmaceutical University. Five-week-old
SPF-grade BALB/c nude mice (n=8) weighing 20-25 g
were implanted with RKO tumor through a subcutaneous
injection of 1x10’7 RKO cells suspended in 0.2 mL of
Hank’s balanced salt solution (HBSS) in the right flank.
Tumors were allowed to grow to 1-2 ¢cm in diameter for
2-3 weeks. Cy7-modified nanoparticles were injected into
the RKO tumor-bearing mice at a dose of 1.25 mg Cy7/kg
via the tail vein to investigate their biodistribution and
tumor-targeting efficacy. After injection, images were
taken at 1, 2, 4, 6, 8, and 12 h, then the mice were killed
and the major organs, including the heart, liver, spleen, lung,
and kidney, as well as the tumor, were harvested for
imaging.*** An in vivo imaging system (FX PRO;
Carestream, Shanghai, China) equipped with an excitation
bandpass filter at 750 nm and emission at 780 nm was used
to determine the in vivo and in vitro fluorescence intensity.
Images were analyzed using the Carestream MI SE
(Carestream, China). All experiments were conducted in
strict accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals.

In Vivo Tumor Inhibition and Survival Test
The tumor-bearing mice were equally randomized into
three groups (n=6), and every group of mice was treated
intravenously with saline, doxorubicin (5 mg/kg), cetux-
imab (equal to the amount in cetuximab-vc-DOX-NPs),
and cetuximab-vc-DOX-NPs
equivalent). The group injected with saline was considered

(doxorubicin, 5 mg/kg
as the control group. The different formulations were
injected via the tail vein every 3 days for a total of three
times. Recording the first day of administration as day 0,
the tumor sizes were determined every other day with
a vernier caliper in two dimensions, and calculated as
volume V=d*xD/2 (where D is the long diameter of the
tumor and the d is the short diameter perpendicular to the
long diameter). The relative tumor volume (RTV) was
calculated using the equation RTV=V}/V,, (where V; is the
volume of tumor determined on day ¢ and ¥, is the volume
on day 0). In addition, the body weight and survival rate of
the treated mice were monitored every other day.
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Statistical Analysis

Statistical analysis was performed using a standard
Student’s #-test (comparing only two individual groups)
with a minimum confidence level of 0.05 for significant
statistical difference. All values are reported in terms of
mean and standard deviation.

Results
Characterization of MC-Val-Cit-PAB-
DOX

After synthesis and purification, an orange solid (32.7 mg,
37.5%) was yielded, with a purity of 88%, calculated by
the peak area normalization method using HPLC. For
'"H-.NMR (DMSO) (Figure 3A and B),
a characteristic peak appeared at 9.95 ppm, belonging to
H (a), peaks at 6.99-8.07 ppm belonged to H (b), and the
peak appearing at 5.97 ppm was related to H (c). By
electrospray ionization—mass spectrometry, the m/z
(MH)" calculated for CsqHg7N;O19 was 1143.182, and
the found value was 1143.7. The 'H-NMR and mass
spectrometry results indicated the successful synthesis of
MC-Val-Cit-PAB-DOX.

analysis

Characterization of Cetuximab-vc-DOX

Immunoconjugates

Qualitative Analysis by SDS-PAGE

B-Mercaptoethanol was used as a reducing agent, to reduce
the disulfide bond of the antibody and thus split the antibody
into light chains and heavy chains. According to the struc-
ture of the antibody, the light chain of the antibody can be
conjugated with one ve-DOX and the heavy chain can be
conjugated with three vc-DOXs. Figure 3B shows that the
molecular weight of MC-Val-Cit-PAB-DOX was 1.1 kDa.
The results of SDS-PAGE are shown in Figure 3C. It can be
seen that the bands of cetuximab and cetuximab-vc-DOX
both appear at about 200 kDa, and the light chains and
heavy chains of cetuximab are both conjugated with vc-
DOX, since two bands appear when cetuximab or cetuxi-
mab-ve-DOX is treated with f-mercaptoethanol.

Quantification of Molar Ratio by UV-Vis
Spectrophotometry

As shown in Figure 3D and E, the UV absorbance of DOX
(1040 pg/mL) was determined at 495 nm using UV-vis
spectrophotometry to obtain three standard curves. Then,
the absorbance of cetuximab-vc-DOX was determined at
495 nm to calculate the concentrations of DOX and

cetuximab (5-1500 pg/mL) at 280 nm in parallel. The
molar ratio of DOX to cetuximab was 5.5.

Surface Modification of BSA-NPs

The particle size of BSA-NPs is 141.542.3 nm and the
polydispersity index is 0.104 + 0.024, which indicates the
monodisperse distribution of these nanoparticles. The zeta
potential is —39.20+1.04 mV.

Equivoluminal cetuximab-vc-DOX adsorbed BSA-NPs
were prepared by incubation for 6 h of cetuximab-vc-DOX
and BSA nanoparticles at different mass ratios (w/w), ie,
0.4, 0.8, 1.2, and 1.6. Then, the particle size, zeta potential,
polydispersity index, and cetuximab-vc-DOX loading effi-
ciency were analyzed, and the results are shown in Table
1. When the ratio increased from 0.4 to 1.2, the particle
diameters decreased from 165.142.6 nm to 150.9£3.0 nm
and cetuximab-vc-DOX loading efficiency increased from
19.0% to 43.9%. However, when the ratio of cetuximab-vc
-DOX to BSA-NPs exceeded 1.2, there was no significant
difference in particle size and adsorption rate. Therefore,
the cetuximab-vc-DOX and BSA nanoparticles prepared
with a weight ratio of 1.2 were used for further experi-
ments. The obtained BSA nanoparticles (Figure 4A and B)
and cetuximab-vc-DOX-NPs (Figure 4C and D) exhibited
a narrow size distribution and round shape.

Meanwhile, an unspecific IgG antibody conjugated with
BSA-NPs by the vc linker and unmodified BSA-NPs were
prepared as controls following the procedures for cell-
culture experiments described in the Materials and
Methods section. The physicochemical properties of these
three kinds of BSA nanoparticle are summarized in Table 2.

Cell Viability
To assess cytotoxicity, MTT assays were performed for
the different formulations using RKO and LS174T cell
lines. As shown in Figure 5, both RKO and LS174T cell
lines presented a concentration-dependent viability. The
measured viability of EGFR-overexpressing RKO cells
also decreased after 48 h of incubation for both cetux-
imab-vc-DOX-NPs and IgG-vc-DOX-NPs, at all concen-
trations. The strong reduction in viability could be
observed at the highest cetuximab-ve-DOX-NP concen-
tration, equivalent to 5 pg/mL DOX. Cetuximab-vc-DOX
-NPs had much stronger cytotoxicity than IgG-vc-DOX-
NPs, reflecting receptor-mediated uptake. The EGFR-
weakly expressing control cell line LS174T showed no
changes in viability even after 48 h incubation with
cetuximab-ve-DOX-NPs and 1gG-ve-DOX-NPs. The cell

submit your manuscript

2450

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Ye et al

C(ug/ml)

Dove
A b
HaCO
b o
Y (s}
7 . " b HO_ CHs g 0
H
4 \/\/\)l\gjq(" u,@’\) H OH
'3 \g
)
‘ 0. NH C H
| b
b
a C ’ | \ V ‘ N‘I “
l ) ' b ';JJ \/\ Wi
-~ e I;W\AV\A U“"JM i v \d V}\;\f) v L
1 10 0 8 7 6 5 s 3 2 1 0 ppm
a b C d e
B C kD
200 - -
100 143.7 150
Mc-vakciFtPAB-DOX 100 —
144.7 80 -
] 60 p—
=
1145.7 1181.7
1182.7 40
1169.7
P et et et mz
1020 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220 30 .
Standard Curve of DOX at 495 nm Standard Curve of Cetuximab at 280nm
1.0
=0.01325 + 0.12518 07
’F;_'O oy y=0.00114x + 0.12612
e R?=0.99462
0.8 08
(0]
(8] [0}
s 2
S 0.6+ 8 0.6
S S
3 041 = 04+
0.2 0.2
10 20 30 40 0 100 200 300 400 500
C(ug/ml)

Figure 3 (A) 'H-NMR (DMSO) analysis of MC-Val-Cit-PAB-DOX. (B) Mass spectrometry results of MC-Val-Cit-PAB-DOX. (C) SDS-PAGE analysis of (a) protein marker,
(b) cetuximab, (c) cetuximab-vc-DOX, (d) cetuximab treated with B-mercaptoethanol, (e) cetuximab-vc-DOX treated with B-mercaptoethanol. (D) Standard curves of DOX

(10—40 pg/mL) at 495 nm. (E) Standard curves of the monoclonal antibody (5-1500 pg/mL) at 280 nm.

viability of all tested nanoparticles varied marginally for
all tested nanoparticles and concentrations. RKO cells are
more sensitive to cetuximab-ve-DOX-NPs because of the
cetuximab antibody used, which can specifically bind to

the EGFR-overexpressed cells.

Assessment of Modified Nanoparticle
Binding to EGFR-Positive RKO Cells by
Flow Cytometry

The specific binding of the nanoparticulate formulations was
analyzed by flow cytometry. Thus, cells were incubated with
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Table | Physicochemical Characteristics of Different Amounts of Cetuximab-vc-DOX-Modified BSA Nanoparticles (n = 3, Mean +SD)

Cetuximab-vc-DOX/BSA Nanoparticles | Particle Diameter Polydispersity Zeta Potential Cetuximab-vc-DOX
(mg/mg) (mm) Index (mV) Loading (%)

0.4 165.1£2.6 0.160+0.034 —15.2+2.1 19.0

0.8 153.9£1.3 0.090+0.049 —12.1x1.3 40.5

1.2 150.9£3.0 0.151+0.040 -13.3%1.3 439

1.6 150.3£2.6 0.110£0.050 —13.9+2.3 44.2

specific cetuximab-ve-DOX-NPs, unspecific control 1gG-vc-
DOX-NPs, and free DOX for 4 h and 24 h at 37°C. Flow
cytometric analysis was performed to quantify their cellular
binding.

After 4 h incubation with RKO cells, the free doxorubicin
showed the strongest fluorescence, followed by cetuximab-vc-
DOX-NPs and IgG-ve-DOX-NPs. There was a significant
difference in the percentage of positive cells between cetux-
imab-ve-DOX-NPs (92.2+14.2%) and IgG-vc-DOX-NPs
(69.7+7.8%) (Figure 6) (p<0.05). Moreover, the y-geo-mean
fluorescence intensities (arbitrary unit) of cetuximab-vc-DOX-
NPs and IgG-ve-DOX-NPs were 758+28 and 515+22, respec-
tively (p<0.01), reflecting the fact that cetuximab-vc-DOX-
NPs could target the EGFR-overexpressed cells. After 24
h incubation with RKO cells, the fluorescence intensity of all

formulations declined, especially for the free doxorubicin,
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from 1207 to 224, which may be due to the drug efflux pump
mechanism of the cells. However, the fluorescence intensity of
cetuximab-ve-DOX-NPs could be read off from 758 to 312,
which showed a reducing effect for drug effluxing to the
doxorubicin signals. The possible reason for this is that free
doxorubicin can be transported out of the cells by the efflux
pumps, but for cetuximab-vc-DOX-NPs, doxorubicin is pre-
served, probably owing to the cetuximab modification or
nanoparticle adsorption. This sustained release effect could
help to decrease drug efflux, thus minimizing the doxorubicin
dose required for the cancer therapy and lowering the potential
toxicity in vivo.** Flow cytometric analysis revealed an
increased binding of cetuximab-ve-DOX-NPs to RKO com-
pared with LS174T cells. RKO cells showed an increased
binding (92.2+14.2%) in comparison with LS174T cells
(38.8+5.6%) at 4 h (p<0.01), and also (98.1£17.1%) compared

B

»

200 nm

Figure 4 Size distribution by intensity and TEM images of BSA-NPs (A and B) and cetuximab-vc-DOX-NPs (C and D).
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Table 2 Physicochemical Characteristics of Different Nanoparticles (n = 3, Mean * SD)
Nanoparticles Particle Diameter Polydispersity Zeta Potential Immunoconjugate
(nm) Index (mV) Loading (%)
Unmodified BSA-NPs 141.5£2.3 0.104+0.024 —29.2%1.04 -
Adsorptive binding of cetuximab-ve-DOX 150.9£3.0 0.151+0.040 —13.3x1.21 43.9
Adsorptive binding of IgG-vc-DOX 206.5+3.5 0.185+0.017 —-10.2%1.82 10.5

with LS174T cells (3.5+2.1%) at 24 h (p<0.01). Furthermore,
the control IgG-ve-DOX-NPs displayed weak binding for both
cell lines.

Cellular Uptake and Intracellular
Distribution of Nanoparticles

To prove the cellular uptake and in vitro distribution of differ-
ent nanoparticles, the specific cellular uptake of cetuximab-vc-
DOX-NPs was observed by confocal laser scanning

microscopy (Figure 7). Cell membranes were observed as red
fluorescence after the cells had been stained with concanavalin
A tetramethylrhodamine, while DOX was shown as green
fluorescence. Co-localization of the DOX with the specific
organelle dyes appeared yellow, which indicated that the
drug was adsorbed on the surface of the membrane. RKO
and LS174T cells were incubated with cetuximab-vc-DOX-
NPs. It is shown in Figure 7A that cetuximab-vc-DOX-NPs
were accumulated in RKO cells, while almost no cetuximab-vc
-DOX-NPs were detected in LS174T cells (Figure 7B), which

A
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Figure 5 Determination of cell viability (MTT assay). (A) RKO and (B) LS174T cells were incubated with DOX, cetuximab-vc-DOX-NPs, and IgG-vc-DOX-NPs for 48 h at

37°C. For cetuximab-vc-DOX-NPs and 1gG-ve-DOX-NPs, *5<0.05, *¥p<0.001.
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Figure 6 Percentage of positive gated cells (A and C) and y-geo-mean fluorescence data (B and D) of different nanoparticles and cells (*p<0.05, **p<0.01).

indicated the specific cellular uptake of cetuximab-vc-DOX-
NPs in the EGFR-overexpressing cells.

Biodistribution of ADC Adsorbed

Nanoparticles

In this study, a non-invasive near-infrared optical imaging
technique was used to image the in vivo biodistribution of
Cy7-BSA-NPs and cetuximab-vc-DOX-Cy7-BSA-NPs in
RKO tumor-bearing BALB/c nude mice. The mice were
treated with different formulations containing Cy7. After
12 h of treatment, the mice were killed and their major
organs (heart, liver, spleen, lung, kidney, and brain),
including the tumor, were harvested to observe the
in vitro fluorescence intensity. Figure 8 A shows the real-
time images of nanoparticles in the tumor-bearing mice, in
which the whole bodies of live mice were monitored at
assigned time points, ie, 1, 2, 4, 6, 8, and 12 h after

administration. During the live imaging experiment, most
of the Cy7 accumulated in the liver and lung after intra-
venous administration of Cy7-BSA-NPs, with and without
cetuximab modification. At 4 h after administration, for
the mice injected with control BSA-NPs, the Cy7 accumu-
lation reached a maximum, after which it reduced gradu-
ally. The maximum fluorescence intensity of the mice
injected with cetuximab-vc-DOX-Cy7-BSA-NPs appeared
at 2 h after administration. Moreover, the cetuximab-vc-
DOX-modified nanoparticles
targeting efficiency, which led to higher accumulation in
the tumors than control BSA-NPs. This high tumor-target
ing ability of nanoparticles may be due to the EGFR-

showed higher tumor-

mediated recognition of cetuximab. As shown in
Figure 8B, in vitro fluorescent imaging further confirmed
that the fluorescence accumulation is higher in the tumors

of the cetuximab-vc-DOX-Cy7-BSA-NPs group compared
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Figure 7 Cellular uptake and intracellular accumulation of surface-modified BSA nanoparticles analyzed by confocal laser scanning microscopy. (A) RKO and (B) LSI74T
cells were cultured on a confocal dish and treated with the different nanoparticulate formulations for 4 h at 37°C. The green fluorescence of DOX-loaded nanoparticles was
used for detection and the cell membranes were stained with concanavalin A tetramethylrhodamine (red).

with the control group. Besides, the Cy7 accumulation in
the liver and lung of the cetuximab-vc-DOX-Cy7-BSA-
NPs group was obviously lower than in the control group.
In all, in vivo biodistribution studies indicated that cetux-
imab-vc-DOX-modified BSA-NPs have higher efficiency
in targeting EGFR-overexpressing RKO cells than control
BSA-NPs, and the results were in accordance with those of

in vitro cellular uptake and intracellular distribution.

lh 2h 4h

¥

Cy7-BSA-NPs

Cetuximab-ve-DOX-
Cy7-BSA-NPs

Overlay

In Vivo Tumor Inhibition and Survival Test
To investigate and compare the tumor inhibition efficacy
of doxorubicin, cetuximab, and cetuximab-vc-DOX-NPs,
RKO tumor-bearing nude mice were injected with differ-
ent formulations via the tail vein. After administration, the
mice were weighed and the tumor volumes were examined
every other day. The lifetime of the mice was also
observed during 40 days. In Figure 9A, the results of the
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Figure 8 (A) In vivo imaging of tumor-bearing mice after administration of Cy7-modified nanoparticles at I, 2, 4, 6, 8, and 12 h. (B) Ex vivo fluorescence images of tissues
including heart, liver, spleen, lung, kidney, brain, and tumor collected at 12 h post-injection of (i) Cy7-BSA-NPs and (ii) cetuximab-vc-DOX-Cy7-BSA-NPs.
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Figure 9 Evaluation of the in vivo inhibition efficacy of treatment with saline, DOX, cetuximab, and cetuximab-vc-DOX-NPs. (A) Relative tumor volume of RKO tumor-
bearing nude mice (n=6). (B) Survival rate of tumor-bearing mice in 38 days. (C) Body weight changes of tumor-bearing mice.

antitumor efficacy of saline, doxorubicin, cetuximab, and
cetuximab-vc-DOX-NPs

course of observation. The control group exhibited no

are summarized during the
inhibition efficacy on RKO tumors. Compared with the
other groups, the cetuximab group showed obvious tumor
inhibition effects after the first administration, then the
tumor volume increased rapidly, as in the control group.
After three administrations, the tumor volume of doxoru-
bicin and cetuximab-vc-DOX-NPs did not show sustain-
able growth, in contrast to the control group and
cetuximab group, which suggests that cetuximab-vc-
DOX-NPs and doxorubicin have higher inhibition efficacy
on RKO tumors. Since the body weight and lifetime of the
mice in this experiment provide a key index to reflect the
systemic toxicity of anticancer agents, the body weights
and survival rates of the tested groups were monitored
(Figure 9B and C). The mice treated with free doxorubicin
underwent a significant loss of weight and 20% mice were
dead after three administrations, demonstrating that dox-
orubicin shows acute toxicity in vivo. By comparison,

mice treated with cetuximab-modified nanoparticles

revealed a small loss of weight, while the weight of the
control group showed severe fluctuations. Meanwhile, the
mice in the cetuximab-vc-DOX-NPs group could survive
for 20 days after administration and 16% of the mice were
still alive after 38 days, suggesting that cetuximab-vc-
DOX-NPs improved both the inhibition efficacy and the
anticancer drug safety.

Discussion

The use of monoclonal antibodies has led to the develop-
ment of approved biopharmaceutical products in many
therapeutic areas, including cardiovascular diseases, infec-
tion, immune disorders, and cancer.*>4° Among these
approved products, the humanized IgG; monoclonal anti-
body cetuximab (Erbitux) is directed against the EGFR,
which
cancers.'>'? The use of cetuximab as a targeting antibody

is highly overexpressed in a multitude of
offers the possibility to reach different malignancies, such
as head and neck, non-small cell lung, ovarian, breast,
prostate, and colorectal cancers.’® With the development

of antibody therapy, antibodies were taken as targeting
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ligands with modified and optimized forms to enhance the
therapeutic efficiency and reduce the immunogenicity.
Significant progress has been made in the ADC field
owing to the careful optimization of several parameters,
including monoclonal antibody specificity, drug potency,
linker technology, and the stoichiometry and placement of
conjugated drugs.*’ However, little research has been con-
ducted on attaching ADCs to a carrier, such as nanoparti-
cles, for their potential application.

The goal of this study was to investigate the cytotoxi-
city of the specific binding and intracellular accumulation
of surface-adsorbed BSA nanoparticles along with cetux-
imab ADCs on two colon carcinoma cell lines with differ-
ent EGFR-expression levels, ie, RKO with high level and
LS174T with low level.*

Doxorubicin was modified with a peptide bond using
a known method from the literature. The product MC-Val-
Cit-PAB-DOX was purified and identified by mass spectro-
metry and '"H-NMR. Then, the antibody cetuximab was
coupled with MC-Val-Cit-PAB-DOX to form the ADC
cetuximab-vc-DOX, which was characterized by SDS-
PAGE and UV-vis spectroscopy. The unspecific human
IgG-ve-DOX was prepared with the same method. The
colloid nanoparticle system was formed by the well-
known desolvation method.?”** Ethanol was added to 1%
BSA solution and cross-linked by the addition of 25%
glutaraldehyde. Previous studies have demonstrated that
antibody surface-modified nanoparticles with a covalent
linkage such as PEG spacer are specifically internalized in
target cancer cells.***® In the present study, cetuximab-vc-
DOX was adsorptively attached to the nanoparticles and the
ratio of cetuximab to DOX was optimized. The adsorption
resulted in an antibody loading of about 176 pg per mg
BSA-nanoparticles by this method.

For the cell culture investigations, the cytotoxicity of the
developed nanoparticles was proven by the MTT assay.
There was no significant antitumor effect for LS174T cells
after incubation for any of the tested nanoparticulate formu-
lations and concentrations. RKO cells demonstrated high
sensitivity to cetuximab-vc-DOX-NPs. Consistent with pre-
vious findings, cetuximab inhibits the viability of colon car-
cinoma cells with high EGFR expression but causes no

inhibition with low EGFR-expressed cells.*

Moreover,
these results emphasize that the antibody did not demonstrate
anticarcinoma activity when adsorptively attached to BSA
nanoparticles.

After demonstrating that the developed nanoparticles

featured less cytotoxicity, the specific binding efficiency

and intracellular accumulation of the different nanoparticle
formulations were investigated by flow cytometry. The
results of flow cytometry showed that the duration of
doxorubicin uptake into cells was elongated by nanoparti-
cles and the drug was more preserved against efflux
effects. Therefore, minimization of the needed dose for
doxorubicin in cancer therapy is achieved. Concerning the
specificity to the tumor site and the minimized drug dose
for administration, a reduction of side effects can be
expected. Using the cetuximab-vs-DOX conjugates mod-
ified to BSA-NPs, the specific accumulation in tumors was
cetuximab-vs-DOX-NPs  are
a promising drug carrier system for tumor-targeting drug

improved.  Therefore,
delivery systems.

From the results of in vivo imaging, it can be con-
cluded that with
confers BSA nanoparticles with tumor-targeting capability,

modification cetuximab-ve-DOX
subsequently decreasing their accumulation in normal
organs, ie, liver and lung. These data were also consistent
with the results in cellular experiments. To evaluate the
in vivo antitumor efficiency, tumor inhibition efficacy and
survival tests were conducted. Cetuximab-vc-DOX-
modified BSA nanoparticles showed higher antitumor
activity than the control group and lower systemic toxicity

than doxorubicin.

Conclusion

In conclusion, our ADC-modified nanoparticles can effi-
ciently specifically bind to and internalize in EGFR-
overexpressing cancer cells. Owing to the specificity of the
system, this nanocarrier could deliver chemotherapy drugs
to EGFR-overexpressing tumors, which may lead to
a further reduction in systemic toxicity. This study highlights
the therapeutic potential of cetuximab-vc-DOX-modified
BSA nanoparticles against EGFR-expressing tumors. The
combination of a specific targeting antibody and an antic-
ancer drug on a nanoparticulate platform is also a potential
strategy for efficient chemotherapy. Further investigations
concerning modifications of the antibody and the transport
of more anticancer drugs are in progress.
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