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Simple Summary: Breast cancer is one of the dominant cancers that threaten human beings world-
wide. Moreover, the treatment of HER2+ breast cancer is challenging due to heterogeneity. The
L-lysine x-oxidase (LO) enzyme is a well-known antitumor enzyme, but its clinical utility has been
limited due to side effects, decreased stability, and inability to target tumor cells. To overcome the
clinical challenges in delivery of LO enzymes and improve HER2+ breast cancer therapeutics, the
present study developed the dual stimuli responsive nanocarrier system (CS-LO-PEG-HER NPs) for
pH sensitive and HER2 /neu targeted breast cancer therapy.

Abstract: Herein, we designed a nanocarrier to deliver the LO specifically to HER2+ breast cancer
(BC) cells, where functionalization of mAb (anti-HER2+) with PEGylated chitosan enabled it to target
the HER2+ BC cells. Taking advantage of overexpression of HER2+ in cancer cells, our nanocarrier
(CS-LO-PEG-HER NPs) exhibited promising potency and selectivity against HER2+ BC cells (BT474).
The CS-LO-PEG-HER NPs demonstrated the cytotoxicity in BT474 cells by promoting reactive oxygen
species, mitochondrial membrane potential loss, and nucleus damage. The biocompatibility of CS-
LO-PEG-HER NPs was evidenced by the hemolysis assay and H & E staining of major organs. The
CS-LO-PEG-HER NPs showed anticancer potency against the BT474-xenograft tumor-bearing mice,
as evident by the reduction of tumor size and cell density. These results indicate that CS-LO-PEG-HER
NPs are biocompatible with mice while inhibiting tumor growth through alter the oxidative stress.
Overall, this work provides a promising approach for the delivery of LO for good therapeutic effect
in combination with mAb.

Keywords: L-lysine x-oxidase; HER2+; trastuzumab; breast cancer; PEGylated chitosan

1. Introduction

L-lysine x-oxidase (LO) was first discovered in Trichoderma viride, then in T. harzianum
Rifai, in the 1980s [1,2]. This enzyme has been shown to inhibit the proliferation of cancer
cells, such as human lung squamous cell carcinoma (RERF-LC-AI), prostate cancer (PC3),
cervical cancer cell line (HeLa), ovarian cancer (SKOV3), breast cancer (MCF7), colon
cancers (LS174T and HT29) and erythromyeloblastoid leukemia (K562), without causing
any significant damage to normal human umbilical vein endothelial cells (HUVECsS) [34].
Breast and ovarian cancer cells are more sensitive to LO than others [5]. The enzyme
LO triggers HyO, generation, which causes cytotoxicity through damaging the DNA
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and mitochondrial membrane [6]. Moreover, the cytotoxicity of LO is dependent on the
concentration of L-lysine in the tissue [5]. The enzyme LO exhibits high antitumor activity
due to the higher elevation of L-lysine in tumor tissue compared to normal tissue [4,7].
L-Lysine is an essential amino acid present in body tissue and blood plasma, which plays
an important functional role in metabolism [8]. Therefore, deprivation of L-lysine is an
important issue caused by LO administration to animals. Although LO is efficient in
antitumor activity, an administration of 150 U/kg at a 48 h interval might cause toxicity,
weight loss (>30%) and loss of L-lysine in blood plasma, which results in the death of
mice [3]. The LO administration (75 U/Kg of four doses for 10 days at 2 days interval)
suppresses the growth of cancer cells in Balb/c nude mice that were transplanted with
cancer cells [5].

The LO is well known as a potential antitumor enzyme, but its overdose can cause
toxicity to L-lysine in normal cells. Further, the therapeutic efficacy of LO is largely limited
due to degradation and insufficient discharge at the cancer site. There is demand for the
development of new strategies to release LO at cancerous sites for enhanced cancer therapy
without causing any adverse effects to normal cells. Similarly, the overexpression of the hu-
man estrogen receptor (HER2+) efficiently stimulates breast cancer (BC) growth. Therefore,
blocking the signal transfer between HER2 receptors would inhibit the proliferation of BC.
Thus, trastuzumab (Herceptin) monoclonal antibody (mAb) is used to treat breast cancer
by targeting the HER2 /neu receptor [9]. In nanotechnology, herceptin (ligand) has gained
attention for HER2+ BC targeted drug delivery due to its biocompatibility, safety, and high
efficiency in binding to HER2+ receptors in BC. Although several works have reported the
combination of drug and mAb delivery for enhanced cancer therapy, there is none of the
work reported on antitumor enzyme delivery associated with mAb.

In this context, a nano-drug delivery system using chitosan and polyethylene gly-
col has the promise to release various drugs in the cancer microenvironment based on
pH [10-12]. The efficacy of therapeutic enzymes is known to be increased by conjugation
with antibody, folic acid, daidzein, liposomal nanoparticles, chitosan nanoparticles, gold
nanoparticles, dendrimer, and nanotubes [13-18]. In addition, the chitosan nanoparticles
are known to deliver monoclonal antibody, genes, and anti-cancer enzymes in the cancer
sites [19-21]. To overcome the clinical challenges of higher toxicity and instability in the LO
enzyme and increase its therapeutic efficacy, the present study was hypothesized to develop
a PEGylated chitosan-based enzyme (LO) delivery system for HER2 /neu targeted breast
cancer therapy. A pH-dependent and herceptin (trastuzumab) functionalized L-lysine
x-oxidase loaded PEGylated chitosan nanoparticle was engineered and characterized for
HER2/neu targeted breast cancer therapy.

2. Materials and Methods
2.1. Chemicals, Cell Line, and Animals

Chitosan (CS; CAS No. 9012-76-4, low molecular weight —50,000-190,000 Da; 75-85%
deacetylated chitin, poly (D-glucosamine), polyethylene glycol (PEG 6000), L-lysine x-oxidase
(LO) from Trichoderma viride, ethidium bromide (EB), acridine orange (AO), hydrochloric acid,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC: HCl), rhodamine 123
(Rh123), N-hydroxysuccinimide (NHS), propodium iodine (PI), dichlorofluorescein diacetate
(DCFH-DA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibody anti-HER2
(Herceptin, trastuzumab; A1046-100 Lot. 4E31A10460) was obtained from BioVision Inc.,
Milpitas, CA, USA. The cell viability assay kit CELLO MAXTM was procured from MediFab,
Republic of Korea. Cell culture media (Roswell Park Memorial Institute Medium; RPMI),
fetal bovine serum (FBS), SnakeSkin™ Dialysis Tubing (10 K MWCO, 35 mm), penicillin
and streptomycin (P&S), and apoptosis kit (Annexin V FITC and PI) for flow cytometry
were acquired from ThermoFisher Scientific (Waltham, MA, USA). Human breast cancer
cell line (BT474) was purchased from Korean Cell Line Bank, (KCLB), Seoul, Korea. Seven-
week-old BALB/c/nu/nu female mice weighing 20-22 g were purchased from Nara Biotech,
Seoul, Korea.
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2.2. Preparation of CS-LO NPs/CS-LO-PEG NPs

The characteristics of the chitosan used in the present study are reported in our previ-
ous work [22]. The CS-LO NPs were prepared by the TPP-ionotropic gelation method [23].
In brief, 5 mg of CS was dissolved in 10 mL of 0.5% (v/v) acetic acid and stirred at 50 °C for
4 h. The TPP solution (1 mg/mL) was prepared in deionized (DI) water and stirred for 2 h.
The CS and TPP solutions were filtered through a syringe filter (0.45 um). The pH of the CS
solution was adjusted to 5.0 using 0.2 M NaOH. The 25 mL of TPP (1 mg/mL) was added
to the 75 mL of CS (0.5 mg/mL) solution drop by drop and stirred at room temperature
for 4 h. PEGylated CS nanoparticles were prepared according to the method reported
earlier with slight modifications [24]. A total of 10 mg of the PEG 6000 was dissolved in
CS (0.5 mg/mL) solution under stirrer condition for 1 h, and then the pH of the PEG-CS
solution was adjusted to 5.0 using 0.2 M NaOH. Afterwards, the TPP (1 mg/mL) solution
was added to the CS-PEG solution to form the nanoparticles. The different concentrations
of LO (0.1-1 mg/mL) were incorporated into the CS solution or CS-PEG solution before
the addition of TPP. The CS-LO NPs and CS-LO-PEG NPs were centrifuged at 14,000 rpm.
The pellets were lyophilized and preserved at 4 °C in a refrigerator.

2.3. Functionalization of Antibody Anti-HER?2 (Trastuzumab) in CS-LO-PEG NPs

The functionalization antibody in the NPs was carried out through covalent bond-
ing performed according to the method reported elsewhere [25]. The COOH group of
CS-LO-PEG NPs was activated by the addition of 10 puL of NHS (10 mM) and EDC (10 mM)
and then added to CS-LO-PEG NPs (0.5 mg/2 mL) stirring at 150 rpm at ambient tem-
perature for 8 h. Afterwards, the anti-HER?2 (trastuzumab) (100 ng/mL of COOH group
activated CS-LO-PEG NPs) was added and kept stirred using the magnetic stirrer at am-
bient temperature for 12 h. Then the anti-HER functionalized CS-LO-PEG NPs were
named CS-LO-PEG-HER NPs and dialyzed using the SnakeSkin™ Dialysis Tubing (10 K
MWCO, 35 mm) in phosphate buffer for 4 h, and then centrifuged at 20,000 rpm for 2 min,
and the pelleted nanoparticles were stored at 4 °C for characterization, drug release, and
anticancer experiments.

2.4. Enzyme Assay

Total protein was determined using the Bradford reagent (Bio—Rad). The enzyme (LO)
was determined by measuring the HO, production in the reaction mixture at 555 nm using
a spectrophotometer (SpectraMAx@ Plus 384 Microplate reader, Molecular devices) [5,26].
In brief, the enzyme solution was added to trisphosphate buffer (20 mM; pH 8.0) containing
2 mM of o-dianisidine, peroxidase (5 ng/mL), and substrate L-lysine (2 mM) and incubated
at 30 °C for 5 min. Then absorbance was measured at 555 nm and the enzyme activity was
expressed as IU [26].

2.5. Enzyme Loading and Entrapment Assay

Different concentrations of LO (0.1-1 mg/mL) were loaded onto CS-PEG-NPs. After
completion of the LO loading producers, the unloaded LO was collected by centrifugation
of the LO-CS-PEG NPs suspension at 12,000 rpm for 20 min. The supernatant was used as
the LO source for the enzyme assay described in Section 2.4. The enzyme present in the
supernatant was measured and subjected to the following equations to calculate the enzyme
(LO) entrapment and loading efficiency: EEE (%) = (Ei — Ef)/Ei, where Ei: total input of
LO, Ef is the amount of unloaded LO in the supernatant; and ELE = (Ei — Ef)/M, where Ei
is the total amount of LO input, Ef is the amount of unloaded LO in the supernatant, and
M: total weight of nanoparticle (LO-CS-PEG NPs).

2.6. Characterization of Nanoparticles

A series of analytical methods were used to confirm the successful formation of CS-
LO-PEG-HER NPs. The loading of LO and, functionalization of mAb (Anti-HER) were
analyzed by FTIR (Fourier-transform infrared spectroscopy; PerkinElmer Paragon 500,
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Waltham, MA, USA) and NMR (Nuclear Magnetic Resonance; FI-NMR, Bruker, 600 MHz,
MA, USA). For the FTIR analysis, the nanoparticle samples, including CS, PEG6000, LO,
HER, CS-LO NPs, CS-LO-PEG NPs, and CS-LO-PEG-HER NPs, were prepared as KBr
pellets using the standard sample preparation method, and the IR scanning was performed
from the 400-4000 cm~!. To determine the size and zeta potential of nanoparticles, DLS
(Dynamic light scattering; zeta potential particle size analyzer Malvern, Eindhoven, The
Netherland) and ELS (Electrophoretic light scattering) analysis were used. For the DLS/ELS
analysis, 10 pg of each NPs was dissolved in 3 mL of DI water, sonicated for 2 min, and
filtered using a 2 um syringe filter. The filtered nanoparticle suspension was used for DLS
analysis. Transmission electron microscopic (JEOL-JSM 1200EX, Tokyo, Japan) analysis was
used to observe the morphology of nanoparticles. For TEM analysis, 10 ug of each NPs
was dissolved in 1 mL of ethanol, sonicated for 2 min, and negative stained with 2% uranyl
acetate then loaded into a copper grid for TEM observation [27].

2.7. In Vitro Enzyme Release Assay

In vitro release of the enzyme LO from the CS-LO-PEG-HER NPs was determined at
three different pH values (5.0, 6.8, and 7.4). In brief, the 5 mg of the CS-LO-PEG-HER NPs
were dissolved in 5 mL of different pH buffer solutions. The nanoparticle suspension was
loaded in SnakeSkin™ Dialysis Tubing (35 mm) membrane bag. The nanoparticle loaded
membrane was kept in a 250 mL beaker containing the 50 mL dissolution buffer solution
(pH 5.0, 6.8, and 7.4) and allowed for magnetic stirring (50 rpm). Aliquots of 5 mL were
collected at different time intervals (0-70 h) by replacing the same volume of dissolution
buffer, and the enzyme release was measured using the enzyme assay methods described
in Section 2.5. The experiments were performed three times, and pH-dependent release of
the LO was calculated and expressed as the cumulative release (%).

2.8. Cell Culture and Blood Compatibility Assay
2.8.1. Cellular Internalization

The effect of the anti-HER functionalization in nanoparticles (CS-LO-PEG-HER NPs
and CS-LO-PEG NPs) on cellular internalization was analyzed by in vitro cell culture
experiments. In brief, the BT474 cells (1 x 10%) were cultured in a 5 mL of RPMI medium
incorporated with 10% of FBS and 1% antibiotic solution in six-well plates (costar) in 5%
CO, atmosphere at 37 °C for 24 h. Afterward, 50 ng/mL of each nanoparticle (CS-LO-PEG-
HER NPs and CS-LO-PEG NPs) was treated for 12 h, then the cells were collected using the
aseptic cell scraper, dehydrated, and observed under TEM.

2.8.2. Hemolysis Assay

The blood compatibility of the nanoparticles (CS-LO-PEG-HER NPs and CS-LO-PEG
NPs) was tested in sheep blood (Carlina, Seoul, Korea). In brief, 1 mL of sheep blood was
dissolved in 10 mL of PBS (pH 7.4) and centrifuged at 2000 rpm for 10 min at 4 °C. After
the centrifugation, the pellet containing the RBC was collected by washing three times with
PBS (pH 7.4). The RBC suspension (4% v/v) was prepared in PBS for the hemolysis assay.
For the assay, 200 pL of RBC suspension and 400 uL of different concentrations of each
nanoparticle (12.5, 25, 50, 100, 150, 200 ng/mL) were added and incubated at 37 °C for 1 h
and then centrifuged at 2000 rpm at 4 °C for 10 min. The absorbance of the supernatant was
observed at 545 nm using the UV spectrophotometer. Here, 1% (v/7v) of triton X-100 was
used as a negative control while the PBS was used as a blank. The percentage of hemolysis
was calculated by applying the formula: hemolysis (%) = (test/control) x 100.

2.8.3. Cytotoxicity

The cytotoxic effect of nanoparticles, enzymes, and antibody (anti-HER2) treatments in
BT474 cells was analyzed by the WST assay. In detail, the BT474 cells (1 x 10%) seeded in the
96 well plates containing the 100 uL of RBMI media (10% FBS and 1% antibiotic solution)
and cultured at 37 °C at a 5% CO; atmosphere for 24 h. Then different concentrations
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(25, 50, 100, 150, 200 ng/mL) of nanoparticles, enzyme, and antibody (anti-HER2) were
treated at the same incubation condition for 12 h. After the treatment, 10 ul. of WST
solution was added and incubated for 45 min. The absorbance was read at 450 nm using
the UV spectrophotometer. The cell viability (%) was calculated using the formula (OD of
test/OD control) x 100.

2.8.4. Fluorescent Microscopic Assay

Effect of the nanoparticles, enzyme, and antibody (anti-HER2) treatments were deter-
mined in BT474 cells on mitochondrial membrane potential (MMP), nucleus, and reactive
oxygen species (ROS) generation. In brief, the BT474 cells were cultured as mentioned
in Section 2.8.1. After the confluence, the IC50 concentration of each sample was treated
at 37 °C, in a 5% CO, atmosphere for 12 h. Then the MMP changes were observed by
staining with Rh123, and the nucleus damage was visualized using DAPI staining. The
ROS generation was noted through DCFH-DA staining, while the apoptosis stages were
observed by AO/EB staining. All stain preparations and staining producers were carried
out in accordance with the methods described in our previous works [28,29].

2.8.5. FITC, Annexin V Apoptosis Assay

The treatments induced apoptosis stages (live, early, late apoptosis, and necrosis) in
BT474 cells were measured by flow cytometer using Annexin V, FITC staining according
to the protocols described in the manufacture’s instruction. In brief, the BT474 cells were
cultured as mentioned in Section 2.8.1. The IC50 samples were treated for 12 h, and cells
were collected using the aseptic cell scraper and washed with PBS (pH 7.4) by centrifugation
at 4 °C for 4 min. Then the cells were fixed with 100 uL of binding buffer (1) for 10 min
at ambient temperature. Afterward, 1 pL of PI and 5uL of FITC-labeled annexin V were
added and incubated for 15 min at room temperature. Finally, 400 pL of binding buffer
(1x) was added, filtered, and analyzed using the flow cytometer (BD FACS aria II).

2.8.6. Cell Cycle Assay

The effect of nanoparticles, enzymes, and antibody (anti-HER?2) treatments on the
cell cycle of BT474 cells was analyzed by PI staining using a flow cytometer. The PBS was
used to prepare the 70% ethanol and PI stocks. For the PI stock, 50 ug of PI and 100 pg
of RNase A were dissolved in 1 mL of PBS (pH 7.2). The above-mentioned samples of
treated cells were collected as described in Section 2.8.1 and fixed in 70% ethanol for 10 min.
Then the cells were washed with PBS by centrifugation at 2000 rpm for 4 min at 4 °C. An
equal volume of each treatment was adjusted using a hemocytometer and then stained
with 500 pL of PI stock solution for 30 min. The cell cycle arrest was analyzed using the
flow cytometer (BD FACS aria II).

2.9. In Vivo Animal Model

Seven-week-old athymic BALB/c female mice (2022 g) were purchased from Nara
Biotech, Seoul, Korea. Animal studies were performed according to the Kangwon National
University Ethical Policy (KW-201019-1). The mice were housed (6 mice/cage) ata 12/12 h
light/dark cycle and fed with a standard diet and water ad libitum. The BT-474 cells
(1 x 10°/mice) were subcutaneously injected into the right flank. The 0.1 mL of PBS was
used as a cell vehicle and the implanted cells were allowed to grow for 10 days. Once
tumor size reached 100-160 mm?, the mice were randomly grouped for treatments, and
each treatment group contained 4 mice, which is followed according to the Kangwon
National University Ethical Policy: (i) saline water (PBS), (ii) LO (200 pg/kg), (iii) HER
(200 pg/kg), (iv) CS-LO-PEG NPs (200 pg/kg), and (v) CS-LO-PEG-HER NPs (200 pg/kg).
These samples were injected intravenously once a day for 12 days. During the experiment,
the body weight and tumor volume were measured using the laboratory weighing balance
and Vernier caliper. After the treatments, the mice were sacrificed by cervical dislocation,
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and organs and tumors were collected for histopathological analysis using Hematoxylin
and Eosin staining according to the method reported earlier [27,30].

2.10. Statistical Analysis

Each experiment was repeated at least three times, and the results are expressed as a
mean =+ standard error. The significance of the factor was determined using analysis of
variance (ANOVA) and a post-hoc test (Duncan’s test). All statistical analysis is carried
out via the use of a virtual tool (IBM SPSS statistical software version 20; IBM, New York
NY, USA).

3. Results and Discussion
3.1. Synthesis and Characterization
3.1.1. DLS, Enzyme Entrapment, Loading Efficiency

The present study designed a nano-drug delivery system to deliver the LO specifically
to HER2+ breast cancer (BC) cells, where functionalization of mAb (anti-HER2+) with
PEGylated-chitosan enabled the targeting of the HER2+ BC cells. The physicochemical
properties of NPs in response to the input of LO are shown in Table 1. The results revealed
that the LO input significantly influenced the average size, zeta potential, polydispersity
index (PDI), enzyme entrapment efficiency (EEE), and enzyme loading efficiency (ELF)
(Table 1). Although these indicators varied in response to the LO input, all the nanopar-
ticles exhibited the amicable properties that are favorable for biomedical drug delivery.
Further, the size (138.53-182.60 nm) in line with PDI was 0.12-0.44, and the zeta potential
was 26.73-36.60 mV (Table 1). The size of the nanoparticles has a vital role in cellular
internalization and uptake of nanomedicine, as indicated by earlier reports [31], and the
nanoparticles size of <200 nm is known to enhance cellular uptake and internalization
through the EPR (permeability and retention) effect [32]. The results of the present work
recorded that the input of 0.5 mg of LO had achieved CS-LO-PEG NPs with a size of
144.1 £ 2.96 nm with zeta potential of 35.86 &= 1.33 mV, and PDI of 0.28 & 0.03, and it also
exhibited the optimal EEE of 59.15 + 0.44%, ELE of 14.26 + 0.85%. These characteristics of
nanoparticles are favorable for clinical application. Hence, they were selected for further
characterization and anti-HER functionalization.

Table 1. Effect of different concentrations of enzyme input on size, zeta potential, polydispersity
index (PDI), drug entrapment and drug loading in chitosan-PEGylated nanoparticles (CS-LO-PEG
NPs). The results are presented as mean £ SE. Superscript letters on the values indicates significant
differences between the data in the column (p < 0.05).

Initial Enzyme Input

Zeta Potential Enzyme

(mg) Size (nm) @V) PDI Entrapment (%) Enzyme Loading (%)
0.1 138.53 &+ 4.68 2 26.73 +1.022 0.35+0.04¢ 75.77 + 0.76 4 5.26 4+ 0.312
0.2 143.76 4+ 2.43 b 31.10 £ 0.92° 0.44 +£0.014 62.82 +0.82°¢ 10.59 + 0.64 P
0.5 1441 +296P 35.86 &+ 1.33 ¢ 0.28 +0.03b 59.15 4 0.44 b 14.26 +0.85¢
1 182.60 4 2.34 ¢ 36.60 + 0.30 4 0.12 +0.052 53.38 + 0.57 @ 17.49 +0.814

The DLS and ELS were again performed to show the zeta size, zeta potential, and PDI
of CS-LO NPs, CS-LO-PEG NP, CS-LO-PEG-HER NPs (Figure S1). The results indicated that
the size of the NPs increased with PEGylating and anti-HER?2 functionalization. The CS-LO
NPs exhibited a z-average size of 137.0 & 1.02 nm, and a zeta potential of 36.4 £ 2.18 mV
with PDI of 0.360 & 0.04 (Figure Sla,b). The CS-LO-PEG NP displayed a z-average size
of 143.0 =+ 0.98 nm, and a zeta potential of 35.3 £ 0.52 mV with PDI of 0.357 £ 0.02
(Figure Slc,d), whereas CS-LO-PEG-HER NPs unveiled a z-average size of 165.9 £ 1.02 nm,
and a zeta potential of 34.2 = 1.60 mV with PDI of 0.300 & 0.12 (Figure Sle,f). The results
revealed that the 0.5 mg of LO-loaded nanoparticles (CS-LO NPs, CS-LO-PEG NP, and
CS-LO-PEG-HER NPs) synthesized in the present work unveiled the optimal size, zeta
potential, and PDI for drug delivery. The PDI value of a nanoparticle of <0.5 and a
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zeta potential of >30 mV indicates the mono-dispersion and stability of the NPs [33].
Furthermore, the positive charge of the NPs improved electrostatic interaction, cellular
penetration, and uptake with the negatively charged cell membrane [34].

3.1.2. Morphological Characterization by TEM

The TEM results of CS-LO NPs, CS-LO-PEG NPs, and CS-LO-PEG-HER NPs are
shown in Figure 1a—c. The morphology of the nanoparticles was found to be spherical and
homogeneous spheres with size of <100 nm, which is smaller than the DLS measurement
of size. The size difference between TEM and DLS was observed due to the differences
in the sample preparation and hydrodynamic properties of NPs [22,35]. In addition, the
DLS was performed to analyze the size of the particle in a liquid state according to the
Stokes—Einstein principle, while TEM principally works in the dry state of samples under
high vacuum pressure [36].

(a) CS-LO-NPs (b) CS-LO-PEG NPs (¢) CS-LO-PEG-HER NPs

Magnification (nm)

Figure 1. Transmission electron microscopic observation of HER functionalized L-lysine x-oxidase
loaded chitosan-polyethylene glycol (PEG) nanoparticles. CS-LO NPs (a), CS-LO-PEG NPs (b) and
CS-LO-PEG-HER NPs (c). Where CS is chitosan, LO is L-lysine x-oxidase, PEG is Polyethylene
glycol 600, HER is Herceptin (Trastuzumab).

3.1.3. Surface Chemistry Analysis

The FTIR facilitated the analysis of the formation, loading, and functionalization of the
LO and antibody (anti-HER2+) in the CS-LO-PEG-HER NPs in comparison with CS, PEG,
HER, LO, and its conjugated NPs. To verify the loading of the LO, and functionalization of
anti-HER, the IR spectrum of free LO, HER, CS-LO NPs, CS-LO PEG NPs were compared,
and the results are shown in Figure 2a,b. The CS exhibited the characteristic vibration at
3351 cm 1, 1648 cm ™!, and 1577 cm ™! assigned to the O-H stretching, C=0, amine I, and
amine II respectively, while the 1419 cm~!, 1375 cm ™!, 1314 cm~! corresponding to O-H,
and other characteristics peaks at 1060, 1026 assigned for C-N amine while peaks including
894 cm~1, 555 cm ™1, 445 cm ! accounted for C-H bending of CS [37,38]. The IR spectrum of
the LO displayed primary protein absorption characteristic peaks at 3377 cm ™! accounting
for N-H (primary amine), while 988 corresponded to C=C bending [39], Similarly, the
protein absorption peaks for the lipase B and horseradish peroxidase are reported in the
earlier work by using the IR spectrum [38,40,41]. The CS-LO NPs showed the overlapping
and reappearance of characteristic peaks of CS and LO at 2882 cm~!, 1577 cm~!, and
961 cm—1, respectively. Besides, some of the peaks related to the LO changed due to the
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(a)

Transmittance (a.u)

1

interaction of amino groups with polymer surfaces [40]. In addition, the peaks of 1240 cm™
and 899 cm~! in CS-LO NPs indicate the formation of P=O and P-O-P bonds related to
the interaction of an amino group of CS and the phosphate group of TPP mediated CS
NPs formation [38,42].

1026
(b)  102-
101 1
< \

—CS-LONPs 00, v -~
b X 100 1

S
2694 19637 @ 99

—PEG 6000 | [0 @

A’ g £
2880 % E 98

-

=
2882 E 974

——CS-LO-PEG NPs g
1060 ) "6-

b~
954

n2 1647 241 ) -

—CS-LO-PEG-HER NPs B LN P i 94

3000 2300 2000 1500 1000 =0 4000 3500 3000 2500 2000 IS(;(] 1000 500
Wavenumber (em™!) Wavenumber (em™)

Figure 2. FTIR analysis of herceptin (trastuzumab) functionalized L-lysine x-oxidase loaded chitosan-
polyethylene glycol (PEG) nanoparticles. Functional group changes in CS, CS-LO NPs, PEG600,
CS-LO-PEG NPs and CS-LO-PEG-HER NPs are shown in (a), while LO and HER are shown in (b).

The PEG 6000 illustrated the characteristic peaks at 2880 cm~1, 2740 em~1, 2694 cm 1,
corresponding to C-H, and 1466 cm~! and 960 cm~! accounted for by the ether bond [38].
The CS-LO PEG NPs exhibited the overlapping of the characteristic peaks, CS, LO and
PEG, specifically the peaks such as 2882 cm™!, 1575 cm™!, 1466 cm™!, 961 cm ™! that
reappeared in the IR spectrum of CS-LO PEG NPs. Furthermore, the peaks that appeared at
2882 cm~1, 1147 cm~! and 1097 cm ™! evidenced the successful PEGylation with the amine
group of CS and the formation of CS-LO PEG NPs [43]. The free anti-HER exhibited the
peaks at 3419 cm~! and 1638 cm ™!, which corresponded to the primary (N-H stretching)
and secondary amine (N-H bending) groups [39]. The CS-LO-PEG-HER NPs showed
the reappearance or overlapping of the IR peaks corresponding to CS (3292 cm '), LO
(962 cm~1), PEG (2693 cm '), HER (1647 cm™!) with minor shifting from the original
appearance, and this indicated the successful formation of CS-LO-PEG-HER NPs through
TPP, EDC, and NHC mediated synthesis.

3.2. In-Vitro Experiments
3.2.1. Drug Release and Intracellular Distribution

The stability and pH-responsive release of LO from CS-LO-PEG-HER NPs were tested
in three different pH buffer solutions (pH 5.0, 6.8, and 7.4). The results indicated that the
LO release significantly varied with the time and pH value (p < 0.05), and the higher release
of >80% was found at pH 5.0, while the lower ~15 was found at pH 7.4 after 64 h (Figure 3a).
The pH-responsive diffusion and degradation properties of CS and PEG triggered the LO
release at pH 5.0. Similarly, several works have been reported the pH responsive release
of drug from PEGylated CS [44,45]. The pH of the cancer microenvironment is reported
to be pH ~5.2-5.4 [46]. Furthermore, the enzyme LO is stable in a wide range of pH and
temperature [4].

Cellular penetration, and uptake are considered important factors for successful
nanomedicine. Therefore, we experimented to compare the effects of dual stimuli (pH, and
electrostatic interaction) and multi stimuli (electrostatic, ligand, and antibody interaction
and pH) on cellular uptake and penetration of NPs by TEM. The results are shown in
Figure 3b—d. The data confirmed the higher cellular uptake and distribution of CS-LO-PEG
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HER NPs than CS-LO PEG NPs. These results indicated that the Anti-HER2 (antibody-
ligand) and HER2 (receptor) interaction triggered the higher cellular binding of formal
CS-LO-PEG HER NPs than the bare CS-LO PEG NPs.
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Figure 3. In vitro pH responsive enzyme release from the herceptin (trastuzumab) functionalized
L-lysine a-oxidase loaded chitosan-polyethylene glycol (PEG) nanoparticles (CS-LO-PEG-HER NPs;
(a)), cellular internalization without herceptin functionalized (CS-LO-PEG NPs) and herceptin func-
tionalized (CS-LO-PEG-HER NPs) L-lysine x-oxidase loaded chitosan-polyethylene glycol (PEG)
nanoparticles. (b-d) shown the nanoparticles internalization in high magnification. ** p < 0.01;
*p <0.05.

3.2.2. Blood Compatibility

Nanomedicines are favorable to intravenous injection for the efficient delivery of
drugs without any toxicity to normal cells [47]. In addition, the enzyme LO is known to
cause the toxicity of L-lysine in blood plasma [3]. To verify the blood toxicity of LO, a
hemolysis assay was performed and compared the activity of CS-LO-PEG HER NPs and
CS-LO PEG NPs. As shown in Figure 4a and Figure S2, both NPs exhibited a hemolysis
rate of <5% even at the high concentration of 200 ng/mL, and hence, CS-LO-PEG HER NPs
and CS-LO PEG NPs did not cause obvious RBC lysis, as shown in Figure S2. It has been
reported that <5% of hemolysis can be considered blood compatible and used for drug
delivery applications [48,49].

3.2.3. Cytotoxicity

The WST assay was applied to investigate the comparative cytotoxicity effects of
LO, HER, CS-LO-PEG NPs and CS-LO-PEG HER-NPs in BT474 cells (Figure 4b). The
cytotoxicity significantly varied between the samples or concentrations. The CS-LO-PEG
HER-NPs induced higher cytotoxicity than the other samples. This higher cytotoxicity of
CS-LO-PEG HER-NPs was attributed to the increased cellular uptake through the inter-
action of anti-HER? (ligand) and surface receptor (HER2+). According to earlier work,
the functionalization of anti-HER2 (trastuzumab) would support the greater uptake of
the nanomedicine through receptor-mediated endocytosis [50-52]. The overexpression of
HER2+ in the breast cancer cell line (BT474) enabled the higher interaction and bonding
between the mAb (anti-HER?2) and receptor (HER2+), which led to more efficient cytotoxic-
ity than the other samples, including LO, HER, and CS-LO-PEG NPs. This finding is also
supported by the cellular uptake and internalization studies.

3.2.4. Fluorescent Staining Assay

The cytotoxic effect of LO, HER, CS-LO-PEG NPs, and CS-LO-PEG HER-NPs in BT474
was further validated through a fluorescent staining assay (Figure 4c—e) Rh123 staining
results revealed that the treatment of LO-CS-PEG-HER-NPs, HER, and LO caused a com-
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plete MMP loss, while CS-LO-PEG NPs exhibited moderate MMP loss as compared to
control cells (Figure 4c). The loss of MMP was indicated through the loss of fluorescent
intensity [53]. The nuclear stain DAPI is used to study the nucleus damage (nuclear frag-
mentation, chromatin condensation, margination). Moreover, DAPI would bind strongly
with damaged cells as compared to healthy cells [54]. The results from DAPI staining
revealed that the treatment of CS-LO-PEG HER-NPs caused higher cellular damage in the
BT474 cells than in other samples (Figure 4d). The DCFH-DA is a dye used to measure the
ROS generation under the excitation of fluorescents. The higher ROS generation was found
in a decreasing order of sample treatments: LO-CS-PEG-HER NPs > CS-LO-PEG NPs >
LO > HER (Figure 4e). These results agree with the general principle of LO-mediated cell
toxicity through the production of H,O, mediated oxidative stress [6]. Following this, the
dual stain AO/EB assay was performed to observe the LO, HER, CS-LO-PEG NPs and
CS-LO-PEG HER-NPs induced apoptosis stage in BT474 cells. The results showed more
apoptosis (orange, chromatin damage) and necrosis (red, fragmented) cells than in other
samples of treated cells (Figure 5a).

(a) (b)
4 100
SLO = HER #CS-LO-PEG NPs = CS-LO-PEG-HER NPs
35 CS-LO-PEG NPs 1 CS-LO-PEG-HER NPs _ 80 1
- 3 9 o
= i ik [ . )
S5 . Z 60 ais L. .
22 E P y %3k
[=] opm >
£15 = 40 f P
= i L c o F
L1 5 © 20
0.5 j
0 B 0
12.5 25 50 100 150 200 25 50 100 150 200
Concentration (ng/mL) Concentration (ng/mL)
Control LO HER CS-LO-PEG NPs LO-CS-PEG-HER NPs

(d) DAPI (c) Rh123

(e) DCFH-DA

Figure 4. Blood compatibility of CS-LO-PEG-HER NPs and CS-LO-PEG- NPs (a), cytotoxicity of
enzyme loaded nanoparticles in BT474 cell line (b), microscopic fluorescent analysis of enzyme or
enzyme loaded nanoparticles induced mitochondrial membrane loss by Rh123 (c), nucleus damage
by DAPI (d), reactive oxygen species generation by DCFH-DA (e). Where CS is chitosan, LO is
L-lysine c-oxidase, PEG is polyethylene glycol 600, HER is herceptin (Trastuzumab). ** p < 0.01.
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Figure 5. Effect of L-lysine x-oxidase, herceptin, and different nanoparticles treatment on apoptosis
stages of BT474 cell line observed by AO/EB staining (a), FITC and annexin V staining based flow
cytometry assay (b) and cell cycle stages by PI staining (c). Where CS is chitosan, LO is L-lysine
x-oxidase, PEG is polyethylene glycol 600, HER is herceptin (Trastuzumab).

3.2.5. Measurement of Apoptosis and Cell Cycle Arrest by Flow Cytometer

A FITC annexin V, PI stain-based flow cytometry assay was executed to investigate
the effect of LO, HER, CS-LO-PEG NPs, and CS-LO-PEG HER-NPs treatments in BT474
on apoptosis and cell cycle arrest (Figure 5b). Figure 5b displays the live cells in the left
lower quadrants, early apoptosis in the right lower quadrants, and late apoptosis in the
right upper quadrants, while the left upper quadrants showed the necrosis cells. The
apoptosis or necrosis cells (%) were found higher in CS-LO-PEG HER-NPs (74.21%) and
LO (70.39%) treated cells than in other treatments. Next, the cell cycle distributions due to
the treatments in BT474 cells were investigated. The treatment of LO, HER, CS-LO-PEG
NPs, and CS-LO-PEG HER-NPs showed a typical cell distribution pattern of G0, G0/G1, S,
and G2/M phases in the cell cycle. The number of cells in each cell cycle stage significantly
varied between the treatments (p < 0.05; Figure 5c).

The treated cells that exhibited higher cell populations in the GO/G1 phase were LO
(48.82%), HER (53.26%), CS-LO-PEG NPs (51.09%), and CS-LO-PEG HER-NPs (52.73%).
Moreover, the cell population was found high in the G0 phase (apoptosis) of the CS-LO-PEG-
HER NPs (14.89%) compared to the control untreated cells. The present results revealed that
the treatment of CS-LO-PEG-HER NPs exhibited cell arrest in the GO/G1 phase. Similarly,
earlier work reported that the cell population in the GO phase was related to the apoptosis
cells [55]. Cell cycle arrest and apoptosis are regular processes to inhibit the abnormal
growth of cells through activating signals related to the apoptosis-related pathway [56].

3.3. In Vivo Experiments
3.3.1. Survival, Tumor Size, and Body Weight

The anticancer activity of LO, HER, CS-LO-PEG NPs, and CS-LO-PEG HER-NPs was
tested in vivo BT474 (breast cancer) tumor-bearing BALB/c female mice model (Figure 6a,b).
The tumor volume and body weight were measured at different time intervals up to the end
of the experiment. The tumor growth rapidly increased in the saline water treated (control
group) ~558.25 + 18.25 mm? at the end of the experiment. In contrast, LO, HER, or nanopar-
ticles treated groups exhibited promising antitumor proliferation activity (Figure 6¢,d).
Moreover, the level of the tumor growth did not show any significance between the LO and
HER treatments; however, the CS-LO-PEG HER-NPs exhibited significant tumor growth
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inhibition as compared to other treatments, including the control group (Figure 6¢,d). Next,
the bodyweight changes between the treatments were measured, and the results displayed
significant difference between the CS-LO-PEG HER-NPs treatments and the control group
(saline water), while other treatments did not show any significant differences from the
control (p < 0.05). Also, the experiment observed a 100% survival rate in all the groups at
the end of the experiment.

(2)

Subcutaneous

injection of 100

ul. of BT474

cells (10%) Tumor
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measured every day.

development
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Figure 6. Effect of L-lysine a-oxidase, herceptin and different nanoparticles treatment on tumor
bearing mice. Schematic illustration of in vivo antitumor study plan (a). Photographic visualization
of tumor development (b), measurement of tumor volume in 24th day (c), tumor volume variation
in relation to days (d) and body weight response to days (e). Where CS is chitosan, LO is L-lysine
x-oxidase, PEG is polyethylene glycol 600, HER is herceptin (Trastuzumab). (T1) saline water (PBS),
(T2) LO (200 pug/kg), (T3) HER (200 ug/kg), (T4) CS-LO-PEG NPs (200 ug/kg), and (T5) CS-LO-PEG-
HER NPs (200 pg/kg). ** indicated the p < 0.01 significant variations between the untreated (saline
water) mice with all other treated groups. ## indicated the non-significance with LO and HER while
it exhibited the significance with other treatments and saline water (p < 0.05).

3.3.2. Histopathology

The effect of LO, HER, CS-LO-PEG NPs, and CS-LO-PEG HER-NPs treatments was
observed by H and E staining in histopathological changes in the major organs such
as kidney, liver, and spleen (Figure 7a—c). There was no apparent damage observed in
the representative sections of the kidney, liver, and spleen when compared between the
control and various treatments. These results also indicated mild histological changes
in the HER (anti-HER2+) treated group, while all other drug formulations did not cause
significant damage to the kidney, liver, and spleen. Furthermore, the present results
evidenced the biocompatibility of drug formulations in vivo at the tested concentration.
The nanomedicine-mediated tumor cell necrosis or apoptosis is often studied by the H
and E staining assay [57]. Therefore, the changes in tumor cells were observed by H
and E staining. As shown in Figure 7d, no apparent necrosis was observed in the saline
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water treated group while the necrosis was observed in the sample treated mice group in
the decreasing order of CS-LO-PEG HER-NPs > CS-LO-PEG NPs > LO > HER. Similar
observations of the non-necrosis in tumors treated with saline water has been reported [58].
Moreover, the density of the tumor tissue was found to be higher in the control group than
in other treatments, while the CS-LO-PEG HER-NPs displayed a significant reduction of
tumor cells. Overall, the in vivo anticancer experiment demonstrated that pH-responsive,
HER2+ targeting property, CS-LO-PEG HER-NPs enhanced the utilization of LO efficiently
to achieve a promising anticancer effect.

Control LO HER CS-LO-PEG NPs CS-LO-PEG-HER NPs

(b) Liver (a) Kidney

(c) Spleen

(d) Tumor

Figure 7. Effect of L-lysine x-oxidase, herceptin, and different nanoparticles treatment on histopatho-
logical changes in organs and tumor pathology. Kidney (a), liver (b), spleen (c), tumor (d). Where CS
is chitosan, LO is L-lysine x-oxidase, PEG is polyethylene glycol 600, HER is herceptin (Trastuzumab).

4. Conclusions

In summary, the CS-LO-PEG NPs were prepared by the ionic gelation self-assembly
method, and further functionalized with anti-HER2+ by covalent bonding. The formulation
of these nanoparticles was confirmed by physicochemical characterization using FTIR,
NMR, TEM, and zeta potential particle size analysis. The dual functions of CS-LO-PEG
HER-NPs (i) pH-responsive release; and (ii) targeting the HER2+ breast cancer cells (BT474)
were confirmed by comparing them to other nanoparticles used in the study. The cellular
internalization of CS-LO-PEG HER-NPs was confirmed by TEM. It also increased the
controlled release of LO at the cancer site by sensing the pH of the tumor site. Finally, this
work proved that CS-LO-PEG HER-NPs exhibited significant anticancer potency in BT474-
xenograft tumor mice, with promising biocompatibility as indicated by the experiments of
cytotoxicity, hemolysis, and organ toxicity.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /pharmaceutics14050927 /s1: Figure S1. Determination of size
(a,c,e) and zeta potential (b,d,f) of the nanoparticles. Z-average size and zeta potential of CS-LO NPs
(a,b), CS-LO-PEG NPs (b—d) and CS-LO-PEG-HER NPs (e,f). Where CS is chitosan, LO is L-lysine
x-oxidase, PEG is Polyethylene glycol 600, HER is Herceptin (Trastuzumab); Figure S2. Pictorial
visualization of hemolysis activity of the nanoparticles CS-LO-PEG NPs and CS-LO PEG-HER NPs.
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