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Abstract

Chemical conjugation of anti-epidermal growth factor receptor monoclonal antibodies (anti-EGFR
mAbs) to organic-inorganic hybrid liposomal immunocerasomes via maleimide-thiol coupling
chemistry is explored as a mechanism for selectively targeting cancer cells. The cellular uptake
and internalization of immunocerasomes are investigated in A431 cells that express an abnormally
high level of EGFR, DU145 cells that overexpress EGFR, and HL-60 cells that are used as a
negative control. The internalization study reveals a strong correlation between the receptor-
mediated endocytosis of immunocerasomes and the membrane expression of EGFR. Further, free
anti-EGFR mAbs and immunocerasomes conjugated with anti-EGFR mAbs at nanomolar doses
display similar anti-proliferative effects on A431 cells. Additionally, serum proteins greatly reduce
the cellular uptake of cerasomes that is mediated by non-specific receptors, but have no adverse
effects on the specific EGFR-mediated delivery of immunocerasomes to A431 cells.
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1. Introduction

Selective targeting is an important parameter in the design and synthesis of therapeutic
and/or imaging nanocarriers. Conventionally, the enhanced permeability and retention (EPR)
effect in tumor vasculature has been exploited for the selective targeting of macromolecular
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drugs or drug-loaded nanocarriers to cancer cells [1]. A long circulation time is necessary
for drugs or drug-loaded carriers to accumulate in tumor tissues, much more than in normal
tissues. This, however, does not completely prevent drugs or drug-loaded carriers from
accumulating in healthy tissues and causing tissue damage [2,3]. Compared to the passive
EPR-targeting selective delivery, ligands that are specific to cell-surface receptors can be
conjugated to nanoparticles, creating therapeutic and/or imaging nanocarriers with an
improved ability to selectively target cancer cells [4,5]. Various ligands, including short
peptides [4], aptamers [6] and antibodies [5], have been exploited for selective targeting. Of
note, antibodies that specifically bind to cell-surface receptors enable the selective delivery
of drug-loaded carries to target cells and may possess therapeutic effects as well [7]. As an
example, anti-CD20 antibodies selectively bind to and kill CD20-expressing B-lymphoma
cells [8].

In this study, epidermal growth factor receptors (EGFR), which are overexpressed by several
human cancers [9], are exploited as a promising target for the selective delivery of
nanocarriers. Specifically, organic-inorganic liposomal cerasomes are conjugated with anti-
EGFR monoclonal antibodies (mAbs) that target the EGFR glycoproteins on cell surfaces
[10], creating immunocerasomes for selective delivery. Previously, Leung et al. reported the
engineering of cerasomes with greatly enhanced morphological stability over conventional
liposomes [11]. As membrane-mimetic nanocarriers, liposomes are among the first drug
carriers that have been used in clinical applications [12]. Notably, membrane-mimetic
materials display an impressive ability to inhibit platelet adhesion/activation, suppress
protein adsorption, and retain the bioactivities of immobilized biomolecules [13,14].
Consequently, biomedical devices such as stents and nanoparticle-based carriers can be
coated with phospholipid polymers, acquiring excellent blood compatibility and creating
membrane-mimetic structures that can be readily functionalized with different bioactive
molecules [14,15]. However, membrane-mimetic materials often lack sufficient
morphological stability. A variety of strategies have been proposed to improve their
biochemical and physical stabilities, so that their applications may be extended to areas in
which durability is highly relevant [16]. An organic-inorganic hybridization approach has
thus been utilized to engineer highly stable liposomal cerasomes in which the phosphate
heads of phospholipids are replaced with triethoxysilyl moieties [17,18]. The hydrolysis and
polymerization of triethoxysilyl moieties and the subsequent formation of polysiloxane
networks on the surfaces of cerasomes render the lipid nanovesicles morphologically stable.
The use of cerasomes as nanocarriers in gene [17] and drug delivery [11,19] has been
examined. Herein, the ability of anti-EGFR-conjugated immunocerasomes to selectively
target cancer cells is investigated.

In the present study, organic-inorganic liposomal cerasomes are prepared using a combined
sol-gel and self-assembly process and anti-EGFR mADbs are conjugated to cerasomes via
maleimide-thiol coupling chemistry, creating immunocerasomes. Fluorescent lipid NBD-
DPPE is also included in the preparation of immunocerasomes, enabling the imaging
analysis of cellular uptake, internalization, and intracellular trafficking of the lipid
nanovesicles. Next, EGFR expression is examined in A431 epidermoid carcinoma cells,
DU145 prostate carcinoma cells, and HL-60 acute promyelocytic leukemia cells, and the
selective targeting of immunocerasomes to the three cell lines is analyzed. This is to
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establish a correlation between the selective delivery of immunecerasomes and the differing
EGFR expression by the target cells. Last, the inhibitory effects of immunocerasomes on cell
proliferation are investigated. It has been reported that EGFR overexpression by cancer cells
can intensify downstream signals and promote the aggressive growth of tumors [20], and
that anti-EGFR mAbs can block the binding of growth factors to EGFR, suppressing tumor
growth [21,22]. However, chemical modification of the monoclonal antibodies may
compromise their therapeutic effects. This study tests the ability of the lipid nanocarriers to
retain the therapeutic effects of the chemically conjugated anti-EGFR mAbs.

2. Materials and methods

2.1. Materials

N-[N-(3-Triethoxysilyl)propylsuccinamoly]dihexadecylamine (i.e., CFL) was synthesized
according to a previously reported method [18]. An N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamide (NBD-DPPE), an Alexa Flour®
488 goat anti-mouse 1gG, Measure-1T™ thiol assay kit, and ProLong® gold antifade reagent
with DAPI and LIVE/DEAD® viability/cytotoxicity kit for mammalian cells were
purchased from Invitrogen (Carlsbad, CA), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG (2000)
Maleimide) was from Avanti Polar Lipids (Alabaster, AL). Anti-EGFR (Ab-3) mouse mAb
(225) was from EMD Millipore (Billerica, MA). Cholesterol and thiazolyl blue tetrazolium
bromide (MTT) were from Alfa Aesar (Ward Hill, MA). Traut’s reagent (2-
IminothiolanesHCI) was from Thermo Scientific (Waltham, MA). A Bio-Rad protein assay
kit was from Bio-Rad (Hercules, CA). Zeba spin desalting columns and Sepharose® CL-6B
were from Sigma-Aldrich (St. Louis, MO). The A43 and HL-60 cell lines were purchased
from ATCC (Manassas, VA). The DU-145 cell line was a generous gift from Dr. Daruka
Mahadevan (Arizona Cancer Center, Univ. of Arizona).

2.2. Preparation of cerasomes

Cerasomes were prepared using a combined ethanol injection and extrusion method. First,
140 mM of CFL and 52 mM of cholesterol in acidic ethanol were incubated overnight at pH
3.0 and room temperature, permitting the hydrolysis of CFL. Stock solutions of DSPE-PEG
(2000) Maleimide (MAL-DSPE-PEG) at a concentration of 6.8 mM were prepared in
chloroform, and stock solutions of NBD-DPPE at a concentration of 0.5 mM were prepared
ina 1:1 (v/v) acidic ethanol and chloroform mixture. The solutions were then mixed, leading
to a lipid mixture containing CFL, cholesterol, NBD-DPPE, and MAL-DSPE-PEG at a
14.2:9.4:0.2:1 molar ratio. The lipid mixture was injected to degassed PBS at 70 °C and
sonicated for 15 min in a bath-type sonicator, forming multilamellar cerasomes. The use of
degassed PBS at 70 °C helped remove organic solvents, including chloroform with a boiling
point 61.2 °C. To obtain unilamellar cerasomes, the multilamellar cerasomes were extruded
through a 100 nm polycarbonate membrane mounted on the LiposoFast extruder (Avestin,
Canada). The obtained cerasomes were allowed to further polymerize at room temperature
for 1 hr, and then filtered using a 0.2 um syringe filter and sterilized with ultraviolet (UV)
exposure for 30 min.
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2.3. Preparation of immunocerasomes

Anti-EGFR mAbs were conjugated to cerasomes via maleimide-thiol coupling chemistry. In
brief, 0.5 mg/ml anti-EGFR mAbs were thiolated by reacting with a 20-fold molar excess of
2 mg/ml Traut’s reagent in degassed PBS at pH 7.0 and room temperature in darkness under
agitation for 1 hr. Excessive Traut’s reagents were separated from thiolated anti-EGFR
mADbs using a Zeba Spin desalting column. The number of sulfthydryl groups on thiolated
anti-EGFR mAbs was determined by a measure-IT™ thiol assay.

To conjugate anti-EGFR mAbs to cerasomes, the thiolated antibodies were incubated with
cerasomes at a 1385:1 lipid/antibody molar ratio at 4°C in darkness under agitation for 24 hr.
Unconjugated anti-EGFR mAbs was separated from immunocerasomes by size-exclusion
chromatography using a Sepharose CL-6B column. The amount of conjugated anti-EGFR
mAbs was determined by a Bio-Rad protein assay. The molecular weight of anti-EGFR
mADbs is 150 kDa.

2.4. Cell culture

DU 145 prostate carcinoma cells were cultured in an RPMI 1640 medium (Cellgro, VA)
supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin
(Gemini Bio-Product, CA). A431 epidermoid carcinoma cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Cellgro, VA) supplemented with 10% FBS. HL-60
acute promyelocytic leukemia cells were cultured in Iscove’s Modified Dulbecco’s Medium
(ATCC, VA) supplemented with 20% FBS. All the cells were cultured in a humidified
incubator at 37 °C and 5% CO2.

2.5. Cellular uptake of cerasomes

In a microscopic study of cellular uptake, DU145 and A431 cells were cultured overnight on
a 1.5-inch coverslip at a density of 2.5 x 10° cells and HL-60 cells were cultured overnight
in 24 well plates at a density of 2.5 x 10° cells per well. The cells were incubated with 185
UM NBD-DPPE labeled cerasomes or immunocerasomes for 3 hr, rinsed three times using
PBS, and fixed with a picric acid fixing solution containing 4% paraformaldehyde and 0.4%
picric acid in PBS for 10 min. After fixation, the HL-60 cells were spun at 3500 rpm and 4
°C for 5 min so that the cells were settled onto a round coverslip of 12 mm in diameter. The
samples were then rinsed three times with PBS, air dried, and incubated with the ProLong ®
Gold antifade reagent with DAPI overnight. Finally, the samples were mounted on a glass
slide and imaged using a Leica DMI 4000B inverted microscope workstation, which consists
of a 63X air objective lens, a SensiCam QE cooled digital 12 bit CCD camera (Cooke, MI),
a HXP short-arc mercury vapor lamp light sources (OSRAM, Germany), a UV excitation
Leica A4 filter cube, a green excitation Leica N2.1 filter cube, and a blue excitation Leica
L5 filter cube.

The cellular uptake of cerasomes and immunocerasomes were also quantified by the relative
NBD-DPPE fluorescence intensity of the internalized nanovesicles. DU145, A431, and
HL-60 cells were seeded in 6-well plates at a density of 2.5 x 10 cells per well and
incubated for 24 hr, allowing the cells to establish adhesion to the substrate. The cells were
then incubated with 185 pM NBD-DPPE labeled cerasomes or immunocerasomes for 3 hr.
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Finally, the cells were rinsed three times using PBS and lysed with 200 ul of 0.1% Triton
X-100 in PBS for 30 min. The fluorescence intensity of the lysates were measured using a
Synergy 2 SL Luminescence Microplate Reader (BioTek, VVT) at an excitation wavelength of
460/40 nm and an emission wavelength of 528/20 nm [23].

2.6. Immunostaining of EGFR

DU145, A431, and HL-60 cells were seeded and fixed onto coverslips following the
aforementioned protocol. The samples were rinsed with PBS and blocked by heat-
inactivated normal goal serum (NGS) for 1 hr at room temperature. Then, 1-2 ug of anti-
EGFR mAbs were added to the blocking solution, and the samples were incubated for 2 hr.
Finally, the samples were rinsed three times with NGS, incubated with 2 ug of Alexa Flour®
488 goat anti-mouse 1gG secondary antibody in 1 ml of PBS for 30 min, rinsed again three
times with PBS, and imaged using the fluorescence microscope.

2.7. Cell proliferation

The anti-proliferative effects of cerasomes, anti-EGFR mAbs, and anti-EGFR-conjugated
immunocerasomes on DU145 cells were examined by an MTT assay, and their effects on
A431 cells were analyzed by a Live/Dead assay. The cells were seeded at a density of 5,000
cells per well for the MTT assay and 125,000 cell per well for the Live/Dead assay in 96-
well plates and cultured overnight. Prior to experiments, the cells were incubated in medium
without FBS for 1.5 hr. Cerasomes, immunocerasomes or anti-EGFR mAbs at given
concentrations were added into the medium and the cells were incubated for 48 hr at 37 °C
and 5% CO2. In the MTT assay, 20 uL of MTT solution was added into each well and the
samples were incubated for 3.5 hr before the medium in each well was replaced by 200 uL
of DMSO. The UV absorbance of each sample was examined by a microplate reader
(ELx800UV, Bio-Tek) at a wavelength of 570 nm. In the Live/Dead assay, the medium in
each well was replaced by 100 uL of PBS containing 2.6 mM of Ethidium homodimer-1 and
5.1 mM of Calcein AM followed by a 45 min incubation. The fluorescence intensities of
each sample were measured using a luminescence microplate reader at 485 + 10 (ex)/ 530
12.5 nm (em) for Calcein AM and 530 + 12.5 (ex)/ 645 £ 20 nm (em) for Ethidium
homodimer-1. All results were represented as the percentage of viable cells as referenced to
the untreated control.

2.8. Data analysis

A Student’s t-test was performed using Microsoft Excel to assess the statistical significance
of the experimental results. Statistical significance at p < 0.05 was considered a difference.

3. Results and discussion

3.1. Formation of immunocerasomes

As illustrated in Fig. 1, ethanol injection was employed as a simple method for the
engineering of cerasomes. In acidic conditions, the organoalkoxysilane heads of CFL were
hydrolyzed and the hydrolyzed CFL are polymerized into dimers, trimers, and larger n-mers
(n > 3), as previously shown in a mass spectroscopy study [18]. While all the cerasome
components, including CFL, cholesterol, NBD-DPPE, and MAL-DSPE-PEG are well
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dissolved in ethanol, chloroform, or an ethanol and chloroform mixture, the hydrophobic
lipids are highly non-soluble in water. When the lipid mixture of CFL, cholesterol, NBD-
DPPE, and MAL-DSPE-PEG at a 14.2:9.4:0.2:1 molar ratio is injected into PBS,
multilamellar cerasomes are formed. Relatively uniform, unilamellar cerasomes with the
most probable diameter of 140 nm were obtained by extruding the multilamellar cerasomes
through a 100 nm polycarbonate membrane [11]. In the organic-inorganic hybrid cerasomes,
the hydrolyzed and partially polymerized organoalkoxysilane heads of CFL form
polysiloxane networks, rendering the nanovesicles remarkably stable in PBS and lipid-
dissolving surfactants [11]. Further, the cerasomes contain maleimide terminal groups,
which can readily conjugate with thiolated anti-EGFR mAbs.

Anti-EGFR mAbs were thiolated using Traut’s reagents. A measure-1T™ thiol assay
suggests that the thiolated anti-EGFR mAbs possess 23 + 5 sulfhydryl groups per antibody.
The cerasomes that contain maleimide terminal groups were incubated with the thiolated
anti-EGFR mAbs at a 1,385:1 lipid/antibody molar ratio for 24 hr to prepare
immunocerasomes. Using a Bio-Rad protein assay, the efficiency of maleimide-thiol
coupling was determined to be 36.52 £1.54%. An early (1994) study shows that a liposome
of 100 nm in size is comprised of 80,000 phospholipid molecules [24]. Assuming that
immunocerasomes are structurally similar to liposomes and considering that the most
probable diameter of immunocerasomes is 140 nm, we may convert the amount of the
conjugated thiolated anti-EGFR mAb into the number of mAbs per nanovesicle. The average
number of anti-EGFR mAbs on an immunocerasome was estimated to be 60 + 13. To create
fluorescently labeled immunocerasomes, 0.8% of NBD-DPPE was incorporated into the
lipid bilayers during the ethanol injection process.

3.2. Selective targeting of immunocerasomes

The selective targeting of immunocerasomes to cancer cells are mediated by high-affinity
antibody-EGFR interactions, and therefore greatly influenced by the membrane expression
of EGFR in cancer cells. To understand how antibody-EGFR interactions may affect the
cellular uptake and internalization of immunocerasomes, we first examined the differing
expression of EGFR in three different cancer cells using direct fluorescent imaging analysis.
The three cell lines include A431 epidermoid carcinoma cells, DU145 prostate carcinoma
cells, and HL-60 acute promyelocytic leukemia cells. As shown in Fig. 2, A431 cells express
an abnormally high level of EGFR; DU145 cells display a high level of EGFR expression;
and no detectable expression of EGFR is observed in the non-epidermal HL-60 cells, which
are used as a negative control in this study. It is worthwhile mentioning that the
overexpression of EGFR in prostate cancer cells was also revealed in comparison to normal
prostate cells [25] and NIH/3T3 fibroblasts (Fig. S1).

The uptake and internalization of immunocerasomes by A431, DU145, and HL-60 cells
were examined by direct imaging analysis of the cells (Fig. 3a) and spectrophotometric
analysis of the cell lysates (Fig. 3b). Consistent with our previous study on the endocytosis
of cerasomes by DU145 cells [11], a direct imaging analysis showed that cerasomes were
primarily internalized in the cytosol and some cerasomes may enter cell nuclei (Fig. 3a). The
spectrophotometric analysis showed that a similar amount of cerasomes entered A431,
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DU145, and HL-60 cells and were internalized during the time period of 3 hr (Fig. 3b).
Previously, we showed that the cellular uptake and internalization of cerasomes in DU145
cells are largely mediated by clathrin-dependent endocytosis [11]. It is likely that clathrin-
dependent endocytosis is also responsible for the cellular uptake and internalization of
cerasomes in A431 and HL-60 cells. This explains why all the three cell lines display a
comparable level of cellular uptake of cerasomes during the same period of time.

Unlike the cerasome controls, the receptor-mediated endocytosis of immunocerasomes
strongly correlates to the membrane expression of EGFR by cancer cells. As A431 cells
express the highest level of EGFR among the three cell lines, the fluorescent imaging
analysis revealed the largest increase in the cellular uptake and internalization of
immunocerasomes by the cells (Fig. 3a). A strong increase in the cellular uptake and
internalization of immunocerasomes was also observed in DU145 cells, as the cells over-
express EGFR. As a negative control, HL-60 cells marginally express EGFR, and no
noticeable changes in the endocytosis of immunocerasomes by the cells were observed from
the direct imaging analysis. A quantitative spectrophotometric analysis of the lyses of A431
cells shows a 4.6-fold increase in cellular uptake and internalization (p < 0.001) when the
nanovesicles are conjugated with anti-EGFR mAb (Fig. 3b). In DU145 cells, the conjugation
of cerasomes with anti-EGFR mAb increases the cellular uptake of the lipid nanovesicles by
2.4 times in comparison to the cerasome control (p < 0.001). In HL-60 cells, a moderate
increase of 32% in cellular uptake is statistically insignificant (p = 0.117) when cerasomes
are conjugated with anti-EGFR mAbs.

Comparison of the spectrophotometric and fluorescent imaging analyses reveals an
interesting observation: the former suggests the cellular uptake of cerasomes or
immunocerasomes in HL-60 cells is comparable to that of cerasomes in A431 and DU145
cells, but the latter indicates little cellular uptake of the lipid nanovesicles in HL-60 cells, in
comparison to that of cerasomes in A431 and Dul45 cells. This is probably because
adhesive A431 and DU145 cells remain flat when cultured on a substrate and the lipid
nanovesicles that are internalized in the cytosols can be readily visualized in the focal plan
near the substrate surface. In contrast, HL-60 cells are non-adhesive and remain rounded
when collected on a substrate. As a result, only a small fraction of the cytosols can be
visualized, thereby underestimating the cellular uptake of the lipid nanovesicles using the
fluorescent imaging technique.

The direct imaging and spectrophotometric analyses show that the amount of
immunocerasomes internalized by cancer cells strongly correlates to the level of their
membrane expression of EGFR. The higher the level of EGFR the cells express, the more
immunocerasomes the cells internalize. The present study thus confirms that anti-EGFR
mAbs were successfully conjugated to immunocerasomes via maleimide-thiol coupling and
that the anti-EGFR mAbs conjugated on immunocerasomes retained their receptor-binding
capability.

3.3. Selective anti-proliferative effects of immunocerasomes on A431 cells

The overgrowth of cancer cells of epidermal origin is often mediated by various growth
factors, including epidermal growth factor (EGF) and transforming growth factor-a (TGF-
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a). Binding of these growth factors to EGFR leads to autophosphorylation of receptor
tyrosine kinase and activation of downstream signaling cascades for cell proliferation,
differentiation, and survival [26]. Monoclonal antibodies such as anti-EGFR mAbs can
block the binding of EGFR to its cognate ligands and suppress the proliferation of some
types of cancer cells that overexpress EGFR [26]. The anti-proliferative effects of anti-
EGFR mAbs, however, can be compromised by chemical modification [21,22]. Herein, we
examine if anti-EGFR mAbs inhibit the proliferation of epidermal A431 and non-epidermal
DU145 cells, which both overexpress EGFR, and if the chemical conjugation of anti-EGFR
mAbs to immunocerasomes affects their anti-proliferative effects. In this process, the
cytocompatibility of cerasomes was examined first. As shown in Fig.4, A431 and DU145
cells that were incubated with cerasomes displayed viability comparable to the untreated
controls when the lipid concentration of cerasomes was in the range of 0.048 to 480 uM.
This suggests that cerasomes are cytocompatible and that any subsequently observed anti-
proliferative effects of immunocerasomes are induced by anti-EGFR mAbs.

The effects of free anti-EGFR mAbs and anti-EGFR-conjugated immunocerasomes on the
proliferation of A431 and DU145 cells were analyzed using the MTT or Live/Dead assay. In
A431 epidermoid carcinoma cells, no detectable anti-proliferative effects were observed
when the cells were incubated with free anti-EGFR mAbs or immunocerasomes conjugated
with anti-EGFR mAbs at an antibody concentration of 1 nM or lower (Fig. 5a). However,
free anti-EGFR mAbs or immunocerasomes conjugated with anti-EGFR mAbs at nanomolar
doses inhibited the proliferation of the epidermal A431 cells. When the antibody
concentration was 11.6 nM, the viability of A431 cells dropped to about 86% (p = 0.049 for
free anti-EGFR and p = 0.047 for immunocerasomes, respectively). A further increase in
antibody concentration up to 100 nM did not lead to a lower survivability of A431 cells.
Unlike A431 cells, no inhibitory effects on the proliferation of DU145 cells were observed
when the cells were treated with free anti-EGFR mAbs or with immunocerasomes
conjugated with anti-EGFR mAbs in the concentration range of 0.01 ~ 100 nM.

Since both A431 and DU145 cells overexpress EGFR, the cell viability study suggests that
anti-proliferative effects of anti-EGFR mAbs depend on the types of cancer cells.
Specifically, anti-EGFR mAbs suppress the proliferation of epidermal A431 cells but not
non-epidermal DU145 cells. The selective antitumor activities of anti-EGFR mAbs have
been reported in early studies on nude mice [27]. More recent work has indentified the
therapeutic effects of anti-EGFR mAbs on other cancers such as colorectal cancer [28]. The
present study shows that anti-EGFR mAbs do not inhibit the in vitro proliferation of DU145
prostate cancer cells. This, however, does not compromise the potential of EGFR as a
promising target for selective delivery of therapeutic and/or imaging agents to DU145 cells.
Results from the current study are consistent with an early report that anti-EGFR mAb at
nanomolar doses is required to inhibit the in vitro proliferation of epidermal cancer cells
[29]. Within experimental errors, free anti-EGFR mAbs and immunocerasomes containing
anti-EGFR mAbs at nanomolar doses display no significant difference in suppressing the
proliferation of A431 cells. Further, neither free anti-EGFR mAbs nor immunocerasomes
suppress the proliferation of DU145 cells. The present study indicates that the conjugation
of anti-EGFR mAbs to immunocerasomes via maleimide-thiol coupling chemistry does not
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change antibody functions, including the abilities to bind to EGFR and to inhibit the
proliferation of cancer cells of epidermal origin.

In studies presented in Figs. 5a and 5b, the cancer cells were cultured in serum-enriched
medium. An early study shows a more pronounced anti-proliferative effect of free anti-
EGFR mAbs on epidermal A431 cells that are cultured in serum-free medium [29]. To
examine the influences of serum on the anti-proliferative activities of anti-EGFR mAbs and
anti-EGFR-conjugated immunocerasomes on A431 cells, the cells were also cultured in
serum-free medium and the cell viability was presented in Fig. 6. When A431 cells were
cultured with free anti-EGFR mAbs or immunocerasomes conjugated with anti-EGFR mAbs
at nanomolar doses (e.g., 10 to 100 nm), the viability of the cancer cells dropped to about
60%. It has been reported that serum proteins such as albumin [30] and insulin-like growth
factor-11 [31] can promote the proliferation of cancer cells. It is likely that serum proteins
and growth factors containing in serum partially counterbalance the anti-proliferative effects
of anti-EGFR mAbs on A431 cells. Further, serum proteins and growth factors may bind to
other receptors and opsonized by the cells. They may stimulate the proliferation of A431
cells but not suppress the endocytosis of immunocerasomes via EFGR. To examine this
effect, the cellular uptake of immunocerasomes by A431 cells was analyzed in serum-free
and serum-enriched media, and compared to the cerasome control.

effects on the endocytosis of cerasomes and immunocerasomes

As shown in Fig. 7, the study of the serum effects on the cellular uptake and internalization
of cerasomes and immunocerasomes by A431 cells reveals a few interesting phenomena.
First, in comparison to the cerasome control, a reduction of 41.5 £ 9.2% was observed in the
cellular uptake and internalization of immunocerasomes when the culture medium was
serum-free. Because anti-EGFR mAbs are highly selective to EGFR, the endocytosis of anti-
EGFR-conjugated immunocerasomes by A431 cells is primarily mediated by EGFR. Upon
binding, antibody-EGFR complexes and thus immunocerasomes migrate to clathrin-coated
pits for endocytosis [32,33]. In comparison to immunocerasomes, cerasomes can also bind
to other receptors and the clathrin-dependent endocytosis of cerasomes may be improved.
Additionally, anti-EGFR mAbs bind to inactive EGFR, promoting receptor internalization
and subsequent degradation without receptor phosphorylation and activation [34].
Degradation of the internalized receptor reduces the surface availability of EGFR, slowing
down the receptor-mediated endocytosis of immunocerasomes.

Second, a reduction of 75.6 £ 5.7% in the cellular uptake of cerasomes by A431 cells
resulted when cell culture medium was enriched with fetal bovine serum. Clathrin-
dependent endocytosis, by which cerasomes are internalized, has also been identified as a
prominent mechanism for the cellular entry of essential nutrients and nanoparticles [35].
Therefore, serum proteins, such as serum albumin, and insulin-like growth factors, likely
compete with cerasomes for entrance to the cells via clathrin-coated vesicles [36—39]. Due to
their small sizes and high mobility, serum proteins may possess an enhanced ability to bind
to a variety of receptors and to be internalized via clathrin-dependent endocytosis, in
comparison to cerasomes. Previously, Johnstone et al. reported that surface-associated serum
proteins may change the properties of the PEG that reduces the cellular uptake of PEG-
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bearing liposomes [40]. In the current study, PEG is included in the fabrication of cerasomes
and immunocerasomes to improve the colloidal stabilities of the nanovesicles. It is possible
that serum proteins may adversely affect the non-specific interactions between PEG-bearing
cerasomes and A431 cells and the subsequent uptake of cerasomes by the cells. In contrast,
immunocerasomes that are conjugated with high-affinity anti-EGFR mAbs selectively bind
to the EGF receptors of A431 cells. Serum proteins cannot compete with immunocerasomes
for binding to EGFR and opsonized via EGFR-mediated endocytosis. As a result, the
cellular uptake and internalization of immunocerasomes by A431 cells does not decrease in
serum-enriched medium, in comparison to the serum-free controls.

Last, a moderate increase of 68.3 + 3.2% was observed in the endocytosis of
immunocerasomes when the cells were cultured in serum-enriched medium than in serum-
free medium (p = 0.00277). A speculation is that this phenomenon may be due to the serum-
enhanced recycling and surface availability of EGFR. When EGFR binds to anti-EGFR
mADbs, the receptors are internalized and degraded [34]. When EGFR binds to other ligands,
the receptors may be internalized and partially recycled. Since serum proteins can stimulate
a variety of cellular activities, the cycling of internalized, non-degraded EGFR may be more
improved in serum-enriched medium than in serum-free medium, leading to the enhanced
endocytosis of immunocerasomes.

4. Conclusion

Organic-inorganic hybrid liposomal immunocerasomes were synthesized as nanocarriers for
the selective delivery of therapeutic/imaging agents to cancer cells. Specifically, organic-
inorganic liposomal cerasomes were prepared using an ethanol injection approach,
incorporated with fluorescent lipid NBD-DPPE for imaging analysis, and conjugated with
anti-EGFR mAbs via maleimide-thiol coupling chemistry, creating immunocerasomes.
About 60 £ 13 anti-EGFR mAbs were conjugated on each lipid nanovesicle. Selective
targeting of immunocerasomes to cancer cells was examined in A431 cells that expressed an
abnormally high level of EGFR, DU145 cells that overexpressed EGFR, and HL-60 that
marginally expressed EGFR. In comparison to the cerasome controls, the receptor-mediated
endocytosis of immunocerasomes was increased by 4.6-fold in A431 cells, by 2.4-fold in
DU145 cells, and only marginally in HL-60 cells. The endocytosis study revealed a strong
correlation between the cellular uptake and internalization of anti-EGFR-conjugated
immunocerasomes and the membrane expression of EGFR by cancer cells. Further, free
anti-EGFR mAbs and immunocerasomes conjugated with anti-EGFR mAbs at nanomolar
doses moderately inhibited the proliferation of epidermal A431 cells but not non-epidermal
DU145 cells, although both cells overexpressed EGFR. Last, the presence of serum in a cell
culture medium increased the endocytosis of immunocerasomes but greatly decreased the
cellular uptake of cerasomes by A431 cells. It is believed that serum proteins may effectively
compete with cerasomes for non-specific binding to various receptors but not with
immunocerasomes for specific, high-affinity binding to EGFR for receptor-mediated
endocytosis. In addition, nutrient provided by serum proteins may stimulate a variety of cell
activities such as the recycling of internalized EGFR, leading to the enhanced endocytosis of
immunocerasomes by A431 cells. Taken together, the present study demonstrated that anti-
EGFR mAbs can be successfully conjugated to immunocerasomes and that the antibody
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functions, including the ability to bind to EGFR and inhibit the proliferation of A431 cells,
are retained in immunocerasomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Anti-EGFR antibodies were conjugated to highly stable organic-inorganic
cerasomes, creating immunocerasomes.

. Cellular uptake and internalization of immunocerasomes were examined in
epidermoid carcinoma, prostate carcinoma, and leukemia cells.

. Selective delivery of immunocerasomes to the cells was directly correlated to
the membrane expression of EGFR by the cells.

. Immunocerasomes displayed selective anti-proliferative effects on epidermoid
carcinoma cells.
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Fig. 1.

A schematic illustration of immunocerasome formation. Hydrolyzed and partially
polymerized cerasome-forming lipids (CFL) in acidic ethanol, cholesterol in acidic ethanol,
NBD-DPPE in the mixture of ethanol and chloroform, and MAL-DSPE-PEG in chloroform
were mixed and injected into PBS, creating organic-inorganic liposomal cerasomes. The
polysiloxane networks formed on the surfaces of nanovesicles provide morphological
stability. The maleimide-containing cerasomes were readily conjugated with thiolated anti-
EGFR mAbs via maleimide-thiol coupling, forming immunocerasomes.
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EGFR Nucleus Merge

Fig. 2.

EGFR expression in A431, DU145, and HL-60 cells. EGFR was stained by anti-EGFR
mADbs first, followed by incubation with the Alexa Flour® 488-conjugated secondary goat
anti-mouse 1gG antibodies (red). Cell nuclei were stained by DAPI (blue). Scale bar: 25 pm
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Fig. 3.

Fluorescent imaging analysis (a) and spectrophotometric analysis (b) of the cellular uptake
and internalization of immunocerasomes in comparison to the cerasome control. A431,
DU145, and HL-60 cells were incubated with immunocerasomes or cerasomes at a lipid
concentration of 185 puM for 3 hr. (a) The cells were fixed and stained against nucleus by
DAPI (blue), while immunocerasomes and cerasomes were labeled using NBD-DPPE
(green). Scale bar: 25 um (b) The relative amount of internalized immunocerasomes or
cerasomes was measured by the NBD-DPPE fluorescence intensity of the cell lysates. The
averages and errors were calculated from measurement of three replicate specimens. The p
values were calculated to be 0.00059 for the endocytosis of cerasomes vs.
immunocerasomes in A431 cells, 0.00031 in DU145 cells, and 0.117 in HL-60 cells,
respectively.
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Fig. 4.

Cytocompatibility of cerasomes. A431 and DU145 cells were incubated with cerasomes at
various concentrations for 48 hr, and then analyzed using the MTT assay. Results were
represented as the percentage of viable cells in comparison to the untreated control. The
averages and standard deviation were calculated from measurement of five replicate
specimens.
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Fig. 5.

Anti-proliferative effects of free anti-EGFR mAbs and anti-EGFR-conjugated
immunocerasomes on (a) A431 cells and (b) DU145 cells in serum-enriched medium. The
cancer cells were incubated with free anti-EGFR mAbs or immunocerasomes that are
conjugated with anti-EGFR mAbs at various antibody concentrations for 48 hr, and then
examined using the MTT or Live/Dead assay. The averages and standard deviation were
calculated from measurement of five replicate specimens.
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Anti-proliferative effects of free anti-EGFR mAbs and anti-EGFR-conjugated
immunocerasomes on A431 cells in serum-free medium. The cancer cells were incubated
with free anti-EGFR mAbs or immunocerasomes that are conjugated with anti-EGFR mAbs
at various antibody concentrations for 48 hr, and then examined using the Live/Dead assay.
The averages and standard deviation were calculated from measurement of five replicate

specimens.

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2020 February 24.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leung et al.

Relative NBD-DPPE Fluorescence

Intensity at 528nm

Page 22

100
HE Cerasomes
[ Immunocerasomes
80
T
60
40 +
20
0
Without Serum With Serum
Fig. 7.

Serum effects on the cellular uptake of cerasomes and immunocerasomes by A431 cells. The
cells were incubated with immunocerasomes or cerasomes at a lipid concentration of 185
UM for 3 hr. The relative amount of internalized immunocerasomes or cerasomes was
measured by the NBD-DPPE fluorescence intensity of the cell lysates. The averages and
standard deviation were calculated from measurement of three replicate specimens. The p
values were calculated to be 0.03630 for the endocytosis of cerasomes vs.

immunocerasomes in the serum-free medium, 0.00044 for the endocytosis of cerasomes vs.
immunocerasomes in the serum-enriched medium 0.00610 for the endocytosis of cerasomes
in serum-free vs. serum-enriched media, and 0.00277 for the endocytosis of
immunocerasomes in serum-free vs. serum-enriched media, respectively.
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Key parameters of immunocerasome preparation
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Sulfhydryl groups per
antibody

Antibody/lipid
molar ratio

Antibody conjugation
efficiency

Most probable size of
vesicles

Number of antibodies on a
vesicle

23+5

1:1,385

36.52 + 1.54%

140 nm

60 +13
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