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The targeting nano carriers have been promptly proposed to overcome the current obstacles in
conventional chemotherapy approaches for cancer. Currently, PMBN (poly[MPC-co-(BMA)-co-
(MEONP)]), is considered as a promising amphiphilic polymer that could be easily targeted and
conjugated to hydrophobic substances with low bioavailability. To target breast cancer cells
overexpressing human epidermal receptor 2 (HER2) receptors, anti-HER2 monoclonal antibody
(A.Her2) was conjugated to PMBN and afterward loaded with ganoderic acid A (GA-A) as an anti-
cancer metabolite. The efficacy of conjugation and loading was reasonably favourable. The rod shape
of the polymer with a size of approximately 160 + 30 nm was confirmed. Our results indicated that
PMBN-A.Her2-GA is an anionic nanostructure with an appropriate form and capable of being applied
in cancer therapy. Subsequently, cytotoxicity analysis revealed an improved anti-proliferative effect of
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1. Introduction

Cancer is considered one of the world's leading causes of
death.* Recent reports estimate the total global cost associated
with cancer therapy to be a hundred billion USS$.> Due to the
growing side effects of conventional chemotherapeutic
approaches, there is more attention to finding alternative ways
for improving the immune system to target the advanced
stages of tumors.® Several natural herbal components have
been conventionally applied to treat various disorders for
a long time. Current investigations have been focused on
natural extracts of fungi, particularly those with low cellular
toxicity for normal tissues. It should be noted that not only
efficacy but also the cost-effectiveness of any investigation for
a new therapeutic approach should be considered in cancer
therapy to determine the cancer-related health care cost.
Ganoderma lucidum (G. lucidum), normally raised as Lingzhi in
China, is a fungal material that has been applied extensively in
Asian nations for routine treatments.* Its pharmacological
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properties include immune-modulating, anti-inflammatory,
anti-cancer, anti-diabetic, anti-oxidative, radical-scavenging,
and anti-aging effects.*” G. lucidum, contains more than
90% water, carbohydrate, crude fat, fibre, and protein®.
Moreover, it consists of diverse bioactive components such as
terpenoids, steroids, phenols, glycoproteins, and poly-
saccharides.® It has been reported that triterpenes and poly-
saccharides are the main physiologically active ingredients of
G. lucidum.* The growth of cell lines such as the human
prostate PC-3 and bladder cancers has been reported to be
inhibited following the exposure to the G. lucidum extract.****
Furthermore, ganoderic acid inhibits cell proliferation and
induced apoptosis in the human colon and breast carcinoma
cell lines."**

Breast cancer is one of the most common cancers in the
world. Recently, targeted therapy with antibodies or in combi-
nation with nano carriers has been regarded as a novel thera-
peutic approach to specifically target tumour markers.?
Trastuzumab (Herceptin) is the first recombinant human-
specific IgG1 monoclonal antibody applied in HER2 overex-
pressed breast cancer patients.”> HER?2 is a tyrosine kinase from
the family of epidermal growth factor receptors or EGFRs**
involved in various signalling pathways and considered prom-
ising targets in breast cancer therapeutic approaches.” HER2
plays a vital role in controlling growth, survival, and cell
differentiation.* Recombinant mAbs such as Trastuzumab and
Pertuzumab are commercially approved for targeting Her2 in
breast cancer therapy.””*® Despite all advantages in the clinic,
frequent mutations and subsequent monoclonal antibody
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resistance through activation of alternative pathways might
occur.””***® Hence, there is a crucial need for improved clinical
efficiency of anti-Her2 mAb. Targeted therapy with nanotech-
nology as drug delivery has been considered a promising
approach.*"** Following this technology, the drug dose and
toxicity in healthy tissues will be reduced, whereas anti-tumour
efficacy will be enhanced.* In drug delivery systems (DDSs),
biopolymers or biocompatible polymers have been extensively
applied.*** 2-Methacryloyloxyethyl phosphorylcholine (MPC)
polymer is a biocompatible polymer with the same polar group
(phosphorylcholine group) as biomembranes and thus lacks
any protein absorption.”* MPC polymers have been applied as
surface modifiers in numerous medical apparatus to develop
biocompatibility.*” The MPC polymers are extremely hydrophilic
due to their n-butyl methacrylate units; therefore, copolymers
such as MPC could be water-soluble. As a result, hydrophobic
monomer units might be involved in the solubilisation of
hydrophobic agents and improve their water solubility and
bioavailability.** Due to the incorporation of hydrophobic
substances by MPC, the possibility of their application as
a carrier for non-soluble substances in aqueous media has been
investigated.*** Poly[MPC-co-(BMA)-co-(MEONP)] (PMBN) is
a part of MPC polymer with active ester groups capable of being
conjugated to various proteins under moderate physiological
conditions.* PMBN might be a promising tool for targeted
therapy through proper ligands or antibody conjugation. In the
current study, growth inhibition and antitumor characteristics of
GA-A in combination with anti-Her2 mAb-conjugated PMBN
(PMBN-A.Her2-GA) on HER2 overexpressed SKBR3 cell lines in
comparison to Her2 negative MCF7 cell lines were investigated.
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Briefly, PMBN as an amphiphilic and targetable polymer was
conjugated with anti-Her2 mAb and loaded with GA-A to target
Her2 overexpressed breast cancer cell lines directly and deliver
GA-A as a fungal anti-tumor agent (Fig. 1).

2. Materials and methods

2.1. Materials

RPMI 1640 cell culture and Fetal Bovine Saline (FBS) were
provided from Sigma-Aldrich Co., Germany. Amicon filter was
procured from Merck Millipore Co., USA, ganoderic acid A from
BOC Science Co., USA, and anti-HER2 mAb Trastuzumab
(Herceptin®) was purchased from Aryogen Pharmed (Karaj, Iran).

3. Methods

3.1. Targetable amphiphilic nano polymer, PMBN

PMBN polymer has been developed in our previous study with
the composition of 40 mol% MPC, 50 mol% BMA, and 10 mol%
of MEONP.*® The structure of the polymer was confirmed by
Fourier transform infrared spectroscopy (FT-IR MB102,
BOMEM Inc., Switzerland) using the KBr pellet technique.
Proton nuclear magnetic resonance device (H-NMR DRX 300,
Bruker Avance Co., USA) was applied by CDCI; as solvent and
tetramethylsilane (TMS) as standard internal material. More-
over, dynamic light scattering measurement (DLS, Nano-ZS,
Malvern Co., UK) was applied to calculate the size of nano-
particles (NPs), size distribution, and zeta potential of the NPs'
surface. Subsequently, a scanning electron microscope (SEM
VEGA II, Tescan Co., Czech Republic) and transmission electron
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Fig.1 The conjugation of PMBN to anti-Her2 mAb, loaded with GA-A, a fungal anti-tumour agent. Anti-Her2 mAbs are conjugated to MPC units
as hydrophilic units and GA-A is attached to the BMA units due to its hydrophobicity.
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microscope imaging system (TEM EM10C-80 KV, Zeiss Co.,
Germany) evaluated the shape and size of the developed NPs.

3.2. Conjugation of PMBN-antiHer2mAb

2 mg of polymer with 30 pl concentration of Trastuzumab
(Herceptin®) Aryogen Pharmed (Karaj, Iran) was added to PBS at
pH ~7.4, and thoroughly mixed at 4 °C for 48 h. Afterward, the
obtained mixture was centrifuged (rpm: 5000 g, time: 13 min)
using a 30 KDa Amicon falcon filter (Amicon® Ultra-15 device,
Merck Millipore Ltd, USA) to remove unbound antibodies and p-
nitrophenol groups. The efficiency of filtration was checked via
absorption spectroscopy at 280 and 404 nm for anti-Her2 mAb
and p-nitrophenol, respectively, via a UV-Vis spectrophotometer
(Nanodrop 2000C, Thermo Scientific Co, USA). In that case, anti-
her2 mAb would make an amide binding with the active ester
group of MEONP monomer through the free -NH, group, and p-
nitrophenol will be released. To determine the amide binding
and efficiency, the following solutions were prepared:

(1) 1 mg of PMBN in 1 ml of NaOH (0.2 mol ml™"), (2) 1 mg of
PMBN in 1 ml of water, and (3) 1 mg of PMBN-A.Her2 in 1 ml of
water. The absorbance of each solution was measured at 404 nm
to evaluate the efficiency of conjugation by a spectrophotom-
eter, and the amide binding was analysed by FT-IR
measurement.

3.3.
GA-A

Incorporation of conjugated PMBN-antiHer2mAb with

The dissolved GA-A (1 ml) in ethanol was added to PMBN-
A.Her2-GA conjugates and mixed gently at room temperature.
Amicon falcon filtered the solution, and the loading efficiency
was analysed through the absorbance measurement at 255 nm.
The size and zeta potential of PMBN-A.Her2-GA were deter-
mined by DLS, and also the structure and size of the nano
system were investigated by field emission scanning electron
microscope (FESEM MIRA3, Tescan Co., Czech Republic) with
a magnification of 700 000.

3.4. Functional activity of conjugated PMBN-A.Her2-GA

3.4.1. Cytotoxicity. The functional activity of our developed
nano system on SKBR3 cells (HER2 over-expressing breast
cancer cell line) was evaluated in comparison to the MCF?7 cell
line as the negative control. Briefly, the SKBR3 and MCF7 cells
(University of Tehran, Tehran, Iran) were (5 x 10> cells per well)
seeded into 96-well plates and incubated for 24 h. Next, free GA-
A, PMBN-GA, and our developed PMBN-A.Her2-GA was sus-
pended within the 10% v/v serum added, and the cells were
incubated at 37 °C. Cell viability was investigated through cell
staining (dead cells in red and live cells in green) (Life Tech-
nologies, USA) following days 1 and 7 using 1 uM calcein AM
and 2 uM ethidium homodimer-3 in culture medium stained
cells, which were observed under fluorescent microscopy (Leica
DM IRB).

3.4.2. Metabolic activity of cells. Metabolic activity (cells
proliferation) was evaluated using the Alamar Blue assay
(Resazurin Cell Viability Assay Kit, Biotium, USA) following days
1 and 7. In brief, 10% v/v resazurin solution was added to each
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sample mentioned above and incubated at 37 °C for 3 h. Then,
100 pl of supernatant of incubated samples was transferred to
a 96-well plate, and fluorescence emission intensity was quan-
tified using a micro-plate fluorescence reader (Aex 560 nM, Ay,
590 nm, BioTek Instruments Inc., Synergy 4, USA).

3.4.3. Cell apoptosis analysis. SKBR3 and MCF7 cell lines
were cultured in RPMI medium supplemented with 10% fetal
bovine serum at 37 °C. Briefly, cells were seeded at 10° cells
per ml to 96-well plates with 10% FBS containing 5% CO, and
incubated overnight at 37 °C. The next day, free GA-A, PMBN-
GA-A, and our developed PMBN-A.Her2-GA were added to
each well. After 24 and 48 h of incubation, the apoptosis rate of
cells in response to cognate treatment was analyzed using
Annexin V Apoptosis Detection Kit (KeyGEN Biotech Co., Ltd,
Nanjing, China) according to the instruction. Subsequently, the
cells were analyzed by FACS caliber (FACScan, BD Biosciences,
Franklin Lakes, NJ, USA) programmed with CellQuest software
(BD Biosciences, Franklin Lakes, NJ, USA).

3.4.4. Statistical analysis. Statistical analysis was per-
formed using GraphPad Prism 5 software. One-way ANOVA and
Tukey's multiple comparison tests were used to compare
multiple groups. P < 0.05 was considered to be statistically
significant. All experiments were performed at least in
triplicate.

4. Results and discussions

4.1. Characterization of PMBN polymer

First, the polymer was analysed by FT-IR and H-NMR methods.
The specific peak at 1727 cm™ " was related to the carbonyl
group, the peak at 1086 cm™ ' was for (-POCH,-), and the
964 cm ! for (N"(CHj3);) group. Furthermore, the MPC mono-
mer peaks at 1.81 ppm for (CH;-C), at 4-4.3 ppm for (N+CCH,_,
POCH,C, -OCH,CH,OP-), and at 3.5 ppm for (N+CH3) were
determined by H-NMR analysis. BMA block peaks were at
1.0 ppm for (CH3-C), at ~4 ppm for (O(CH,);-C), and at 1.3 ppm
for (C-CHj). Finally, the MEONP monomer was confirmed by
peaks at ~0.8 ppm for (CH;-C), 3.1 ppm for (OCH,CH,0), and
7.0 and 8.1 ppm for protons of the aromatic ring. All the desired
structures of the polymer were as expected as confirmed. In the
next step, the size and zeta potential of the polymer were

25 —@— PMBN in NaOH

+++@-++ PMBN in Water

— @ —PMBN-anti-Her2mAb in Water

Absorbance

-

200 250 300 350 400 450 500 550 600

Wavelenght (nm)

Fig. 2 The absorbance of free p-nitrophenol in three different solu-
tions, Aa, Ab, and Ac, to measure the efficiency of the PMBN-anti-
Her2mAb conjugate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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analyzed by DLS. The analysis revealed —8.7 mV for the surface
charge, which indicates an anionic polymer. Following conju-
gation and incorporation, the enhanced or reduced values
should be measured to evaluate the quality of the constructed
nano system. Moreover, the size of 52.18 nm and the Poly
Disparity Index (PDI) of 0.11 confirmed the polymer as a nano
polymer with “monodisperse” characteristics. The size and
structure of the polymer were checked with SEM and TEM
microscopy. Results indicate the dimensions of 40 nm for
polymer. The variance between DLS, SEM, and TEM data was
probably due to the larger hydrodynamic diameter in DLS
analysis, which was typically larger than the diameters deter-
mined by SEM and TEM microscopy as a capping agent. The
synthesized polymer was notably rod-shaped. Rouslahti et al.
reported that in contrast to spherical NPs, rod-shaped NPs
(nano rods) show high endothelial preference in both in vitro
and in vivo.*” Furthermore, such particles seem to be superior
for targeting in tumor xenografts.*® Thus, this type of structure
might be a promising candidate to design an appropriate nano
carrier for DDS.?**

4.2. Conjugation of polymer and mAb

After the conjugation of the polymer with anti-Her2 mAb, the
solution was filtered. The absorbance of flow-through was
measured at 280 and 404 nm to evaluate any unbound antibody
and p-nitrophenol, respectively, which confirmed the accuracy
of our filtration step. The results confirmed that no free p-
nitrophenol or anti-Her2 in the solution that could interfere
with subsequent studies or possibly have toxic effects were
found (not shown). To measure the efficiency of conjugation,
three solutions were prepared, as mentioned before. The poly-
mer in NaOH solution, leading to the total release of the p-
nitrophenol group, can be considered as a reference value.
However, due to hydrolysis, fewer groups will be released from
the polymer in water. Consequently, the remaining p-nitro-
phenol after conjugation will be released following the hydro-
lysis. After the absorbance measurement at 404 nm (specific for
free p-nitrophenol) according to Fig. 1, and by the calculation 1
below, the efficacy of conjugation was calculated to be 72.1%
and confirmed (Fig. 2).
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Fig. 3 FT-IR analysis showed a specific amide-binding peak at
1637 cm™! and confirmed the interaction of the MEONP monomer
with anti-Her2mAb.
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Fig. 4 Evaluation of GA-A incorporation into conjugated NPs. The
absorbance of conjugated NPs before and subsequent GA-A loading
was measured at 255 nm, as shown, and the reduced absorbance
confirmed the accuracy of incorporation.

Tablel Comparison of size, zeta potential, and PDI of NPs before and
after incorporation with GA-A

PMBN PMBN-A.Her2-GA
Size 52.18 nm 279.8 nm
Zeta potential —8.47 mV —43.8 mV
PDI 0.116 0.436
Aa — Ab 1.9—- 035
——x 100 = ————— x 100 =72.1°9 1
Ac 2.15 n Q)

In addition, the FT-IR analysis of conjugation showed a peak
at 1637 cm™ ', which is specific for amide binding and indicates
the interaction between active ester groups of MEONP mono-
mer and free -NH, of anti-Her2mAb (Fig. 3). Hence, it can be
concluded that the polymer can be conjugated with any
biomolecules with free -NH,, and it is considered a potential
candidate to target desired cancerous cells.

4.3. GA-A loading to PMBN-anti Her2 mAb conjugate

To investigate the efficiency of incorporation, the concentration
of GA-A in the solution of PMBN-A.Her2 was analyzed at 255 nm
in comparison to GA-A before incorporation. As shown in Fig. 4,

Fig. 5 The results of the FESEM microscopy. The rod-shaped struc-
ture of the constructed PMBN-A.Her2-GA confirmed the intact
polymer conformation subsequent to conjugation and loading. The
left and the right magnification is 1kx and 100kx, respectively, and
confirmed the rod-shaped structure with the size of 160 + 30 nm.
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Fig. 6 Cytotoxicity analysis of nano system. (A) Cell viability via fluorescent microscopic images. Following days 1 and 7 under 4 different
conditions as shown in the figure. Dead and live cells stained in red and green, respectively (Life Technologies, USA), subsequent to the addition
of 1 uM calcein AM and 2 puM ethidium homodimer-3 in the culture medium. (B) Alamar Blue assay, the metabolic activity of cells evaluated at days
1 and 7 (Resazurin Cell Viability Assay Kit, Biotium, USA) (Mean =+ SD), (ns: not significant, ***p < 0.001, ****p < 0.0001).

and through the following eqn (2), the efficacy of loading was
approximately 77.5%. According to this result, GA-A as
a hydrophobic agent with less than 1% water solubility, became
soluble in combination with the amphiphilic polymer. As
a result, this polymer might be applied as an appropriate
candidate for incorporating hydrophobic drugs or agents.**

(Aa — Ab) (0.89 — 0.20)
Aa

x 100 = 0.89

x 100 = 77.5 % (2)

4.4. Characterization of synthesized nano system, PMBN-
A.Her2-GA

The synthesized nano system was analyzed by DLS. The speci-
fications of this nano carrier were compared with PMBN, as
depicted in Table 1. Following the conjugation and loading,

1232 | RSC Adv, 2022, 12, 1228-1237

results obtained from the FESEM microscope indicate the
enhanced size of the polymer from 52 nm to 280 nm. Further-
more, the PDI was still under 0.5, which is acceptable for a nano
system. It should be noted that not only does the polymer
remain anionic, but also the zeta potential (ZP) increased,
remarkably. Due to electrostatic interactions, more cellular
uptake of nanoparticles (NPs) with ZP-43 mV compared to NPs
with lower ZP or with positive ZP has been demonstrated in
various studies.®® Generally, cellular absorption of these parti-
cles is because of (1) non-specific absorption of NPs on cell
membrane (2) formation of NPs cluster. Limbach et al. found
that the human lung fibroblast cells rapidly absorb NPs with
negative ZP.*> The absorption of negative NPs on the positive
sites of the cell membrane by electrostatic interactions leads to
neutralization and subsequently makes the plasma membrane
induce the endocytosis phenomena.*® It has been demonstrated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that aggregation of NP with negative surface charge and
approximate size of 150 nm at the tumor sites is superior. These
results prompted us to develop nano carriers for pharmaceu-
tical applications with improved therapeutic effects.>*
Comparison of two positive and negative NPs with the same
values of ZP demonstrated the preference of phagocytosis
systems to cationic particles regardless of their constructions.*
In another investigation, a comparison of cerium oxide NPs
with positive and negative surface charges confirmed the high

View Article Online
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tendency of protein absorption with the positive ones,** which
could be an excellent challenge for DDSs.

On the other hand, the zeta potential is a critical factor for
the stability of NPs solutions. Due to the repulsive forces, the
high surface electrical charge of NPs leads to no agglomeration
in buffer solutions.***” According to the theory of DLVO, the
stability of solutions and colloids results from the balance
between attraction and repulsion of van der walls forces of
surface net charges. If the ZP value is below the specific amount,
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Fig. 7 Cell apoptosis assay. (A) Raw data obtained from flow cytometry of SKBR3 cell line under GA-A, PMBN-GA, and PMBN-A.Her2-GA
treatments in comparison to control (MCF7 treated with PMBN-A.Her2-GA). (B) Early and late apoptosis rate of cells (mean + SD), (¥***p <
0.0001). As depicted in the figure, PMBN-A.Her2-GA leads to enhanced apoptosis compared to others.
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the particles tend to be agglomerated. In contrast, for ZP above
+30 mv, the system tends to be stable.*®**° The ZP is an impor-
tant physicochemical parameter for the stability of nano solu-
tions, and the minimum acceptable ZP value for static and
electrostatic stability is £20 mv.

Furthermore, the results of FESEM microscopy are shown in
Fig. 5. The rod-shaped structure of the nano system confirmed
the intact polymer conformation subsequent to conjugation
and loading. As mentioned before, rod-shaped structures are
more effective and successful than other nano structures.””** In
addition, the size of the targeted nano system was approxi-
mately 160 + 30 nm, which is a desirable size for a nano system
in drug delivery applications. Our result is consistent with DLS
analysis (the difference relates to hydrodynamic diameter, as
mentioned).

4.5. Cytotoxicity analysis of the nano system

According to ICs, of PMBN-A.Her2-GA compared to GA-A solu-
tion as shown in Fig. 6, it was concluded that targeting the
polymer with anti-Her2mAb leads to enhanced cytotoxicity of
the fungal metabolite up to 75%. Reduced ICs, of PMBN-
A.Her2-GA compared to each agent at SKBR3 as positive cell
line was more intuitive than MCF7 as negative cell line due to
potent targeted DDS. Furthermore, to evaluate the role of tar-
geting, the efficiency of PMBN-A.Her2-GA and PMBN-GA-A were
compared to other studies.**® No improvement in toxicity of
PMBN-GA was shown compared to the targeted nano system.
Two crucial factors for improved toxicity of the conjugate
system include: (1) enhanced solubility and bioavailability of
hydrophobic GA-A metabolite, following its incorporation in
PMBN. (2) Specific targeting of desired cells after the conjuga-
tion of anti-Her2mAb with PMBN. In another study by Motamed
et al., the toxicity of GA-A was reported to be similar to Paclitaxel
(PTX) as a conventional chemotherapeutic drug.®*

The cytotoxicity assays of PMBN and PMBN-A.Her2-GA (Fig. 6
and 7) indicate no toxicity effect of unconjugated PMBN on both
cell lines, consistent with previous studies,” and confirmed the
biocompatibility of polymer and nano systems. In addition, our
results indicate that anti-Her2 monoclonal antibody (A.Her2)
plays an inhibitory role in the proliferation of Her2" cells.
Cancer cell (SKBR3) death is shown in the cell line treated with
anti Her2 (Trastuzumab) and decreased metabolic activity and
cancer cell proliferation at day 7, but in less extent in compar-
ison with cell line treated with PMBN-A.Her2-GA. Previous
studies also showed an increase in the efficiency of Trastuzu-
mab when combined with anti-tumor drugs.®»®® Similarly,
PMBN-A.Her2-GA and PMBN-GA demonstrate higher SKBR3
cell apoptosis than Anti Her2, GA, and control groups, as shown
in Fig. 7. In particular, PMBN-A.Her2-GA shows ~30 and 40%
early and late apoptosis, respectively, indicating higher cancer
cell killing efficiency of the nano system than other groups.

One of the limitations in this study is that other toxicities
such as reproductive toxicity are essential to investigate.
However, GA-A is inherently not toxic since this compound has
been a natural material used in Asian countries for many years.
In combination with the PMBN nano carrier, to date, no
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reproductive toxicity has been reported for GA-A. Motamed et al.
reported that PMBN is not toxic individually, and there are no
side effects.*® Ishihara et al. also noted that this polymer is
biocompatible with potential bioapplications.*

5. Conclusion

In our study, the amphiphilic PMBN was conjugated with anti-
Her2mAb to directly target HER2+ breast cancer cell line, and
anti-tumoral fungal metabolite GA-A was incorporated with this
targeted nano DDS for the first time. Following characteriza-
tion, the rod-shaped structure with an approximate size of 160
+ 30 nm and anionic zeta potential of —43.8 mv was confirmed.
The toxicity of PMBN-A.Her2-GA was studied on positive and
negative cell lines, which showed more than 50% improved
toxicity compared to GA-A. Overall, our developed nano system
might be considered a promising candidate for an alternative to
conventional chemotherapeutic approaches. In a similar work
by Gharbavi et al., a similar system based on PMBN polymer
loaded with Paclitaxel agent was used for drug delivery, and in
vitro drug release, blood biocompatibility, as well as the cyto-
toxicity and apoptosis were analyzed that cleared great features
of this nano polymer.**

In this regard, further investigation in the animal model of
tumors is essential and remains the goal of our future work. The
system's stability, like a stress stability test, must be performed
to figure out the lifetime of the designed system for further
works.
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