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Ilpeocmaenenvt pesynomamel QYHKUUOHATUIAUUN NOGEPXHOCHEN Kaneab O60UHbBIX
IMYAbCUIL 017 CEIEKMUBHOZ0 MPAHCNOPMA 1EKAPCHIGEHHBIX 6E€U{eCHE U CeNeKyuu aHmumein O
mapzemunza Ha Onyxoeevle KNemKu 20106H020 M032a - Myabmugopmuyio enuoonacmomy (GBM).
Dyukyuonanuzayusa 6Ka0YaANA usuieckyro aocopoyuro anmumen: anmu-CD15 (mapkep 60n1e3nu
Xooxyckuna) na kannax macaa Imyascuu. Bzaumooeiicmeun mesxcoy moneKynamu anmumein u coeou-
HEHUAMU Kaneib MACAa USMEPATIU C HOMOUIbIO U30MEPMUYECKOL MUMPOBAIbHON KA0pUMempuu
(UTK). /soiinvie amyavcuu noayyanu 0OHOULA208bIM MEMOOOM, 8 CRUPATbHOM KOHMAKmMOpe no-
moka. Ananuz HTK noxazan, umo anmumena 63aumoo0eiicmeyiom ¢ IMyjibCUOHHBIMU COCOUHEHU-
aAmu. Uzmenenue mennogelx cKopocmeii, Ompaycaloujux MoaeKyisapHble 3auMooeiicmeus, noKa-
3a10, umo Genku npuaunaiom K unmepgheiicam Kkanenv macaa. Kpome mozo, nogepxnocmuuie 6enxu
(anmumena) ovLU 6bIABIEHBL U NPOAHATUIUPOBAHBL HA KOHKpemHblX GBM 0n1a Knemounvix aunuil:
U87MG, LN229, T98G. Mnozokpammsie IMyabCUU CO30ABATIUCH 8 YCILOBUAX: PAIMED KOJIbUEBO20 3a-
30pa mercdy COOCHbIMU YUAUHOPAMU cocmagnan 1,5 mm, uacmoma epaujeHus 6Hympennezo yuiun-
opa 2162 06 / mun, 06veMHble CKOPOCHU ROMOKA 6HYMPEHHEIl 600HOIL (ha3bl 8 MEMOPAHHYIO MACTA-
Hyto ¢azy 1:1 u memopannoi macaanou gaszvt 60 enewiniow 600uyio ¢aszy 1:15. Cnocobd npuzomos-
JIeHUs 08OUHBIX IMYIAbCULL 00/1€e MOUHO ONUCAH 8 HauwluX npedvldyuux pabomax. Pazmepul kanenp
GHympenHeil (hazvl u Kaneinb Memopannou (azvl Onpedensniu Ha OCHO8e AHAIU3A U300PAICeHUTl, NO-
JIYYEHHBIX NPU MUKDPOCKORUYECKOM HADII00CHUU 00pA3U06 080UHOI IMYIbCUU.
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This paper presents the results of functionalization of surfaces of double emulsions drops
for selective drug transport and selection of antibodies for targeting brain tumor cells - glioblas-
toma multiforme (GBM). The functionalization involved physical adsorption of antibodies: anti-
CD15 (Hodgkin's disease marker) on oil drops of the emulsion. The interactions between molecules
of antibodies and compounds of the oil drops were measured using isothermal titration calorimetry
(ITC). Double emulsions were prepared by a one-step method, in a helical flow contactor. The ITC
analysis showed that antibodies interacted with emulsion compounds. The change in the heat rates
reflecting molecular interactions proved that proteins adhered to oil drops interfaces. Additionally,
surface proteins (antibodies) were identified and analyzed for targeting specific GBM cell lines:
U87MG, LN229, T98G. The multiple emulsions were created under conditions: the size of the an-
nular gap between the coaxial cylinders was 1.5 mm, the rotational frequency of the inner cylinder
was 2162 rpm, the volumetric flow rates of internal water phase to membrane oil phase 1:1 and
membrane oil phase to external water phase 1:15. The method of double emulsions preparation
has been described more precisely in our previous papers. The sizes of the internal phase drops and
the membrane phase drops were determined based on analyzing images captured during micro-
scopic observation of the double emulsion samples.
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INTRODUCTION

The drugs transport to targeted tissue is an im-
portant challenge in the treatment of cancer. This may
be accomplished by developing drug delivery systems
that can provide efficient target-specific transport to
the diseased site and selective cellular uptake. Several
approaches with different mechanisms have been pro-
posed to enhance the selectivity of drug delivery sys-
tems. One possible approach would be the improve-
ment in the properties of drug delivery systems at-
tributed to their functionalization by surface modifica-
tion. The methods of surfaces modification, in general,
can be categorized into two groups, namely coating
and film deposition as well as in-situ surface e.g. nano-
functionalization. These two types of methods are of-
ten combined. The surface of drops can be functional-
ized by deposition/adsorption of protein molecules, an-
tibodies, nucleic acids aptamers, peptides and other
small molecules like folic acid recognized by tumor
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cells [1]. Emulsions and microemulsions with antibod-
ies adsorbed on the surfaces of drops besides polymeric
micelles are expected to have promising applications
for drug delivery and cancer targeting [2]. Adsorption
of proteins (antibodies) as the method of the surface of
drops functionalization may occur as physical adsorp-
tion — physisorption [3-5] and chemical adsorption —
chemisorption [6-8]. The methodology of the quantita-
tive determination of binding affinity during molecular
interactions providing the surface modification of
emulsions drops uses different characterizations tech-
niques: the transmission electron microscope (TEM)
observation [6-7], bicinchoninic acid assay (BCA) [6-7],
enzyme-linked immunosorbent assay (ELISA) [5],
two-dimensional gel electrophoresis (2D-PAGE) [8],
high-performance liquid chromatography (HPLC) [4],
and isothermal titration calorimetry (ITC) [9].

This paper was aimed at developing double
emulsions with functionalized surface of emulsions
drops, as alternative platforms for selective delivery of

W3B. By30B. XuMus u xuM. TexHonorus. 2019. T. 62. Beim. 8


mailto:konrado@biol.uw.edu.pl

A. Marepa, O. [nycka, A. MapkoBcka-Pagomckas, b. Tynek, K. Kounckuit

anti-cancer drug for glioblastoma multiforme (GBM)
therapy. Furthermore, the scope of the study involved
selection of antibodies for targeting brain tumor cells.
Double emulsions represent the simplest multiple
emulsions, which are dispersed systems having a hier-
archical structure of droplets of an internal phase in
drops of a membrane phase (Fig. 1). The structures of
double emulsions allow one or more active agents to
be encapsulated and then released in a controlled man-
ner. The controlled release is achieved by drop sizes,
volume packing of drops and physicochemical param-
eters of liquid phases of multiple emulsions. These dis-
persed systems offer a wide range of possible applica-
tions in chemistry and chemical engineering (separa-
tion processes and environmental protection) and its
interdisciplinary fields such as pharmaceuticals, and
medicine especially for the encapsulation and con-
trolled release of active ingredients (drugs, living cells,
cosmetics, food), [10]. The proposed functionalization
of double emulsion included adsorption on drops sur-
faces the selected antibodies specific to the cancer cells
surface receptors. Hence selective transport of drug to
a tumor (Fig. 2) may be considered. The effect of bi-
molecular interactions leading to functionalization of
surfaces of emulsions drops was measured and charac-
terized by the isothermal titration calorimetry (Fig. 3).

Multiple emulsions of type W1/0/W2

(W1) internal water phase

(O) membrane oil phase

(W2) external water phase

Fig. 1. The structure of double emulsions
Puc. 1. Ctpykrypa IBOHHOH SMyIbCHU

C?‘?w ce_ll Antigen
spcc1/1|c\ antigen

binding site

!
ﬁl& Antibody

Fig. 2. The double emulsions for drug delivery and targeted drug
delivery
Puc. 2. JIBoiiHbIE 3MyIbCHY JUIS aIPECHOM TOCTABKH JIEKapCTB
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Fig. 3. The isothermal titration calorimetry (ITC) setup for measure-
ment antibody — drops of double emulsions molecular interactions
Puc. 3. YcraHOBKa H30TEPMUYECKON THTPOBAIBHOM KalTOpUMET-
puu (UTLL) anst u3MepeHns aHTUTEN-KaIellb MOJIEKYIISIPHBIX B3a-
HMMOJIECTBUN JBOWHBIX 3MYJIbCUI

RESULTS AND DISCUSSION

Antibody
on surface
of drop

Double emulsion characteristics

The structure of double emulsions considered
for targeting GBM represented type W1/O/W, (W —
water phase, O — oil phase) emulsions with a single
small drop of the internal phase inside bigger oil mem-
brane phase drop. The double emulsions were prepared
by a one-step method in helical flow contactor [11, 12].
The calculated Sauter mean diameter of internal phase
drops was 7.1 ym and 11.0 um for oil membrane phase
drops for the emulsions samples just after preparation.
The drop size distributions of created double emulsions
are presented in Fig. 4. To evaluate the stability of
emulsions after introducing antibodies, the micro-
scopic observations were proceeded after the prepara-
tion of the emulsions and after the titration with the
antibody (the isothermal titration calorimetry (ITC)).
The calculated changes in the Sauter mean diameter af-
ter ITC experiments were less than 5% compared to the
initial mean diameters of double emulsions drops.

e ®
= 2
= O
o 1
O
16 %
O
0
0 5 10 15 2

d, pm
Fig. 4. Double emulsion drop size distributions of the internal and mem-
brane phases 1 — inner phase drops; 2 — memberane phase drops
Puc. 4. Pactipenenenue TBOMHBIX SIMYIJIBCUI IO pa3Mepy Karlesb U
MeMOpaHSbI 1-Karum ¢ BHyTpeHHeH (ha3oid; 2 — Karum ¢ MeMOpaHoit
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Evaluation of protein (antibody) — drop of
emulsions interaction

The heat effect of all measurable interactions
regarding the binding antibody (protein) to the surface
of oil membrane phase drops of double emulsions is
presented in Table and Fig. 5. The energy associated
with binding antibody required the elimination of
background from the heat measured by the isothermal
titration calorimetry (ITC). Hence, the energy of
proper interaction was calculated as algebraic combi-
nations of the energy of all interactions according to
the equation: energy (heat) of the interaction of an
antibody and drop = energy of interactions: SET | —
SET Il + SET Il — SET IV. The final heat effect i.e.
after elimination of background of interactions, indi-
cating the process of adsorption of an antibody onto the
oil drops of double emulsions for this system, is shown
in Fig. 6.

Table
The list of investigated interactions
Tabauya. Cnucok HcceI0BAaHHBIX B3auMoAeicTBHii

Liquid sample in the |Liquid sample in the stir-
SET . . .
stirred cell ring syringe
I The multiple emulsion The antlbo_dy n
suspension
I The multiple emulsion The antibody suspension
buffer
i The external phase of | The antibody suspension
the emulsion buffer
Y, The external phase of The antibody in
the emulsion suspension
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Fig. 5. The heat profiles of the interactions measured during the
experiment for the set I, I1, 111, IV described in Table
Puc. 5. Terobie mpoduiId B3aMMOICHCTBHIA, H3MEPECHHBIC B
xoze akcrepuMenTa it Haoopa |, 11, 11, 1V - Tabmuma
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Fig. 6. The heat profiles of all molecular interactions in the sys-
tem: 1 - double emulsions with suspension of antibody; 2 - inter-
actions after background elimination for drops of double emul-
sions with antibody
Puc. 6. TeroBsle npodmiti BCeX MOJIEKYIISIPHBIX B3aUMOICH-
CTBUH B cucTemMax: | -IBOWHBIC IMYJIBCUU C CYCIICH3UEH aHTHUTEN,
2 - B3aMMOJICHCTBYS TIOCIIe YCTpaHeHuUs! (JOHa A1t Karlellb JIBOii-
HBIX 3MyJIBCHI71 C AaHTUTCIIOM

Identification and selection of cell surface pro-
teins for GBM therapy

The results allowed an identification and selec-
tion of cell surface proteins (surface markers) for tar-
geting GBM with double emulsion-based platforms
delivering chemotherapeutics (doxorubicin). This in-
volved analysis of the cell lines of glioblastoma multi-
forme (GBM) by protein expression to select specific
surface protein expressed in excess by GBM cells.
Three of GBM’s cell lines: U87 MG, T98G, LN229
were analyzed in comparison to non-cancer cells K21
used as a control.

Protein expression study covered examina-
tions of cancer stem cells within GBMs — cancer
surface markers: CD133, CD97, CD44 and CD15 [13-15].
The B-actin was used as a loading control in Western
blot experiments. An analysis of protein expression
data indicates that the CD97 and CD44 expression was
found both in GBM (U87 MG, T98G, and LN229) and
fibroblast K21 cell line (Fig. 7a). The expression levels
of these proteins were similar for all studied samples.
The similar level of CD97 and CD44 in cancer and
non-cancer cells eliminated these proteins as good se-
lective GBM surface markers. The CD133 and CD15
expression were not detected (Fig. 7a). This result may
suggest that in monolayer cell culture cancer stem cells
constitute a very small fraction [15]. RTK receptors:
receptors of tyrosine kinases (RTKSs) are a group of cell
surface proteins, which are often overexpressed in gli-
oblastoma tumors [16, 17]. RTKSs are one of the most
frequent targets in cancer therapy [17, 18]. Here ex-
pression of EGFR, PDGFR alpha and PDGFR beta was
examined. We have found a low level of PDGFR beta
in three GBM lines was compared to K21 non-cancer
cell line (Fig. 7b). The PDGFR alpha was not detecta-
ble in GBM cells (Fig. 7b). In the LN229 GBM cell
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line, the RTK expression was not detected at all in con-
trast to non-cancer fibroblast line, which expressed all
studied markers (Fig. 7b). That is why RTK receptors
could not be used as GBM surface marker target.
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Fig. 7. Western blot analysis of protein level selected: A) GBM can-
cer stem cells markers, b) RTK receptors, ¢) CD class receptors
Puc. 7. Western blot-ananis BeibpanHoro ypoBHs Genka: a) Map-
Kepbl PAaKOBBIX CTBOJIOBBIX Ki1eTok GBM, b) penenrropst RTK, €) pe-
nenrops! kKitacca CD

Selected CD class proteins: The selected CD
protein (CD338, CD325 as well as CD82) expression
was examined. The western blot analysis showed a low
level of all three selected surface proteins in a K21 non-
cancer cell line, while expression of CD388 and
CD325 (N-cadherin) was higher in U87 MG, LN229
and T98G compared to the control cell lines. A very
high level of CD82 protein in U87 and T98G GBM
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lines was observed. The level of CD82 was low in
LN229 (Fig. 7c). These data may suggest, that CD
(cluster of differentiation) proteins, particularly the
CD82, are a good target for GBM therapy [13, 19].
CD325(N-cadherin) can also be used for immobiliza-
tion/adsorption at surfaces of emulsions drops in com-
bination with CD82 for a GBM cell surface protein tar-
get. It is worth to note that CD325 (N-cadherin) might
be used for other types of cancer, since it frequently
replaces E-cadherin, a component of the cell mem-
brane in non-cancer cells, during carcinogenic process.

EXPERIMENTAL PART

Antibody suspension and a double emulsion
composition

Antibody chosen for the experiment was anti-
CD15 (SantaCruz Biotechnology, USA) suspended in
the buffer recommended by a supplier. Buffer compo-
sition: PBS with < 0.1% sodium azide and 0.1% gela-
tin. The internal phase of the emulsion was distilled
water, 2 wt.%. alginic acid, 0.25 wt.% Poloxamer 407.
The membrane phase of the double emulsion was soy-
bean oil, 2 wt.% Span 83. The external phase of the
emulsion was distilled water, 0.25 wt.% Tween 80,
0.25 wt.% Poloxamer 407, 0.2 wt.% sodium carbox-
ymethylcellulose (CMC). All compounds were
products of Sigma Aldrich.

Double emulsion preparation and characteri-
zation

The one-step process of double emulsion for-
mation was carried out in a helical flow contactor,
which enables the formation of stable dispersed sys-
tems and intensive mass transfer in the multiphase flow
[20-22]. The multiple emulsions were created under
conditions: the size of the annular gap between the co-
axial cylinders was 1.5 mm, the rotational frequency of
the inner cylinder was 2162 rpm, the volumetric flow
rates of internal water phase to membrane oil phase 1:1
and membrane oil phase to external water phase 1:15.
The method of double emulsions preparation has been
described more precisely in our previous papers
[11, 12, 23]. The sizes of the internal phase drops and
the membrane phase drops were determined based on
analyzing images captured during microscopic obser-
vation of the double emulsion samples. Microscopic
observation set up contained a digital camera (SC50,
Olympus, Japan) connected to an optical microscope
(BX-60, Olympus, Japan). Image analyze were made
with software - Image Pro Plus 4.5 (Media Cybernet-
ics, USA). For each emulsion sample, at least 1000
drops of the internal phase and 800 drops of the mem-
brane phase were measured. Based on the measured
drop sizes the Sauter mean diameter of the internal and
membrane phase drops were calculated.
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Isothermal titration calorimetry (ITC)

The heat effect of interaction between an
antibody in suspension and the membrane phase drops
of multiple emulsion was measured by the isothermal
titration calorimetry. The ITC experiments were per-
formed at 37 °C in the Nano ITC Standard Volume (TA
Instruments, USA), the cell volume —950-10° dm? and
the syringe volume — 250-10° dm?® (Fig. 3), the rota-
tional frequency of stirring syringe 250 rpm. The ref-
erence cell was filled with distilled water. All samples
were vacuum degassed just before the experiments.
The complex composition of each solution in ITC ex-
periments required the elimination of background of
molecular interactions hidden in emulsion titration by
the antibody suspension (Set | — IV in Table I). First
smaller volume injection allowed stabilization of the
ITC equipment and then eighteen 13.14-10° dm? ali-
quots of 3.39-10* mM antibody solution or antibody
solution buffer were injected sequentially to the sample
cell containing double emulsion and then double emul-
sion external phase only.

Cell lines

Identification of tumor markers was performed
for the model lines of GMB cancer: U87 MG, T98G,
LN229. As the control sample non-cancer cell line: hu-
man K21 fibroblasts were used. The cells were derived
from Institute of Biochemistry and Biophysics PAN,
Poland.

Cell culturing

The cells were grown in grown medium
(DMEM with glucose, L-glutamine and sodium py-
ruvate (HyClone), 10% FBS (Gibco), 1% Penicil-
lin/Streptomycin (Life Technologies)) in incubator (37 °C,
5% CO,) on 10cm cell culture dishes (BD-Falcon) for
80-90% confluence and next were passaged using
0.25% trypsin with 0.1% EDTA (HyClone).

Antibody

Primary antibody: Anti-beta-Actin (Santa Cruz
Biotechnology); Anti-CD133 (Millipore); Anti-CD97
(Santa Cruz Biotechnology), Anti-CD44 (Abcam),
Anti-CD15 (Santa Cruz Biotechnology); Anti-EGFR
(BD), Anti-PDGFR alpha (Santa Cruz Biotechnology),
Anti-PDGFR beta (Santa Cruz Biotechnology); Anti-
CD338 [ABCG2, BCRP1] (Millipore), Anti-CD325
[N-cadherin] (Thermo Fisher Scientific), Anti-CD82
(Cell Signaling).

Secondary antibody: Goat anti-rabbit (Santa
Cruz Biotechnology), Goat anti-mouse (Santa Cruz Bi-
otechnology).

Western Blot Analysis

To select GBM cell surface markers the scra-
ped pellet of the cells was lysed in denaturing buffer
(9 M urea, 150 mM B-mercaptoethanol, 50 mM Tris—
HCI pH 7.4) (Millipore) before the sonication. After
cell lysates preparation, the protein concentration of
each sample was measured by the standard procedure
of Bradford protein assay using reagent from Bio-Rad
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company. Finally, 30 pg of protein from each sample
was mixed with Laemmli Buffer (60 mM Tris-Cl pH
6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol,
0.01% bromophenol blue) (Millipore) and denatured
by heating in thermo block. The samples were sepa-
rated by SDS-PAGE electrophoresis in 10% acryla-
mide gel with SDS. Electrophoresis was run (1h, 90V)
in 1x SDS-PAGE buffer (pH 8.5) (Millipore). Next,
proteins were transferred (2h, 300 mA) on PVDF
membrane (Millipore), using Tris-Glycin Buffer with
methanol. After samples transfer, a membrane with
proteins from lysates was blocked 1h by incubation in
5% milk in 1IXTBST (50 mM Tris-Cl pH 7.5, 150 mM
NaCl, 0.1% Tween 20). Next, the membrane was incu-
bated overnight in cold room with primary antibodies,
then 1h with secondary antibodies and visualized using
Chemiluminescent HRP substrate (Millipore) accord-
ing to manufacturer's instructions.

CONCLUSIONS

The double emulsions with functionalized
drops surfaces were proposed as platforms delivering
anti-cancer drug for selective transport in the therapy
of glioblastoma multiforme (brain tumor). The func-
tionalization involved binding proteins to the surfaces
of emulsions drops via physical adsorption. The iso-
thermal titration calorimetry (ITC) was found to be a
useful method to measure the effect of the molecular
interactions leading to the physical adsorption of anti-
body in this system. The double emulsions proposed in
this paper may increase the effectiveness of cancer
chemotherapy as more efficient than conventional
drugs, due to the selective transport of a drug. One ap-
proach to developing a selective drug delivery requires
specific molecules — cancer surface markers, that
would be recognized by a drug platform. In this study,
we have found such specific proteins i.e. cancer mark-
ers of three glioblastoma cell lines namely CD325 (N-
cadherin) and CD82, which can be used as targeting
molecules. These study showed the potential of func-
tionalized double emulsions for a brain cancer treatment.
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