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In our study, various mixtures of C18 fatty acids with different degrees of saturation in their hydrocarbon chain, namely stearic
acid (SA), oleic acid (L1), linoleic acid (L2), and linolenic acid (L3), and a polyclonal antibody, anti-synaptosome-associated protein
of 25kDa (SNAP25) (AS25), have been investigated using the Langmuir–Blodgett (LB) technique accompanied by atomic force mi-
croscopy (AFM) imaging. The cis-double bonds in unsaturated lipids (L1, L2, and L3) have kinks in their molecular conformation
and thus could not pack as tightly and uniformly as SA. The bends and kinks in the molecular structure may interfere with the
packing of the lipid monolayer which will promote fluidity as shown in the analyzed compressibility modulus (Cs

�1) data. The neg-
ative values of Gibbs free energy of mixing (ΔGmix) () of C18 fatty acids/AS25 confirm the spontaneity interaction of AS25 mole-
cules on the monolayers. The amount of AS25 incorporated into the monolayer strongly affected the thermodynamic
properties of the lipid monolayers. AFM surface roughness analyses also indicate that AS25 molecules are strongly bounded on
the surface membrane as predicted by the obtained energetic data. In comparison to all C18 fatty acids studied, the strongest in-
termolecular interaction is observed in L1 at the investigated ranges. In particular, atmole ratio of 26:1, themost negativeΔGmix is
observed at L1. Thus, we can draw the conclusion that AS25 is best mixed with L1. This L1/AS25 ratio mimicking a half bilayer
membrane serves as a very useful reference in preparing fatty-acid nanoimmunoliposomes as the targeted drug-delivery vehicles
for cancer therapy. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

Intermolecular interactions between antibodies and fatty acids play
a critical role in developing new antibody-targeted liposome for-
mulations and also serve as a reference to improve existing formu-
lations that remain under studied. Antibody-targeted liposomes are
made by conjugating antibodies to the lipid bilayer of a liposome
surface which promotes a specific interaction with the cancer
cells.[1–4] Pharmacokinetic analysis and therapeutic studies revealed
that antibody-targeted liposomes have considerable potential to
be used as a drug-delivery system (DDS) for cancer therapy. It opti-
mizes the delivery of the drug to the tumor cells efficiently, reduces
the exposure of highly toxic anticancer drug to healthy cells, and
minimizes side effects.[5–8] A number of methods have been re-
ported for coupling or conjugating antibodies or their fragments
to the surface of liposomes. Manjappa et al. (2011) extensively
reviewed several chemical strategies for the preparation of
immunoliposomes;[9] however, very little work has been done on
the antibody–fatty acid interactions using the Langmuir approach.
Langmuir–Blodgett (LB) is an ideal tool for studying the thermody-
namic behavior of lipid–protein mixed systems.[10–13] Parameters
such as mean molecular area, compressibility modulus, and Gibbs
free energy of mixing can be obtained from π–A isotherms in order
to determine the miscibility and stability of the mixed system.
Thermodynamic analysis will provide useful information on how
antibodies associate to the membranes, their ability to form
antibody-targeted liposomes, and a precise composition of fatty
acids and antibodies required for forming antibody-targeted

liposomes. LB technique is also one of the promising methods in
the preparation of thin film with a thickness of one molecule as it
enables deposition of themonolayer (or multilayers) over large area
homogenously. Deposition of floating monolayers will be per-
formed using LB to transfer the mixed monolayer of C18 fatty
acids/AS25 onto a solid substrate, and then observed by tapping-
mode atomic force microscopy (TM-AFM). AFM has been exten-
sively used in biological imaging, because of its distinctive ability
to provide valuable structural information at a single molecule
level.[14–16] AFM can be operated with contact or non-contactmode
(or also known as tappingmode). TM-AFM scanning is preferred for
imaging weakly immobilized of membrane proteins structure, as
the cantilever oscillates rapidly above the sample without damag-
ing the delicate biological specimens. In comparison to the contact
mode, tapping mode minimizes contact time, friction, and produce
less lateral force, making it ideal for study the morphology of soft
biomaterial.[17,18]
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Membrane protein functions are essentially influenced by
membrane fluidity.[19–21] The binding of proteins to the membrane
depends on membrane fluidity. Peripheral proteins are attached to
the membrane surface by electrostatic interactions with lipid polar
headgroups. Integral proteins interact directly with the hydropho-
bic hydrocarbon chain of the lipid bilayer. The cohesive attraction
of integral proteins on the membrane is influenced by the degree
of unsaturation of the hydrocarbon chain. In general, membrane
fluidity is affected by the length and degree of unsaturation in
the fatty acid chains. The most common fatty acids contain 12 to
22 carbon atoms. In this experiment, we have chosen saturated
and unsaturated fatty acids with 18 carbon atoms, namely stearic
acid (SA) (18:0), oleic acid (L1) (18:1), linoleic acid (L2) (18:2), and
linolenic acid (L3) (18:3) to study their intermolecular interactions
with a polyclonal antibody. The cis-double bonds in L1, L2, and L3
have a kink in their molecular conformation and could therefore
not pack as tightly and uniformly as SA.[22–25] They are thermody-
namically unstable compared to trans configuration. The bends
and kinks in the molecular structure may interfere with the packing
of the lipid monolayer which will promote fluidity. C18 fatty acids
are used in this case in order to provide the monolayer its natural
membrane environment using Langmuir monolayer techniques.
Various volumes of a polyclonal antibody, namely anti-synapto-
some-associated protein of 25 kDa (SNAP25) (AS25), were incorpo-
rated onto the monolayer.
AS25 is a polyclonal antibody produced in rabbits. Polyclonal

antibodies are extensively used for research purposes. They are
relatively inexpensive, and large quantities can be produced
compared to monoclonal antibodies. It is useful when the nature
of the antigen is unknown, and they are nonspecific which enables
them to recognize multiple epitopes on antigens. The SNAP-25 an-
tibody shows expression in the neuroblastoma cell line SH-SY5Y;[26]

this cell line is widely used as an in vitro study model for Parkinson's
disease.[27–29] In our future studies, we will use the findings from
this work to further investigate incorporation of such protein into
liposomes for specific targeting and the delivery of encapsulated
drugs.
SNAP-25 is a soluble protein with a molecular weight of 25 kDa,

containing 206 amino acids.[30] It is a membrane bound, presynap-
tic nerve terminal protein, which plays an essential role in vesicle
membrane fusion events with the plasma membrane. In regulating
neuronal exocytosis, SNAP-25 is a soluble N-ethylmaleimide-
sensitive factor protein receptor (SNARE) protein complexes that
is intrinsically water soluble, but anchored to presynaptic plasma
membrane via four cysteine-linked likely fatty acylation site, and
behaves as an integral protein.[31] In developing a DDS, it is also im-
portant to consider how to enhance the systems to be merged to
the cancer (or tumor) cells in order for entrance the encapsulated
drug into the cancer or tumor cell successfully. Membrane fusion
plays a significant role in DDS in delivering the drug in the
body.[32–35] Many fusion processes are mediated and regulated by
SNARE proteins, such as, SNAP-25. It is one of the SNARE proteins
that have been widely studied because they induce the extremely
fast release of synaptic vesicles.[30,31,34,36,37] Our prediction is that
the event of AS25 partially embedded onto the bilayer (and subse-
quently liposomes) will promote fusion of liposomes on the
targeted site, where protein–protein interactions between SNAP-
25 and AS25 will be taken place first on the cell membrane, which
will then draw two lipid bilayers together, driving hemifusion and
finally full fusion for the entry of the drugs.[34,36–38]

Our aims of this work are to compare the behavior of antibodies
in saturated and unsaturated C18 fatty-acid monolayers and their

behavior in different degree of unsaturation. We also hope to pro-
vide valuable information on the required composition of fatty acid
and antibodies in preparing liposomal targeted drug delivery sys-
tems or proteoliposomes, or in membrane fusion explorations.
The development of antibodies is complex and time consuming,
leading to its high cost and relatively scarce availability.

Experimental section

Materials

C18 fatty acids such as SA, L1, L2, and L3, and the antibody AS25
(Product number S9684) were purchased from Sigma-Aldrich.
AS25 is supplied as an IgG fraction of antiserum (developed in rab-
bit) in 0.1M saline phosphate-buffered, pH 7.4, containing 15mM
sodium azide as a preservative and it is stored in �20 °C freezer.
HPLC-grade methanol was purchased from Merck. Double-distilled
water processed by using the NANOpure Diamond Ultrapure Water
System was used as subphase throughout. Resistivity of water is
18.2MΩ cm.

Measurement of Langmuir–Blodgett monolayers and mixed
monolayers

Separate stock solutions of fatty acids were prepared in analytical-
grade chloroform which was purchased from Merck. Spreading so-
lutions were deposited randomly onto the water subphase (26 °C
±0.1 °C) with Hamilton microsyringe precise to 0.5μl. After spread-
ing, the monolayers were left to equilibrate for about 5min, and
then an increasing volume of antibody solution (10μl, 25μl, 50μl,
75μl, and 100μl, respectively) was added onto each monolayer
formed. The desired volume of antibody solution was withdrawn
from the vial directly without any dilution. We converted the
amount of antibody solution used into mass by using the concen-
tration stated in the given product sheet, which is 9.55μg/μl. This
mole ratio of fatty acids to antibody was used in all the plotted
graphs and data analysis in this paper.

Surface pressure (π)–molecular area (A) isotherms were ob-
tained by using a computer-controlled KSV 5000 (Finland) Lang-
muir balance furnished with symmetric barriers and Teflon
trough of total area of 48840mm2 (407mm×120mm) and
equipped with a roughness surface platinum Wilhelmy plate
(19.62mm×10.00mm); its total length is 39.80mm. Monolayers
were compressed at a rate of 10mmmin�1.

Determination of Kow by RP-HPLC

Twenty microliters of AS25 was added into two separate vials: (i)
1ml of nanopure water; and (ii) mixture of 1:1 octanol–water. A se-
ries of dilution of aqueous solution of AS25 were also prepared to
enable us to plot a standard curve. Solutions were homogeneously
mixed using shaker powered by electric motor at speed of 250 rpm
for 10min. The solutions were then left to stand for 30min to
achieve equilibrium prior to HPLC analysis.

HPLC analysis of AS25 was carried out using a Shimadzu reverse
phase-high performance liquid chromatography (RP-HPLC) system
with Merck Chromolith® ODS C18 HPLC column (length:
100mm×4.6mm I.D., pore size: 2μm) equipped with photodiode
array detector (PDA) and auto-injector. Detection of AS25 using
PDA was observed at 200 to 500nm as the reference wavelength.
The mobile phase was methanol–water (50/50, v/v). All peak areas
were obtained by averaging the results of at least three
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independent injections (20μl of injection volume) at mobile phase
flow rate of 1.0mlmin�1.

A standard curve of peak height against concentration of AS25
(in μg per μl) was plotted. The unknown amount of AS25 in the
mixture of octanol–water solution can be obtained from the plot-
ted standard curve. The octanol–water model system will allow us
to predict the amount of water soluble antibody interacting with
the biological membrane. Octanol best represents the biological
membrane; hence, octanol–water partition coefficient, Kow, pro-
vides useful information of the distribution of substance into two
immiscible phases.[39–43]

The octanol–water partition coefficient, Kow, is defined as[40,41]

Kow ¼ AS25 in octanol-water½ �
AS25 in water½ � (8)

where the concentration of AS25 in water and octanol–water are
expressed in μM, respectively.

Y-type deposition of pure C18 fatty acids and binary mixtures
of C18 fatty acid/AS25 on solid substrate

Silicon (100) wafers (Sigma Aldrich, USA) were cut into pieces (5
cm×1 cm) and placed in furnace (Carbolite, USA) for 8 h at
900 °C to allow oxidation. The oxidized silicon wafer was clamped
vertical to the subphase and immersed into the dipping well be-
fore spreading the monolayer materials. Spreading solutions of
C18 fatty acids were prepared in analytical-grade chloroform

(Merck), respectively. After spreading, the monolayers of fatty
acid were left to equilibrate for about 5 min, and 50μl of anti-
body was then added onto each monolayer formed using a
Hamilton microsyringe precise to 0.5μl. The monolayer was com-
pressed at 10mmmin�1 by using the same Langmuir system as
above.

The Y-type deposition of LB bilayer film was performed at
targeted pressure with dipping speed of 10mmmin�1. The bilayer
of Y-type LB film is formed when the monolayer deposits onto the
oxidized silicon substrate in up and down dipping direction, which
will give the head–tail–tail–head structure. A targeted surface pres-
sure was carefully decided by referring to surface pressure (π)–mo-
lecular area (A) isotherms and compressibility analysis of pure C18
fatty acids (Fig. F11), AS25 (Fig. F22), and mixtures of C18 fatty
acid/AS25 (Fig. F33). Deposition of pure SA floating monolayer on
solid substrate was carried out at surface pressure of 45mNm�1

and mixed system of SA/AS25 at 25mNm�1; and at 20mNm�1

for the unsaturated C18 fatty acids (L1, L2, L3) and their mixed sys-
tems. AS25 floating monolayer was performed at 30mNm�1. All
the transferred LB films were kept for a week in a dry, clean, and
closed container before AFM imaging.

TM-AFM imaging

High-resolution imaging of bilayers was performed by TM-AFM
after the floating monolayers transferred onto the oxidized silicon
solid substrate from air/water interface. LB films on solid substrates

Figure 1. The surface pressure–area (π–A) isotherms of mixed monolayers (plotted in mole ratio of C18 fatty acids to anti-SNAP25): (a) stearic acid/anti-
SNAP25, (b) oleic acid/anti-SNAP25, (c) linoleic acid/anti-SNAP25, and (d) linolenic acid/anti-SNAP25, spread on water subphase at 26 °C.
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were imaged using NanoScope®V scanning probemicroscope con-
troller (Bruker, USA) in TM under ambient conditions. Silicon probes
with aluminum coating (VISTA T190R, nanoScience Instrument,
Canada) were used. Resonance frequency of the probe was

190 kHz, and the force constant was 48Nm�1. Images in height
mode were collected simultaneously with 512×512 points at a
scanning rate of 1.0Hz per line. All images were processed using
NanoScope Analysis 1.5.

Results and discussion

Isotherms

Shown in Fig. 1 are the π–A isotherms of fatty-acid monolayers and
mixed monolayers of C18 fatty acids (SA, L1, L2, and L3) with in-
creasing volume of AS25 on nanopure water. The limiting molecu-
lar areas of pure SA, L1, L2, and L3 monolayers were determined by
extrapolating the linear slope of individual π–A isotherms to zero
surface pressure and were found to be 21Å2, 43Å2, 42Å2, and
42Å2, respectively. The collapse pressure of SA was found to be
50±2mNm�1, which is similar to the mostly reported collapse
pressure of SA at 25 °C,[44–46] some obtained at 55mNm�1 but at
a lower temperature, which was 20°C.[24,47] In one of Iribarnegaray
et al. (2000) publications, it was shown that the monolayers have
lower collapse pressure as the temperature of water subphase
increases.[48]

When AS25 was incorporated into the SA monolayer, the iso-
therms of the mixed monolayers were shifted to higher surface
pressures with increasing volume of AS25 (Fig. 1a). There is no spe-
cific trend on the shift shown in mixed monolayers of unsaturated
fatty-acid (L1, L2, and L3) isotherms (Fig. 1b–d) with the addition

Figure 2. The surface pressure–area (π–A) isotherm of anti-SNAP25
monolayer and, its compressibility modulus ( C�1s ), spread on water
subphase at 26 °C.

Figure 3. The compressibility modulus (Cs
�1) versus surface pressure (π) of mixed monolayers (plotted in mole ratio of C18 fatty acids to anti-SNAP25): (a)

stearic acid/anti-SNAP25, (b) oleic acid/anti-SNAP25, (c) linoleic acid/anti-SNAP25, and (d) linolenic acid/anti-SNAP25, spread on water subphase at 26 °C.
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of AS25; however, isotherms of the mixed systems are significantly
shifting away from their pure fatty-acid isotherms in the presence
of an antibody. This shows that interactions have taken place be-
tween the fatty acids and the antibody.

There was no collapse pressure clearly observed in AS25 iso-
therm (Fig. 2). However, the derivative of the pure-AS25 Cs

�1 versus
π profile (Fig. 2) showed a change at 38mNm�1 that presumably
corresponds to its collapse pressure. The limiting area of AS25
was found to be 160Å2 (Fig. 2), showing that AS25 are much larger
than C18 fatty acids. There is a change in the slope that can be ob-
served at 28 to 30mNm�1. This change is more obviously seen in
its plot of Cs

�1 versus π (Fig. 2), indicating that the monolayer of
AS25 is low compressible and less ordered, where low Cs

�1 values
suggests that the organization of molecules of AS25 favors their ar-
rangement in liquid-expanded (LE) phase in water subphase at
26 °C. The isotherm of AS25 is used as a reference for us to compare
lipid–protein interactions and protein–protein interactions that
take place in our studies.

Compressibility analysis

The packing density of monolayers can be evaluated and analyzed
by the compression modulus Cs

�1,[49,50] which is defined as

C�1s ¼�A dπ
dA

� �
: (1)

Cs
�1 versus π c

urves provide detailed information on phase transitions of C18
fatty-acid/AS25 monolayers (Fig. 3a–d). Cs

�1 can be classified into
various phases, namely (i) LE phase at surface pressure from 10 to
50mNm�1; (ii) liquid (L) phase from 50 to 100mNm�1; (iii) liquid-
condensed (LC) phase from 100 to 250mNm�1; and (iv) solid (S)
phase above 250mNm�1. In this work, the compression moduli
were obtained by numerical calculation of the first derivative from
the isotherm data point using the OriginPro-8 program.

Pure SA monolayers are highly condensed as supported by the
large value of compression modulus in Fig. 3a. A noticeable phase
transition of pure SA occurs from liquid phase (at 20 to 25mNm�1)
to solid phase (at 25 to 50mNm�1); however, as for its mixed sys-
tems, there is not much change in the phase transition that can
be observed in the Cs

�1 versus π plot (Fig. 3a), where they remain
at liquid phase 50 to 100mNm�1 for the entire compression.

There is an obvious difference observed in the compressibility
plot of pure SA monolayers and its mixed monolayers in the pres-
ence of antibodies at lower surface pressure (Fig. 3a). At higher sur-
face pressure, there are some interesting observations obtained by
comparing the compression-modulus profiles of SA/AS25 and pure
AS25. We can observe a similar pattern in both curves at surface
pressures of 28 to 32mNm�1. AS25 is known a membrane-bound
protein; this behavior is clearly shown in the analysis of the binary
mixed monolayer of SA/AS25. SA can be easily compressed to form
a monolayer at solid phase because of the saturated hydrocarbon
chain.

Molecular rearrangement of AS25 takes place in the mixtures
during compression of barriers in order to accommodate the be-
havior of SA molecules, rod-like molecules with all trans-
conformation in its saturated hydrocarbon chain. Once the mono-
layer of SA is formed and the molecules are tightly packed uni-
formly, AS25 interacts with SA headgroup peripherally and does
not interact with SA as an integral protein, interacting spontane-
ously with phospholipids in natural biological membranes, as re-
ported in our previous study.[51]

Intermolecular interactions between amphipilic fatty acids and
AS25 molecules can be studied in depth by interpreting protein
sequences in SNAP-25 in order to obtain better insight. SNAP-
25 protein sequences are made of 206 amino acids,[30] including
63 hydrophobic, 69 hydrophilic, 44 acidic, and 30 basic amino
acids. Polarity of SNAP-25 can be predicted by studying the side
chain of each amino acid in the sequences, where hydrophilic
amino acids will attract to the polar headgroup region of fatty
acids, and hydrophobic amino acids will attract to the non-polar
hydrocarbon chain. However, this prediction is insufficient to ex-
plain the behavior of AS25 in the membrane; their interactions
are also affected by membrane fluidity which is related to the de-
gree of saturation of the hydrocarbon chain, and also the
headgroup of the lipids.

In this work, the investigated C18 fatty acids possess the same
headgroup, but different saturation degrees in their hydrocarbon
chain. The presence of cis-bonds in hydrophobic chains affects
its geometry structure: the more cis-double bonds, the more
bent is the chain. The presence of double bonds prevents them
from packing tightly together, which allows more favorable
packing of the molecules in the mixed monolayer. The maxi-
mum compression modulus values of pure-L1 and -L2 mono-
layers are approximately 80mNm�1 and 65mNm�1

respectively, and the pure-L3 monolayer, which is an unsatu-
rated fatty acid with three double bonds, has the lowest com-
pression modulus value, 45mNm�1 (Fig. 3b–d). Unsaturated
fatty acids are less compressible compared to saturated fatty
acids because of their cis-double bonds in the hydrocarbon long
chain. No phase transition is observed in these three unsatu-
rated fatty acids. They are either at LE or L phase. Theoretically,
LE and L phases in monolayers are ideal for antibodies to be
embedded in between the fatty acids. Mixed systems of L1
and L2 have lower compression moduli compared to their pure
systems, which are below 50mNm�1. The phase of the mono-
layers changes from L to LE phase. The L3 mixed system has
a similar compression-modulus value as the pure system. The
AS25 compression modulus, discussed above, was also found
to be LE phase. Spontaneity between antibodies on the mono-
layer will be discussed in depth by looking at the thermody-
namic stability analysis in the following section.

Miscibility of mixed monolayer

The miscibility of the mixed monolayer components can be deter-
mined by calculating the mean molecular area A12.

[49,50]

For ideal mixing, A12 is defined as

A12 ¼ A1X1 þ A2X2 (2)

where A1 and A2 are the mean molecular areas of single compo-
nents at the same surface pressure and X1 and X2 are the mole frac-
tions of components 1 and 2 in the mixed film. These deviations
can be described quantitatively with the excess mean molecular
area (Aex) values.

Aex ¼ A12– A1X1 þ A2X2ð Þ (3)

Non-linear plots of Aex show the existence of interactions be-
tween the monolayers components (Fig. F44). The strength of these
interactions will also be verified based on ΔGmix (Fig. F55).

Negative deviations from ideality are observed in all the mixed
systems (Fig. 4). These deviations indicate that the monolayer com-
ponents are miscible and reveal non-ideal behavior. The mixtures

Energetic mixing of anti-SNAP25 on C18 fatty acids monolayers
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are increasingly miscible as the amount of AS25 added increased.
Antibody–antibody interactions are preferable over the lipid–
antibody interactions in the lipid–protein mixed systems. With the
increasing mole of C18 fatty acids in mixtures, a greater repulsion
between the molecules is observed in the mixed system, showing
that AS25 interacts weakly with C18 fatty-acid molecules. The simi-
lar trend of intermolecular interactions occurred is also supported
by the observed ΔGmix, which will be discussed further in the sec-
tion concerning the thermodynamic stability of the mixed
monolayer.

Thermodynamic stability

Molecular interactions can be expressed quantitatively in thermo-
dynamic analysis. The total Gibbs free energy ofmixing,ΔGmix is de-
fined by the following equation,[49,50]

ΔDGmix ¼ ΔDGid þ ΔDGex (4)

where

ΔDGid ¼ RT X1lnX1 þ X2lnX2ð Þ: (5)

And the excess Gibbs free energy of mixing, ΔGex, can be calcu-
lated from π–A isotherms by

ΔGex ¼ ∫
π
0 A12� X1A1þ X2A2ð Þ½ �dπ (6)

where A12, A1, and A2 represent the area of the mixed system and
the areas of components 1 and 2, respectively, and π is the surface
pressure of the monolayer. If the monolayer is ideally mixed, ΔGex
should be zero.

The presence of AS25 in the monolayer appears to be consistent
in all four investigated C18 fatty acids mixed systems (Fig. 5). The
negative values of ΔGmix of SA/AS25, L1/AS25, L2/AS25, and
L3/AS25 confirm the spontaneity interaction of AS25 molecules
on the C18 fatty acids monolayers. The amount of AS25 incorpo-
rated into the monolayer strongly affected the thermodynamic
properties of the lipid monolayers. With the increasing amount of
AS25 in the lipid systems, the more negative ΔGmix values were ob-
tained. The most negative ΔGmixwas found when themixedmono-
layer comprises the highest amount of AS25 (mixed systems of C18
fatty acids/AS25 at 2.6:1); however, less negative ΔGmix values were
observed when the mixtures containing higher mole of lipid (such
as 26:1). In general, three possible interactions will take place in a
lipid–protein mixture: lipid–lipid, lipid–protein, and protein–protein
interactions. Presumably, antibody–antibody interactions are pref-
erable over lipid–antibody interactions in the mixtures containing
higher mole of antibody. A greater repulsion occurs between lipids
and antibodies in the mixture of higher mole of lipid. Aggregation
of proteins is energetically favorable when the concentrations of
protein are high. Increasing lipid compositions of the membrane
may change the system from protein-aggregation to a protein-
distributed state.[52–54]

From the obtained ΔGmix, we observed that the degree of
unsaturation on the hydrocarbon chain did not significantly influ-
ence the intermolecular interaction between AS25 molecules on
the lipid monolayer. As we mentioned earlier, AS25 is a
membrane-bound protein, and a membrane-bound protein is
prone to be on the membrane surface interacting with the
headgroup of fatty acids, unlike integral protein that interact di-
rectly with the hydrocarbon chain.

In comparison to all the four C18 fatty acids that we studied, the
strongest intermolecular interaction is observed in L1 at the inves-
tigated ranges. This is supported by the negative ΔGmix value ob-
tained. We suggest that L1 is the most suitable C18 fatty acid to
be used as a targeted drug-delivery carrier, where a minimal
amount of antibody is required for the strongest attraction be-
tween fatty acids and antibody to take place. This finding certainly
has economic significance for researches because antibodies are
very costly.

The negative ΔGmix values obtained are very small negative
values (approximately�0.05 to�0.25 kJ). Molecules of AS25 bound
strongly on the surface of C18 fatty acid monolayer. These values
are as expected as the role of antibodies in target delivery is as a fa-
cilitator to deliver the encapsulated drugs only to the targeted site
without harming the human body[53–58]. Antibodies should interact
with membranes and bind firmly to their surface like a peripheral
protein in lipid–protein interactions.

In addition to support our findings, we found that only 20% of
AS25 interacted with the hydrophobic fatty acids monolayer by

Figure 4. Excess mean molecular area (Aex) versus mole ratio of C18 fatty
acids to anti-SNAP25 of mixed monolayers: ■= stearic acid/anti-SNAP25,
●= oleic acid/anti-SNAP25, = linoleic acid/anti-SNAP25, and ∇ = linolenic
acid/anti-SNAP25, spread on water subphase at 26 °C.

Figure 5. Gibbs free energy of mixing ( Gmix) versusmole ratio of C18 fatty
acids to anti-SNAP25 for mixed systems: ■= stearic acid/anti-SNAP25,
●= oleic acid/anti-SNAP25, = linoleic acid/anti-SNAP25, and ∇ = linolenic
acid/anti-SNAP25, spread on water subphase at 26 °C.
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determining octanol–water partition coefficient (Kow) using RP-
HPLC. As illustrated in Fig.F6 6, the possibility of this amount AS25
interacting with the fatty acid monolayer (i) like an integral protein,
or (ii) AS25 is partially embedded into the monolayer. And the re-
maining 80% are (iii) presence on the monolayer surface,
interacting with the headgroup of fatty acids, or (iv) excess anti-
body remaining in the water subphase. From our quantitative ener-
getic studies as above, the most potential intermolecular
interactions that take place in the mixed monolayer systems are

(2) and (3). It also important to note that Kow corresponds only to
the hydrophobic properties of AS25 on the membrane.[59]

AFM observations

AFM topography provides a surface morphological insight into the
surface interaction of pure AS25 (Fig. F77) and pure C18 fatty acids
(Fig. F88), and the mixed systems of C18 fatty acids/AS25 (Fig. F99).
AFM height images give useful information on film structure such
as surface roughness. The mean roughness, Ra, and root mean
square (rms) roughness, Rq, are the most commonly used parame-
ter to characterize the surface features of cell membrane. Both rep-
resentations of Ra and Rq demonstrate valuable information of the
surface morphology and surface interactions, but they are calcu-
lated using different formulas.

Ra is the mean value of the surface relative to the center plane,
calculated as[60]:

Ra ¼ 1

L
∫
L

0 Z xð Þj jdx: (7)

Rq is the rms of surface measurements of peaks and valleys, de-
fined as[60]:

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

L
∫
L

0 Z2 xð Þ�� ��dx
s

(8)

where Z(x) is the function that describes the surface profile ana-
lyzed in terms of height (Z) and position (x) of the sample over
the evaluation length of L. Rq is of a surface is similar to the

Figure 6. The possibilities of AS25molecules interacting with the fatty acid
monolayer: (1) like an integral protein, (2) AS25 is partially embedded into
the monolayer, (3) presence on the monolayer surface, interacting with
the headgroup of fatty acids, or (4) excess antibody remaining in the
water subphase.

Figure 7. AFM images of pure C18 fatty-acids bilayer deposited on oxidized silicon wafer at scan size of 1μm×1μmwith a data scale of 25 nm for: (a) stearic
acid, (b) oleic acid, (c) linoleic acid, and (d) linolenic acid.
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roughness average, Ra, with the only difference being the mean
squared absolute values of surface roughness profile.
The obtained Ra and Rq values for all surfaces of pure AS25, C18

fatty acids, and mixed systems in this manuscript were obtained
by using NanoScope Analysis 1.5 (TableT1 1). The differences of be-
tween the surface roughness give us some idea of the changes of
surface texture of pure and mixed systems.
Ra and Rq values of pure C18 fatty acids increase with the increas-

ing degree of saturation of C18 fatty acids. In contrast, for themixed
systems of C18 fatty acid/AS25, we observed both parameters Ra

and Rq decrease with the increasing double bonds in their hydro-
carbon chains. The degree of saturations induces greater penetra-
tion of AS25 on the lipid bilayers. In the pure system of SA (a
saturated fatty acid) and mixed system of SA/AS25, Ra values in-
creases dramatically from 0.215 to 0.721 nm. On the contrary, only
a slight increase of Ra is observed for L3 (unsaturated fatty acid)
and L3/AS225, which is from 0.460 to 0.493nm.

The surface of pure C18 fatty acids is relatively flat; hence, Rq in-
creases by about 0.1 to the respective Ra values. More peaks and
valleys are observed in the mixed systems of C18 fatty

Figure 8. AFM images of pure anti-SNAP25 bilayer deposited on oxidized silicon wafer obtained in scan size of (a) 5 μm×5 μmwith a data scale of 25 nm. A
cross section was drawn on a selected AS25 molecule incorporated on the membrane depicted in (a) to obtain more information of the height and width of
AS25 molecule. The height (b) and width (c) of this membrane bound protein were found to be 453 nm× 166 nm, respectively. Protein structure predictions
of AS25 from its protein sequences that it is a coiled-coil structure as illustrated in Fig. 6[29] and our scanned images as above showed the shape of AS25 is true
as predicted.

Figure 9. AFM images of binary mixture of C18 fatty acids/AS25 bilayer deposited on oxidized silicon wafer obtained in a 5.0μm×5.0μm scan area with a
data scale of 25 nm for: (a) stearic acid/AS25, (b) oleic acid/AS25, (c) linoleic acid/AS25, and (d) linolenic acid/AS25.
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acids/AS25, Rq is found to be much larger than Ra, as Rq values will
be significantly affected (more than Ra) when the surface contains a
large number of peaks and valleys in the mixtures, owing to the
squaring of the amplitude in the calculation. The values of Ra and
Rq of mixed systems of C18 fatty acids/AS25 are greatly affected
by the degree of saturation of C18 fatty acids. We observed that
the Rq value of saturated SA/AS25 is different by 0.28 (as Ra is
0721 and Rq is 1.010), while unsaturated L1/AS25, L2/AS25, and
L3/AS25 are only different by about 0.15. This could be more peaks
and valleys appear on the surface of SA/AS25 as more AS25 mole-
cules were bounded on the saturated SA membrane surface. Rq of
SA/AS25 is found to be larger than of AS25; this shows that more
AS25 molecules are bounded on the surface as a result from the
tightly packed of saturated SA bilayer. From our energetic studies,
ΔGmix of all mixed systems is not remarkably affected by degree
of saturation of C18 fatty acids' hydrocarbon chain. However, our
AFM surface roughness analysis supports our hypothesis on how
the membrane-bound AS25 antibody interacts with C18 fatty acids
with different degree of saturation. In the mixed systems of unsat-
urated L1/AS25, L2/AS25, and L3/AS25, the cis-double bond(s) pre-
vent the tight and rigid molecular packing enable AS25 molecules
partially embedded into the bilayer membrane as illustrated in
Fig. 6. Thus, less peaks and valleys are observed as we compare
them to SA/AS25 mixed system. We conclude that AS25 molecules
are bounded on saturated SA's carboxyl headgroup, but partially
inserted into unsaturated C18 fatty acid membrane.

AFM observations from this study supported our quantitative
analysis which indicated that AS25 molecules are bounded on the
membrane surface as predicted theoretically.

Conclusion

AS25, a membrane-bound protein, has become our choice of pro-
tein to explore lipid–protein interactions. In this study, we have
shown how a peripheral protein interacts with fatty acids with the
support of thermodynamic quantitative data, as fatty acids are es-
sential structural elements of biological membranes. Langmuir
monolayers of lipid–protein mixed systems were successfully used
to illustrate the lipid–protein interactions occurring in natural bio-
logical membranes. Lipid–protein interactions are crucial in devel-
oping targeted liposomal DDS formulations. The composition
ratio of lipids and antibodies in forming DDS can be determined
precisely from the energetic stability of the mixed system, which
will also allow us to ensure that antibodies are successfully incorpo-
rated to the lipid-carrier system. The energetic investigation of
AS25-C18 fatty-acid mixtures enabled us to draw the conclusion
that AS25 molecules bound strongly on the C18 fatty acids

monolayer, with the support of RP-HPLC and AFM surface rough-
ness analysis. L1 can be considered the best C18 fatty acid that
interacted with AS25 in a binary system. A very small amount of
AS25 incorporated into the L1 membrane model caused the stron-
gest interactions to take place, where themole ratio of L1/AS25was
26 to 1. This L1/AS25 ratio mimicking a half bilayer membrane is
very useful reference for our future studies in preparing fatty acid
nanoliposomes as targeted drug-delivery vehicles. L1 is rather less
expensive compared to the other two unsaturated lipids investi-
gated. It is also important for us to note that not excessive amounts
of antibodies should be introduced into human body. A large
amount of antibodies will harm the human body, and it is not eco-
nomically feasible as the cost of antibodies is extremely expensive,
even at very small volumes.
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box where replacement text can be entered. 

How to use it 

 Highlight a word or sentence. 

 Click on the Replace (Ins) icon in the Annotations 
section. 

 Type the replacement text into the blue box that 
appears. 

This will open up a panel down the right side of the document. The majority of 
tools you will use for annotating your proof will be in the Annotations section, 
pictured opposite. We’ve picked out some of these tools below: 

2. Strikethrough (Del) Tool – for deleting text. 

 

Strikes a red line through text that is to be 
deleted. 

How to use it 

 Highlight a word or sentence. 

 Click on the Strikethrough (Del) icon in the 
Annotations section. 

 

 

3. Add note to text Tool – for highlighting a section 
to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 
box where comments can be entered. 

How to use it 

 Highlight the relevant section of text. 

 Click on the Add note to text icon in the 
Annotations section. 

 Type instruction on what should be changed 
regarding the text into the yellow box that 
appears. 

4. Add sticky note Tool – for making notes at 
specific points in the text. 

 

Marks a point in the proof where a comment 
needs to be highlighted. 

How to use it 

 Click on the Add sticky note icon in the 
Annotations section. 

 Click at the point in the proof where the comment 
should be inserted. 

 Type the comment into the yellow box that 
appears. 



 

USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of 
text or replacement figures. 

 

Inserts an icon linking to the attached file in the 
appropriate pace in the text. 

How to use it 

 Click on the Attach File icon in the Annotations 
section. 

 Click on the proof to where you’d like the attached 
file to be linked. 

 Select the file to be attached from your computer 
or network. 

 Select the colour and type of icon that will appear 
in the proof. Click OK. 

6. Add stamp Tool – for approving a proof if no 
corrections are required. 

 

Inserts a selected stamp onto an appropriate 
place in the proof. 

How to use it 

 Click on the Add stamp icon in the Annotations 
section. 

 Select the stamp you want to use. (The Approved 
stamp is usually available directly in the menu that 
appears). 

 Click on the proof where you’d like the stamp to 
appear. (Where a proof is to be approved as it is, 
this would normally be on the first page). 

7. Drawing Markups Tools – for drawing shapes, lines and freeform 
annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 
comment to be made on these marks.. 

How to use it 

 Click on one of the shapes in the Drawing 
Markups section. 

 Click on the proof at the relevant point and 
draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 
move the cursor over the shape until an 
arrowhead appears. 

 Double click on the shape and type any 
text in the red box that appears. 




