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Interaction of Plasma Proteins with Tri-quaternary Ammonium
Salt Cationic Surfactant Studied by QCM-D

Man Xi and Baoyan Zhang*
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A tri-quaternary ammonium salt cationic surfactant was synthesized. Its structure was confirmed by using Fou-
rier-transform infrared spectroscopy, 'H nuclear magnetic resonance spectroscopy, and X-ray photoelectron spec-
troscopy analyses. Three model surfaces, including Au-CH;, Au-OH and Au-COOH, were fabricated. Adsorptions
of surfactant on the three model surfaces and subsequent plasma proteins adsorption were investigated by quartz
crystal microbalance with dissipation (QCM-D). The mass of surfactant on the Au-COOH surface was the largest,
followed by that on the Au-CH; surface, and that on the Au-OH surface. These results suggested that the main
driving force of surfactant immobilization was electrostatic interaction followed by hydrophobic interaction. Based
on the results obtained, we concluded that the protein mass adsorbed on Au-CH;-S, Au-OH-S, and Au-COOH-S
surfaces depended on the protein size and orientation. The mass and thickness of S on the Au-COOH surface is the
largest and the protein adsorption capacity of Au-COOH-S surface is inferior to that of Au-CHj3-S. The
Au-COOH-S surface could inhibit lysozyme adsorption, maintain the adsorption balance of bovine serum albumin,
and induce fibrinogen-binding protein adsorption.

Keywords tri-quaternary ammonium salt cationic surfactant, self-assembled monolayers, quartz crystal micro-
balance with dissipation (QCM-D), proteins adsorption

Introduction

Tri-quaternary ammonium salt cationic surfactants,
as a type of gemini surfactant,”"’ have three hydrophilic
groups that endow properties superior to those of con-
ventional (monomeric or dimeric) surfactants. These
properties include higher surface activity, better solubil-
ity, lower critical micelle concentration, more excellent
adsorption efficiency, better wetting and so on.** Qua-
ternary ammonium salt cationic surfactants were first
synthesized and studied for their superior performance.
Later, they were studied for their bactericidal capabili-
ties.”! Research on the interaction of tri-quaternary
ammonium salts with other materials, such as proteins,
is limited, as most studies have focused instead on their
synthesis. Tri-quaternary ammonium salts combine the
advantages of both polymers and conventional surfac-
tants,'® thus, they have a great potential for use in vari-
ous applications.

Proteins are the most abundant and versatile macro-
molecules in living systems and serve crucial functions
in essentially all biological processes; the molecules
bind a wide variety of ligands, such as metal ions,
bilirubin, fatty acids, drugs, and surfactants.”'” Pro-
teins interacting with surfactants are important for fun-

damental biological systems, protein separation, biosci-
ences, biotechnological processes, drug delivery, cos-
metics, and the food industry.[”’m Ionic surfactants,
which are known to show strong associative capacity
with proteins in aqueous solutions, present a charged
head group attracted to an oppositely charged amino
acid residue of a protein and an alkyl chain attracted to
nono-polar regions available on the surface and interior
of this protein.m’m]

Several methods for studying the interaction be-
tween proteins and surfactants, such as Brewster angle
microscop 12 small angle neutron scattering,[ls] light
scattering, 'l and quartz crystal microbalance with dis-
sipation (QCM-D),!'""" have been developed. Sjsblom
et al®® studied the adsorption of alkyl trimethyl am-
monium bromide with alkyl groups onto solid surfaces
and measured the adsorption of these surface-active
compounds onto model carbon steel compounds directly
by QCM-D.

QCM-D is an electromechanical technique that al-
lows simultaneous measurements of changes in fre-
quency related to the coupled mass and energy dissipa-
tion related to viscous losses when a molecule in solu-
tion binds to the sensor surface.”’) Quartz crystal
microbalance (QCM) techniques, in combination with
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the self-assembled monolayers (SAMs) of alkanethiols
on gold, constitute powerful tools for investigating the
adsorption of surfactants on solid surfaces.””

In this paper, a tri-quaternary ammonium salt cati-
onic surfactant (S) was prepared, its adsorption on three
different alkanethiol SAMs coated on gold chips and
subsequent adsorption of three different proteins were
investigated by QCM-D.

Experimental

Materials

Bovine serum albumin (BSA) (05470), lysozyme
(LYZ) (L6875) and fibrinogen (Fib) (F8630) were ob-
tained from Sigma Chemical Co. 1-Dodecanethiol
(98%), 11-mercapto-1-undecanol and 11-mercapto-un-
decanoic acid (99%) were purchased from Alfa Aesar.
Phosphate-buffered saline (PBS 0.9% NaCl, 0.01
molsL ™" phosphate buffer, pH 7.4) used for protein ad-
sorption and surfactant solutions experiment was freshly
prepared. Chloroacetyl chloride, N,N-dimethylpalmityl-
amine and glycerol were provided by Beijing Chemical
Works. All other reagents were analytical reagent grade
and used without further purification.

Synthesis of the tri-quaternary ammonium salt cati-
onic surfactant (S) and characterization

The tri-quaternary ammonium salt cationic surfac-
tant (S) was synthesized according to previous report.'*’!
Chloroacetyl chloride (3.20 mol) was added into glyc-
erol (1 mol) under stirring with an absorption instrument
of hydrogen chloride. The mixture was heated to 70 ‘C
under nitrogen atmosphere and stirred for 3 h. Then ex-
cessive chloroacetyl chloride was removed by washing
with saturated NaCl aqueous. This solution was ex-
tracted with ether. The ether was evaporated by distilla-
tion under vacuum at 40 °C. Intermediate product M,
was obtained in the yield of 99.6%. M, (1.00 mol) re-
acted with N,N-dimethylpalmitylamine (2.95 mol) in
ethanol for 7 h. The obtained mixture was dried in a
vacuum oven for 24 h for ethanol volatilization, then a
yellow viscous product was obtained, i.e. the tri-qua-
ternary ammonium salt cationic surfactant (S) was got
with an overall yield of 91%. Its structure is shown in
Figure 1.

Fourier transform infrared (FTIR) spectrum of the
synthesized surfactant was obtained by the KBr method
performed on a PerkinElmer instruments Spectrum One
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/\/\/\/\/\/\/\/\7l

Spectrometer (PerkinElmer, Foster City, CA). 'H nu-
clear magnetic resonance (lH NMR) (600 MHz) spec-
trum was obtained using a Bruker-Av 600 spectrometer
with CDCl; as a solvent and tetramethylsilane (TMS) as
an internal standard. Atom composition of S was ana-
lyzed by an ESCA (X-ray photoelectron spectroscopy
(XPS), VG Scientific ESCA MK II Thermo Advantage
V 3.20 analyzer) equipped with Al Ko at 1486.6 eV and
releasing angle of the photoelectron for each atom was
fixed at 90°. The sample was completely vacuum dried
prior to use. The core-level signals were obtained at a
photoelectron take-off angle of 90° with respect to the
sample.

Quartz crystal microbalance with dissipation (QCM-
D)

The principle of QCM-D is based on the inverse
piezoelectric effect of piezoelectric quartz crystal.**!
When the crystal was exposed to a sinusoidal electric
field, a shear oscillation could be induced at the reso-
nance frequency and the crystal’s oscillation frequency
decreased if an increase in mass bound to the quartz
surface.” For a flat, uniform, and rigid adsorbed layer,
Sauergg]ey relation can be used to calculate the adsorbed
mass.

AM=—CAfInAM )

where AM represents the adsorbed mass ;)er unit, C is
the mass sensitivity constant (17.7 ngecm °Hzfl), and n
is the overtone number. However, if the adsorbed layer
is not rigid and/or too thick, it will result in a high dis-
sipation shift. In this situation, frequency shift will not
be proportional to the change of adsorbed mass. Sauer-
brey relation to calculate the adsorbed mass could un-
derestimate the actual mass. Thus, it is necessary to use
the Voigt model to calculate the mass and thickness of
viscoelastic layer. Voigt model is a common model used
to describe the polymer’s viscoelasticity property. The
model contains a spring and a dashpot as its elements to
represent the elastic (storage) and inelastic (damping)
behavior of a material, respectively. Using this model in
our fitting process, each layer is represented by four
unknown parameters: layer density p (kg-mf3), layer
viscosity 7 (or G"/w, kg-msfl), layer shear modulus u
(or G", Pa) and layer thickness ¢ (m). The frequency
shift Af and the dissipation shift AD recorded by
QCM-D real-time have the relationship with those pa-
rameters as follows:*"*!
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Figure 1 Chemical structure of S studied in this work.
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AD:fz(”»’H,,0/',#/,6]') (3)
G'=G'+jG"=u+j2nfn (4)

In our fitting process, overtones n=3, 5, 7, 9, 11,
were used, allowing the model to fit the data and calcu-
late the four unknown parameters (1, p, 1, o) by iterating
using QTools software (Q-Sense). Adsorbed layer den-
sity was assumed as 1200 kg/m’ (consider the layer
density value between the banding water density 1000
kg/m3 and protein density 1400 kg/m3). The density and
viscosity of the liquid phase were set as 1000 kg/m® and
0.001 kg/ms, respectively. The density of each layer
was iterated to find a suitable value then fixed in. The
parameters of the layer viscosity, layer shear modulus
and layer thickness were set in the range of 0.0001 —0.1
kg/ms, 1X10°—1X107 Pa, and 1 X107 —1X 107 m,
respectively.

Preparation of tailor-made surfaces and characteri-
zation

The AT-cut piezoelecteic quartz crystal disks coated
with gold used as QCM-D sensor chips (Q-sense-Biolin
Scientific AB, Sweden) had the fundamental frequency
of 4.95 MHz and vibrated in the thickness-shear mode
with the overtone n of 1, 3,5, 7,9, 11, and 13. QCM-D
chip was exposed to UV-lamp (185 nm—+254 nm) for
15 min to remove organic contaminants, and then was
cleanedina5:1:1(V:V:V)solution of deionized
water, ammonia (25%) and hydrogen peroxide (30%)
for 5 min at 75 °C. After excessive rinsing with deion-
ized water, the chip was blown dried with high purity
nitrogen for later using.*”!

Self-assembled monolayers (SAMs) of different al-
kanethiol on gold were used for immobilizing the
tri-quaternary ammonium salt cationic surfactant. The
cleaned gold chips were immersed in the alkanethiol
solutions (1 mmolsL™"  11-mercapto-1-undecanol,
1-dodecanethiol and 11-mercaptoundecanoic acid in
ethanol) for at least 16 h in a dark place. They were
rinsed with ethanol and then sonicated in ethanol for 5
min twice to remove loosely adsorbed alkanethiols from
the surface, and finally dried with high-purity argon
shortly before use. Three surfaces, Au-CH;, Au-OH and
Au-COOH were obtained.

Water contact angle measurements were used to
study the surface wettability by sessile drop water angle
measurement using a contact angle goniometer (DSA
100, KRUSS GmbH, Hamburg, Germany) by placing 2
uL of distilled water on the surfaces at 25 °C. For each
measurement, clean gold chips presenting different al-
kanethiol SAM surfaces were put in the holder and in-
troduced into the system. The baseline was corrected
according to the position of the gold chip. The contact
angle was automatically determined from the base width
and height of the individual drops. Six parallel experi-
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ments were made on a single sample to obtain the aver-
age value of contact angle.

QCM-D procedures

QCM-D procedure was performed to record the im-
mobilization of the tri-quaternary ammonium salt cati-
onic surfactant to tailor-made surfaces and the protein
adsorption process (QCM-D E4, Q-sense AB, Gothen-
burg, Sweden). Surfactant solution (25 mg/mL) in PBS
was filtered with Millex-GV 0.22 um PVDF syringe
filters and then degassed by sonication prior to use. A
fresh surfactant solution was prepared for each series of
measurements. Before our experiment, the instrument
channel was cleaned using Hellmanex™ II diluted solu-
tion (¢=2%, in deionized water) at a flow rate of 30
pLemin~' for 10 h and followed by deionized water at a
flow rate of 500 pLemin "' for 2 h to eliminate any con-
taminant of the instrument.

The immobilization of S on different surfaces and
the subsequent protein adsorption kinetics were per-
formed on QCM-D. The scheme of surface modification
and surfactant immobilization is shown in Figure 2. The
QCM-D cell was thoroughly rinsed with PBS buffer
between each measurement. After stabilization of the
baseline in PBS, surfactant solution was injected for 30
min, and then rinsed off using the PBS solution for 30
min. Thereafter, Fib in PBS was injected with a concen-
tration of 1 mg/mL for 30 min, and then rinsed with
buffer. For BSA and LYZ in PBS they were tested with
a concentration of 10 mg/mL, and then rinsing with
buffer. For all experiments, the flow rate was set to 50
puL/min and temperature was performed at (2530.05)
‘C. Temperature was controlled by the instrument.
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Figure 2 The scheme of surface modification and surfactant

immobilization.

Results and Discussion

Characterization of the tri-quaternary ammonium
salt cationic surfactant (S)

The chemical structure of S was confirmed by FTIR,
'H NMR and XPS analyses (Figure 3). '"H NMR (600
MHz, D,0) d: 4.84 (s, 6H), 4.28—4.31 (m, 4H), 3.56 (s,
6H), 3.29 (s, 18H), 1.23—1.27 (m, 78H), 0.82 (t, J=8.0
Hz, 9H); IR (KBr) v: 3011.60—2960.92, 1765.84—
1734.32, 1411.56, 722.27 cm™".
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Figure 3 FT-IR (A), XPS (B) and '"H NMR(C) spectra of S.

The results above confirm that S was fabricated
successfully. The XPS spectrum of S is used to deter-
mine its structure and purity (Figure 3B). Additional
N1s (binding energy, 400 eV) and CI2p (binding energy,
196 eV) peaks in the spectrum of the product prove that
the quaternary ammonium salt is formed. The elemental
ratio of S is determined from XPS as C 1 O ! N [ Cl=
20.9 1 2.1 : 1.3 0 1, which is close to the theoretical
elemental ratio of 21 © 2 1 . 1. The content of N at-
oms in S is higher than that of CI atoms, which is due to

residual N,N-dimethylhexadecylamine. The purity of S
is 98.12%. Thus, on the basis of FTIR, 'H NMR, and
XPS spectroscopic results, the actual chemical structure
of S is in good agreement with its predicted structure.

Characterization of tailor-made surfaces

The static water contact angles of different tailor-
made surfaces of SAMs are shown in Figure 4. The wa-
ter contact angle of Au-CHjs is (97 22)° because of hy-
drophobicity of the long alkyl chain (1-dodecanethiol).
The water contact angles of Au-OH and Au-COOH,
which are (4211)° and (24+2)°, respectively, are at-
tributed to the introduction of polar groups in these sur-
faces. In addition, the surface of Au-COOH is nega-
tively charged, which can immobilize more cationic
surfactant by electrostatic interaction. In this work, we
fabricate three tailor-made surfaces with different sur-
face wettabilities and charges.
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Figure 4
surfaces.

Water contact angles of alkanethiol tailor-made

Effect of surface wettability on the immobilized of S

Immobilization of S onto the three different surfaces
was monitored by QCM-D. Using data of frequencies
and dissipation, mass and thickness changes of S are
simulated by the Voigt model, as shown in Table 1. The
values for these outliers are the means of five experi-
ments, so they seem to be statistically verified. The
mass and thickness of S on the Au-COOH surface is
over 20 times those on of the Au-CHj; surface. Differ-
ences between these surfaces can be attributed to elec-
trostatic interactions between the positively charged S
and negatively charged carboxyl surface. S immobilizes
on the negatively charged sites of Au-COOH almost
exclusively by an jon-exchange mechanism.”” The in-
teraction between S and the Au-CH; surface is hydro-
phobic in nature.

Table 1 Fitting mass and thickness of S anti-mobilized on three tailor-made surfaces

Au-CH3

Au-OH

Au-COOH

Mass/(ngecm ™) Thickess/nm Mass/(ngscm™>)

Thickness/nm Mass/(ngscm™>) Thickness/nm

8.91+0.9 89+9.6 0.001

0.01 1749+1.2 180012
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The mass and thickness changes of S on the surface
Au-OH are approximately zero, which means the sur-
factant is hardly immobilized on the hydrophilic hy-
droxyl surface. The hydroxyl groups are so much more
efficient than carboxyl and alkyl groups at preventing
cationic surfactant adsorption. Thus, the main driving
force of immobilizing cationic three-chain surfactant is
electrostatic interaction, followed by hydrophobic in-
teraction.

In addition, we investigate the relation of frequency
and dissipation changes of S on the surfaces of Au-CHj
and Au-OH to explain the dynamic immobilization
process. In general, an increase in —Af indicates an in-
crease in the coupled mass to the quartz crystal, whereas
an increase in AD indicates increased viscous loss and
thickness to the adsorbed layers. In Figure 5, the rela-
tion of frequency and dissipation of S on the Au-CHj;
surface shows an initial monotone increase and then a
subsequent monotone decrease up to a frequency of —8
Hz. This observation indicates that the immobilization
of S on the hydrophobic surface is a completing process,
which is combined with anchoring surfactant onto sur-
face and hydration of surfactant with water. Finally,
anchoring surfactant is favored because of hydrophobic
interaction. By contrast, on the Au-OH surface, the rela-
tion of frequency and dissipation shows an initial
monotone increase and then a monotone decrease to
negative values. This result suggests that hydration be-
tween surfactant in water takes a leading role in the
immobilization. Therefore, the amount of S adsorbed on
the surface of Au-COOH is the largest, followed by that
on Au-CHj, and then that on Au-OH, which shows
hardly any surfactant (Figure 2).

15 |-
Au-OH
10 |-
N Au-CH,
3 st
0L
5L
1 n 1 1 1 L 1 L 1 n 1
5 0 2 4 6 8
ADX10%

Figure 5 The relation of frequency and dissipation of S
immobilized on the Au-CH; and Au-OH surfaces.

Interactions of plasma proteins with S

In this study, bovine serum albumin (BSA, 14.0
nmX4.0 nmX4.0 nm), fibrinogen (Fib, 47 nm X5 nm
x5 nm),”" and lysozyme (LYZ, 4.5 nmX3.0 nmX 3.0
nm) were used as model proteins to investigate the in-
teraction between proteins and S.°*** BSA is a small
and highly abundant plasma protein that maintains col-
loidal osmotic pressure and transports some small
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molecules in the blood.”! Fib is a rodlike protein that
plays a vital role in coagulation, platelet activation, and
aggregation.[36] LYZ is a small globular protein consist-
ing of 129 amino acids and usually used as a preserving
agent for cheese and tinned Vegetables.[37] It is generally
recognized that the adsorption of protein at solid inter-
faces is controlled mainly by the properties of charge
and hydrophobicity of the surface. The frequency
changes (Af) and dissipation changes (AD) of proteins
are given in Figure 6 and Table 2, respectively.

Figure 6 shows that the frequencies of LYZ on the
immobilized surfactant surfaces are lower than that on
unmodified surfactant surfaces, especially for the
Au-CHj surface. On the surface of hydrophobic Au-CHj,
the frequency change of LYZ adsorption is about —15
Hz, while the frequency change of LYZ adsorption on
the surface of Au-CH;-S is nearly zero. AD of Au-CHj
and Au-CHj5-S surfaces are almost zero, suggesting the
formations of rigid LYZ layers on the two surfaces."””
These changes indicate that S immobilized on the
Au-CHj surface can efficiently decrease the adsorption
of positively charged LYZ because of electrostatic re-
pulsion. This repulsion is the most obvious on the hy-
drophobic surface.

On the Au-COOH surface, the frequency change of
LYZ adsorption is about —20 Hz, while the frequency
change of LYZ adsorption on the Au-COOH-S surface
is only =8 Hz. AD of Au-COOH surface is zero, be-
cause LYZ molecules are very small which can combine
with the COOH surface and then stay among chains.
While AD of Au-COOH-S surface is 0.4X 107, the
cause of D increase is the electrostatic repulsion of S
with LYZ. Thus, the Au-COOH-S surface can inhibit
the adsorption of LYZ and we can conclude that S can
decrease interaction between LYZ and a surface and
inhibit adsorption, thereby providing a theoretical basis
for research on protein separation.

The mechanisms of adsorption of negatively charged
proteins (e.g., BSA and Fib) on the surfaces are com-
plicated. Frequency changes of BSA and Fib on the
surfaces of Au-OH-S and Au-CHjs-S have lower values,
compared with the surfaces of Au-OH and Au-CHs.
This result means more BSA and Fib molecules are ad-
sorbed on the surfaces of Au-OH-S and Au-CHj3-S then
on the surfaces of Au-OH and Au-CHj because of the
electrostatic interaction between the S surface and nega-
tively charged proteins. Introduction of S does not sig-
nificantly affect the adsorption of small-sized BSA on
the Au-COOH-S surface but greatly affects the adsorp-
tion of Fib. The frequency changes of large sized Fib on
the surfaces of Au-COOH and Au-COOH-S are —57 Hz
(Figure 6C) and —81 Hz (Figure 6F), respectively. And
corresponding notable increase in AD relative to the
baseline further indicates the adsorption of fibrinogen
which may form a viscoelastic layer on the two surfaces.
So the surfactant can induce Fib to adsorb on the
Au-COOH-S surface.
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Figure 6 Frequency changes of proteins injected on different surfaces.
Table 2 Dissipation changes of proteins injected on different surfaces.
Au-CH; Au-CH;-S Au-OH Au-OH-S Au-COOH Au-COOH-S
Fib 3.6X10° 3.9%x107° 23%10°° 2.8%107° 2.5%107° 3.7X107°
BSA 0.5x10°° 1.1x10°° 0 0.4x107° 3.0x10°° 1.3x10°
LYZ 0.4X107° 0.1x107° 0.5x107° 1.2Xx107° 0 0.4%x107°

The frequency changes of BSA basically have no
difference on the surfaces of Au-COOH and
Au-COOH-S. Despite BSA has hydrophilicity and
negative charge, its adsorption on the Au-COOH sur-
face is attributed to the charge heterogeneity of BSA:
positively charged amine groups were present even
though the net charge was negative.BS} There are many
positive charges in Au-COOH-S surface, the strong
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electrostatic interaction between BSA and S results in
BSA adsorbed on the Au-COOH-S surface. The results
demonstrate the balance between the BSA and S attrac-
tion and the amine groups in BSA and carboxylic group
interaction on the Au-COOH surface. Taken together,
protein screening and separation may be achieved
through regulation of the interactions between surfactant
and relevant interfaces.
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Figure 7 shows the adsorbed mass and thickness of
the three proteins on the Au-CH;3-S, Au-OH-S, and
Au-COOH-S surfaces. The changed trend of protein
mass on the three surfaces differs with protein sizes and
orientations. The adsorbed masses of BSA and Fib on
the Au-CH3-S surface are 559.722.9 and 2568.3+13.9
ng/cmz, respectively; the two proteins represent the
largest adsorbed masses among the three surfaces. The
theoretical adsorption amounts of BSA on a surface
with end-on and side-on close-Packed monolayer cov-
erage are 720 and 210 ng/em’, respectively.”” BSA
adsorbed on the Au-CHj3-S, Au-OH-S and Au-COOH-S
surfaces presents a mixture of side-on and end-on ori-
entations. The theoretical adsorption amounts of Fib on
a surface with side-on and end-on close-packed
monolayer coverage are 240 ng/cm2 and 2260 ng/cmz,
respectively.*”) These values suggest that the Fib ad-
sorbed on the surface of Au-CH;-S presents an end-on
orientation. Although the mass and thickness of S on the
Au-COOH surface is over 20 times those on the
Au-CHj; surface (Table 1), the protein adsorption capac-
ity of Au-COOH-S is inferior to that of Au-CH;-S. On
the surface of Au-CHj3-S, the positive charge of S is
preserved to the utmost extent, which provides more
sites for combining with negatively charged protein.
However, on the Au-COOH surface, the positive charge
of S is neutralized by carboxylic groups. Thus, the ad-
sorbed mass on this surface is lower than that on
Au-CHj; surface. In addition, the adsorbed masses of
LYZ on the three surfaces show an inverse relationship
with the amount of surfactant. LYZ can replace the sur-
factant immobilized on the Au-COOH-S surface, be-
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Figure 7 The mass and thickness changes of plasma proteins on
different surfaces.
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cause the protein features an excess of eight positive
charges, which can compete with the S to combine with
carboxylic groups. This leads to the mass and thickness
of LYZ on the Au-COOH-S surface reducing even to be
negative (Figure 7).

Therefore, a scheme representing the adsorption of
the three proteins on the Au-COOH and Au-COOH-S
surfaces is provided in Figure 8. Figure 8A shows that
the Au-COOH surface can adsorb a number of LYZ
molecules due to electrostatic interaction, whereas the
Au-COOH-S surface can inhibit the adsorption of LYZ,
and S on the surface can be replaced by the approaching
LYZ molecules. In Figure 8B, no obvious difference in
BSA adsorption is observed on the surfaces of
Au-COOH and Au-COOH-S. The BSA adsorbed on the
Au-COOH-S surface presents a mixture of side-on and
end-on orientations. This finding can be attributed to the
balance between the BSA and S attraction and the
amine groups in BSA and carboxylic group interaction
on the Au-COOH surface. The Au-COOH-S surface
induces Fib adsorption, as shown in Figure 8C, which is
the result of electrostatic attraction between S and Fib.

A B Cc
LYz BSA Fib

faane 7 aidete | eenee ° 191998 =

Au-COOH Au-COOH Au-COOH

@ Surfactant m
At . i see SRR st
Au-COOH-S Au-COOH-S Au-COOH-S
Figure 8  Schematic representing proteins adsorption on

Au-COOH and Au-COOH-S surfaces.

Conclusions

In this study, a tri-quaternary ammonium salt cati-
onic surfactant (S) was fabricated, and its structure and
composition were confirmed by FTIR, 'H NMR, and
XPS analysis. The adsorption of S on three model sur-
faces and subsequent plasma proteins adsorption were
investigated by QCM-D. The mass of surfactant on the
Au-COOH surface is the largest, followed by that on the
Au-CHj surface, and that on the Au-OH surface. These
observations suggest that the main driving force of S
immobilization is electrostatic interaction followed by
hydrophobic interaction. The protein mass adsorbed on
Au-CH3-S, Au-OH-S, and Au-COOH-S depended on
the protein size and orientation. BSA adsorbed on the
Au-CH3-S, Au-OH-S, and Au-COOH-S surfaces pre-
sent a mixture of side-on and end-on orientations. The
Fib adsorbed on the surface of Au-CHj;-S presents an
end-on orientation. The adsorbed masses of LYZ on the
three surfaces show an inverse relationship with the
amount of surfactant. While the mass and thickness of S
on the Au-COOH surface is over 20 times larger than
those on Au-CHj surface, the protein adsorption capac-
ity of Au-COOH-S is inferior to that of Au-CHj3-S; this
result can be attributed to preservation of positive
charges on the Au-CHj3-S surface. The Au-COOH-S
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surface inhibited LYZ adsorption, maintained the ad-
sorption balance of BSA, and induced Fib adsorption.
These results can be used for protein screening and
separation applications.
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