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The synthesis of two comb-like dextran surfactant polymers, that are different in their dextran molecular
weight (MW) distribution and the presence of carboxylic groups, and their characterization are reported.
A bimodal carboxylic dextran surfactant polymer consists of poly(vinyl amine) (PVAm) backbone with
carboxyl higher MW dextran, non-functionalized lower MW dextran and hydrophobic hexyl branches;
while a monomodal dextran surfactant polymer is PVAm grafted with non-functionalized lower MW
dextran and hexyl branches. Layer formation of non-covalently attached dextran chains with bimodal
MW distributions on a surface plasmon resonance (SPR) chip was investigated from the perspective of
mixed physisorption of the bimodal and monomodal surfactant polymers. Separation distances between
the carboxylic longer dextran side chains within the bimodal surfactant polymer and between the whole
bimodal surfactant molecules on the chip surface could be well-controlled. SPR analysis of shrimp yellow
head virus using our mixed surfactant chips showed dependence on synergetic adjustment of these

separation distances.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Early disease detection is important to success in disease treat-
ment, management, and control. Another critical advantage is that
detection before the symptoms appear may minimize or avoid
health and economic impacts associated with the spread of infec-
tious diseases. Surface plasmon reasonance (SPR) biosensors have
recently gained considerable attention as an effective means for
biomolecular detection and medical diagnostics due to their label-
free and high throughput capabilities. In a typical experiment, a
ligand is immobilized to a functionalized gold chip surface and
an aqueous analyte solution is flown across the surface in order
to quantify in real-time the extent of ligand-analyte binding. The
binding results in a change of the refractive index on the sensor
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surface, which can be monitored as a change in resonance angle,
resonance wavelength or reflectivity.

Effective coupling of the ligand can improve sensor chip
sensitivity, leading to an upsurge in SPR applications (Richens
et al., 2009). A variety of SPR sensor chips, previously reported
and/or commercially available, can be classified into two groups:
self-assembled monolayer-based (2D) and covalently grafted
hydrogel-based (3D) chips (Lofas & McWhirter, 2006). The 3D poly-
meric chips become a more popular choice due to their higher
density of immobilized ligand, more stability and solution-like
environment for the ligand. However, a planar chip surface gen-
erates less steric crowding as compared to a 3D surface. Therefore,
it is more preferable for experiments where the binding between
two large molecules is measured (Lahiri, Isaacs, Tien, & Whitesides,
1999). New ligand coupling constructs are presented here to
address the problem of SPR detection of whole-cell viruses and
bacteria, limited mainly due to its low sensitivity (Lei et al., 2008;
Puttharugsa et al., 2011).

Non-covalent physisorption, which is mainly achieved by
self-assembly of polymeric surfactants on a surface, is a promis-
ing modification strategy of hydrophobic biomedical materials
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which typically contain no labile functional groups required for
covalent immobilizations (Helmus & Hubbell, 1993). Surfactant
polymers with different molecular geometries (AB diblock, ABA tri-
block and comb-like surfactants) have been explored as potential
surface-modifying agents with thromboresistant and/or antibac-
terial properties (Bridgett, Davies, & Denyer, 1992; Holland, Qiu,
Ruegsegger, & Marchant, 1998; Mai-ngam, 2006; Marsh etal., 2002;
Park, Cho, Kwon, Jeong, & Bae, 2002; Qiu, Zhang, Ruegsegger, &
Marchant, 1998; Ruegsegger & Marchant, 2001; Sagnella & Mai-
Ngam, 2005; Sen Gupta et al., 2006; Vacheethasanee & Marchant,
2000; Zhu & Marchant, 2006). For biosensor applications, various
small molecule surfactants have been used to non-covalently func-
tionalize carbon nanotube electrodes in order to suspend carbon
nanotubes in aqueous medium and to couple biomolecules (Bianco
et al., 2007). In contrast, this has only been achieved with a few
surfactant polymers (Kam, Liu, & Dai, 2005). Moreover, surfactant
polymers have not been used to date in SPR biosensor technology.

In this study, we describe the development of bimodal dex-
tran SPR chips for improving sensitivity of whole-cell virus
detection. We hypothesized that steric repulsion induced by
the long-chain dextran segments more effectively repels rela-
tively large-size viruses away from the chip surface, as compared
to small biomolecules, and consequently prevents required
ligand-receptor bridging. To control the repulsion, non-covalently
‘end-on’ attached dextran matrices with bimodal MW distributions
on a chip surface were prepared by mixed physisorption of bimodal
and monomodal surfactant polymers. The bimodal one consists of
poly(vinyl amine) (PVAm) backbone with carboxyl higher MW dex-
tran, non-functionalized lower MW dextran and hydrophobic hexyl
pendant groups; while the monomodal one is PVAm grafted with
non-functionalized lower MW dextran and hexyl branches. We pro-
posed possible models of molecular surface alignment of the mixed
surfactant chips and also correlated them to the SPR sensitivity of
shrimp yellow head virus (YHV) detection.

2. Experimental
2.1. Materials

Two dextrans, namely dextran 10K and dextran 1.5K, with
molecular masses of 10,000g/mol and 1500¢g/mol, respec-
tively, were purchased from Fluka Analytical (Missouri, USA).
N-hydroxysuccinimide (NHS), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ethylenediaminete-
traacetic acid (EDTA), and sodium borohydride were also
obtained from Fluka Analytical. N-vinyl formamide, 2,2'-
azobisisobutyronitrile (AIBN), allyl bromide, hexanoic acid,
silver carbonate, 6-mercaptohexadecanoic acid, and Toluidine
Blue-O (TBO) were obtained from Sigma-Aldrich Corporation
(Missouri, USA). lodine, sodium chloride, sodium acetate, 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC), and Tween-20
were provided from Merck (New Jersey, USA). Potassium hydrox-
ide was purchased from Ajax Finechem and 2-morpholinoethane
sulfonic acid (MES) was obtained from Acros Organics (Geel,
Belgium). Acetic acid was purchased from Labscan (Bangkok,
Thailand). Amberlite IR-120 strong cationic exchange resin and
Amberlite IR-400 strong anionic exchange resin were purchased
from Sigma-Aldrich Corporation and rinsed with deionized (DI)
water before use. All other reagents and solvents were used as
received unless otherwise specified.

2.2. Methods

Preliminary study of reversible self-assembling of the bimodal
and monomodal dextran surfactant polymers has been previously

reported briefly, but no characterization data other than contact
angle measurement was presented (Sansatsadeekul & Mai-ngam,
2013). In this report, different characterization techniques were
employed to better understand the chemical compositions of the
surfactant polymers and their self-assembling arrangement on the
SPR gold chip surface.

Transmission Fourier transform infrared (FTIR) spectra in the
wavelength range of 400-4000 cm~! were obtained using a Perkin
Elmer System 2000R FTIR spectrometer (Massachusetts, USA). The
materials were ground with KBr and pressed into pellets under vac-
uum. The spectrum of each sample was then collected from 100
scans with a resolution of 4cm~1!. Proton nuclear magnetic res-
onance (!H NMR) spectra were obtained from a 400 MHz Bruker
DRX-400 spectrometer (Massachusetts, USA) using D50 as solvent
and an internal reference peak of residual hydroxy at 4.67 parts per
million. The elemental analysis of the obtained products was per-
formed using a Leco TruSpec CHN analyzer (Michigan, USA). The
estimated analysis of two different elements, carbon and nitrogen,
was undertaken.

Gel permeation chromatography (GPC) studies were performed
using a Water 600E system controller (Massachusetts, USA)
equipped with an Ultrahydrogel linear column and a refractive
index detector. All the measurements were carried out at the flow
rate of 0.6 mL/min using 0.1 M sodium nitrate buffer (pH 7) as elu-
ent.

The surface active properties of the surfactant polymers in
solution at an air/water interface were determined from water sur-
face tension measurements. Surface tensions of aqueous surfactant
polymer solutions were measured at 25°C and ambient pressure,
using a Dataphysics DCAT 11 tensiometer (Filderstadt, Germany).
Assembly of the surfactant polymers on gold chip surfaces was
studied using a SPI-4000 atomic force microscope (AFM) from Seiko
Instruments Inc. (Japan) operating in dynamic force mode. Silicon
nitride (Si3Ny4) cantilevers with integrated Si3Ny4 tips (SI-DF3, Seiko
Instruments Inc.) were used.

2.3. Preparation and matrix layer formation of dextran surfactant
polymers

Scheme 1 shows a synthesis route to the bimodal dextran sur-
factant polymers. PVAm (M, ~100,000), synthesized according to
a method reported previously (Qiu et al., 1998; Sansatsadeekul &
Mai-ngam, 2013), was selected as a backbone for all surfactant
polymers. For the bimodal carboxyl dextran surfactants, dextran
10K aldonic acid were first attached to PVAm through the standard
EDC and NHS activation reaction in a 2-morpholinoethane sulfonic
acid (MES) buffer system. After allylation of PVAm-g-dextran 10K,
dextran 1.5K aldonic acid chains were sequentially attached using
the similar reaction. The unreacted amine groups on the backbone
were further grafted with hexanoic acid and the allyl groups on the
dextran 10K were converted to carboxylic acid. The monomodal
surfactant polymer, PVAm with non-functionalized dextran 1.5K
and hexyl branches, was synthesized and characterized using simi-
lar procedures, except with the absence of allyl dextran 10K aldonic
acid and the carboxylic functionalization. Matrix layers on the chip
surfaces were finally prepared by simply soaking plasma-cleaned
SPR gold chips in the surfactant solutions (0.1 mg/mL) overnight.

2.3.1. Synthesis of dextran aldonic acid

Dextran (3 g) in DI water (170 mL) was oxidized by 1 g of iodine
and 0.9 g of potassium hydroxide for 24 h at room temperature. The
unconsumed iodine was precipitated by means of silver carbonate.
The solution was passed through a strong cationic exchange col-
umn (Amberlite IR-120) and dextran aldonic acid was recovered
by lyophilization of the aqueous eluate to give ~2.2¢g (~73%) of
dextran aldonic acid. IR (KBr, cm~1): 3440 (OH), 2925 (C—H), 1755
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Scheme 1. Synthesis pathways to bimodal dextran surfactant polymer.

R,= CH,-CH=CH, or H
R, = (CH,),-S-(CH,),-COOH or H

(C=0 of COOH), 1650 (O—H of associated water) and 1200-1000
(C—0). TH NMR (D0, ppm): 3.2-4.0 (all CH and CH, except the
ones at glycosidic linkages) and 4.85 (CH at glycosidic linkages).

2.3.2. Coupling of dextran 10K aldonic acid to PVAm
(PVAm-g-dextran 10K)

Dextran 10K aldonic acid (8 and 30 mol% based on vinyl amine
units) were fed to a 1 M sodium acetate buffer pH 4.5 (2 mL) con-
taining 50 mg PVAm. EDC, NHS and MES were added at a fixed
mole ratio of carboxyl group/EDC/NHS/MES (1:10:1:1) to the solu-
tion with magnetic stirring. After 24 h, the mixture was dialyzed
against DI water (MWCO 14000 g/mol) and vacuum dried to obtain
346.2 mg (69%) and 747.8 mg (49%) of PVAm grafted with 8% and
30% dextran 10K aldonic acid, respectively. IR (KBr, cm~1): 1643
(C=0 of amide), 1559 (N—H of amine), and 1117 (C—0—C) and
1200-1000 (C—O of dextran). 'H NMR (D, 0, ppm): 1.2-2.0 (CH,
of PVAm and CH3 of amine acetate), 3.2-4.0 (CH of PVAm and all
CH and CH, except the ones at glycosidic linkages) and 4.85 (CH at
glycosidic linkages).

2.3.3. Allylation of PVAm-g-dextran 10K (PVAm-g-allyl dextran
10K)

To an aq. solution (4 mL) of 30 mg PVAm-g-dextran 10K was
added 7.4 mg of NaOH and 0.3 mg of sodium borohydride. Allyl bro-
mide (0.32 mL) was added and the solution was stirred at 60 °C for
3 h. After neutralization with acetic acid, the mixture was dialyzed
against DI water and dried to yield approximately 28 mg (~90%),
regardless of grafting percentages of the dextran 10K aldonic acid.
TH NMR (D0, ppm): 1.2-2.0 (CH, of PVAm), 3.2-4.0(CH of PVAm
and all CH and CH, except the ones at glycosidic linkages), 4.1
(0O—CH,—C of allyl), 4.85 (CH at substituted glycosidic linkages) 5.0
(CH at non-substituted glycosidic linkages), 5.1-5.3 (CH,—C of allyl)
and 5.87 (C=CH—C of allyl).

2.3.4. Coupling of dextran aldonic acid and hexanoic acid
PVAm-g-allyl dextran 10K (10 mg) or pure PVAm (50 mg, for
monomodal surfactant synthesis) was reacted with an excess

amount of dextran 1.5K aldonic acid (100 mol% based on vinyl
amine units) in a 1M sodium acetate buffer pH 4.5 (4 mL). EDC
(178 mg), NHS (27 mg) and MES (51 mg) were added to the solu-
tion with magnetic stirring. After 24 h, the solution was dialyzed
against DI water and dried. The obtained PVAm-g-allyl dextran
10K/dextran 1.5K and PVAm-g-dextran 1.5K copolymers (10 mg)
in 1M sodium acetate buffer (4 mL) was sequentially capped with
hexanoic acid (29 wL). EDC (178 mg), NHS (27 mg) and MES (51 mg)
were added. After 24 h, the solution was dialyzed against DI water
and dried. 'TH NMR (D, 0, ppm): 0.85 (CH3 of hexanoyl groups),
1.2-2.1 (CH; of hexanyol groups and CH; of PVAm), 3.1-3.9 (CH of
PVAm and all CH and CH; except the ones at glycosidic linkages), 4.1
(O—CH,—Cofallyl),4.85 (CH at glycosidic linkages), 5.0-5.2 (CH,=C
of allyl) and 5.87 (C=CH—C of allyl).

2.3.5. Carboxylation of bimodal surfactant polymer

The allyl dextran surfactant polymer (5 mg) was reacted with
6-mercaptohexadecanoic acid (13 L) in DMSO (4 mL) in the pres-
ence of ammonium persulfate (4 mg) at 50 °C under N, for 3h. 'H
NMR (D, 0, ppm): 0.85 (CH3 of hexanoyl groups), 1.2-2.1 (CH, of
hexanyol groups and CH, of PVAm), 3.1-3.9 (CH of PVAm and all
CH and CH; except the ones at glycosidic linkages) and 4.85 (CH at
glycosidic linkages).

2.4. SPR experiments

A SPRimaging system built by the National Electronics and Com-
puter Technology Center was employed. A light emitting diode
light source makes a monochromatic light with 880 nm wave-
length. A polarizer permits measurements both with p-polarized
and s-polarized, being used as reference. A 1-inch gold chip for SPR
measurement, purchased from Ssens (Hengelo, Netherland), was
attached via an index matching oil to a prism on the SPR device,
while the surfactant modified surface was equipped with a multi-
channel flow cell. A 10 mM HEPES buffered saline solution (HBS, pH
7.4) was utilized as a mobile phase.

An important viral shrimp pathogen, YHV, was selected as a
model in this study. A standard inoculum, prepared as described
previously, from a 1998 Thai YHV isolate (Sittidilokratna et al.,
2002) was used to infect Penaeus monodon. Approximately 200
juvenile shrimps with an average weight of 20g were infected
by intramuscular injection with the inoculum. At 3 days post-
infection, haemolymph was withdrawn and used as a source of
virus for purification. As previously described, YHV was purified
in an Urograffin (Schering, Berlin, Germany) density gradient by
ultracentrifugation (Wongteerasupaya et al., 1995). The obtained
purified YHV pellet was resuspended in TNE buffer (0.05M
Tris-HCI, 0.1 M NaCl, 1 mM EDTA, pH 7.4) and stored in aliquots
at —80°C.

A polyclonal antibody specific to the YHV envelope glycoprotein
gp116 (Sittidilokratna et al., 2009) was generously provided by Dr.
Paisarn Sithigorngul (Srinakha-rinwirot University, Thailand). The
chip sensing surface was activated by a solution of EDC (0.2 M)/NHS
(0.05 M)/MES (0.05M). The antibody against the YHV (10 ng/mL)
in 10 mM sodium acetate buffer (pH 4.5) was immobilized to the
carboxylic groups of the high MW dextran side chains on the chip
surface. After injection of ethanolamine solution (1 M), a shrimp
virus solution (0.1 ng/mL) was passed over the ligand immobilized
surface to record the SPR response at the end of the injection.

3. Results and discussion

Preliminary study of reversible self-assembling of the bimodal
and monomodal dextran surfactant polymers has been previously
reported briefly, but only contact angle measurement was pre-
sented (Sansatsadeekul & Mai-ngam, 2013). In this report, different
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Fig. 1. GPC traces (A) and FT-IR spectra (B) of dextran 1.5K (dashed line) and the
oxidation product of dextran 1.5K (solid line) after 24 h of reaction. GPC was carried
out on a ultrahydrogel linear column using 0.1 M sodium nitrate buffer (pH 7) as
eluent.

characterization techniques were employed to better understand
the chemical compositions of the surfactant polymers and their
self-assembling arrangement on the SPR gold chip surface. The
information was further used to explain the SPR detection results
of virus.

3.1. Synthesis of bimodal and monomodal dextran surfactant
polymers

Dextran aldonic acid was first synthesized by selective iodine-
oxidation of its reducing end to carboxylic acid according to a well-
established method with some modifications (Zhang & Marchant,
1994). An only subtle chemical difference between dextran and its
oxidized product can lead to different chromatographic behavior.
Incorporation of a carboxylic acid into the neutral dextran molecule
decreased its retention time on a negatively charged Ultrahydrogel
Linear GPC column (Waters Corp., USA) (Fig. 1A). A clear shift of the
whole peak toward a shorter retention time was found, confirming
its complete oxidation.

Lyophilization process converted dextran aldonic acid to dex-
tran lactone. However, due to the fact that dextran aldonic acid is
sensitive to the presence of water, it will easily hydrolyze back to
its aldonic acid form in a tropical climate, with high humidity lev-
els throughout the year. The expected carbonyl stretching peaks
of 8-lactone and y-lactone at 1745 and 1771 cm~! were not found
in all FTIR spectra of the lyophilized dextran aldonic acid (Fig. 1B)
(Zhang & Marchant, 1994). Instead, a strong 8(0—H) peak of associ-
ated water at 1650 cm~! (Park, 1971) and a shoulder peak at around
1755 cm! attributable to carbonyl stretching of the free acid were
found.

PVAm-g-dextran 10K was prepared by reacting the amino
groups of PVAm with dextran 10K aldonic acid via the activation

a b a b
—ECHZ— CH}E CH,— CH)—
1 Jy I Jx
NH NH.
A:R=H | :
Cc=0 CH,COOH
RO "
OR
HOD RO
RO (o)
RO. Y
c&c po 60
RO O
RO
o b&c Iy
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RO OR
d E e

B: R =CH,-CH=CH, or H
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Fig. 2. '"H NMR spectra of PVAm-g-dextran 10K (top) and PVAm-g-allyl dextran
10K (bottom) in D,O where a and x are the mole percentages of dextran 10K and
unreacted amino groups, respectively. Both spectra represent the graft copolymers
obtained from 30 mol% of the dextran 10K in the feed.

reaction with EDC/NHS/MES system. The 'H NMR spectrum of the
PVAm-g-dextran 10K was recorded as shown in Fig. 2. The methy-
lene groups in PVAm backbone and the methyl groups of the amine
acetate appeared in a broad peak at 1.1-2.0 ppm. The characteristic
peaks of protons in dextran appeared at two regions: at 4.85 ppm
corresponding to H1 and at 3.2-4 ppm region corresponding to
remaining protons, except three hydroxyl protons. Using the inte-
grals of the protons at glycosidic linkages to the protons in the
PVAm backbone in the PVAm-g-dextran 10K precursors, the molec-
ular compositions of carboxyl dextran 10K in the final bimodal
surfactant polymer products were estimated as shown in Table 1.

Some hydroxyl groups of dextran 10K side chains (~40% as
evaluated with TH NMR) were converted to allyl groups by the
treatment with allyl bromide. 'H NMR spectrum of PVAm-g-allyl
dextran 10K (Fig. 2B) showed three allylic protons of allyl groups
(—CH,—CH=CH,) which appeared at 5.17, 5.25 and 5.85 ppm. The
peak at 4.10 ppm was assigned to methylene proton (—CH,—) in
allyl group (Sun & Chu, 2006). The degree of allyl substitution was
calculated as the X/Y, where X and Y are the integrated areas of
the allyl methine protons (§=5.85ppm) and the H1 protons on
dextran backbone (§=4.85ppm (substituted) and 5.1 ppm (non-
substituted)), respectively.

After allylation, dextran 1.5K aldonic acid chains were sequen-
tially attached to the PVAm-g-allyl dextran 10K using the EDC and
NHS activation reaction in a MES buffer system (Scheme 1). The
unreacted amine groups on the backbone were further grafted
with hexanoic acid and the allyl groups on the dextran 10K were
converted to carboxylic acid. Unfortunately, their NMR spectra
become too complicated to be quantitatively analyzed.

The grafting degrees of both dextran 10K and 1.5K side chains in
the final surfactant polymer products were estimated through C/N
ratios of the products obtained from each grafting step (Table 1).
To calculate the grafting composition, the increase in the C/N ratio
after grafting was divided by the number of carbon atoms in each
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aggregates with no order onto the gold chip surface.

dextran chain (54 atoms for dextran 1.5K and 336 atoms for dextran
10K). The actual percentages of dextran 10K for bimodal surfactant
polymers synthesized from feed percentages of 8 and 30 (based on
vinyl amine units) were determined to be 3.9 and 12.6 mol%, which
were similar to those estimated from 'H NMR. The surfactant poly-
mers are designated as 4dexqgy+15k-surf and 13dex;gi-surf. The
distance between their grafting points (d) on the 4dexyg+1.5k-surf
is close to one and a half the radius of gyration of the unperturbed
dextran 10K (Rg ~ 3.4 nm). In contrast, no gap between the densely
grafted carboxyl dextran 10K side chains on the 13dexgg+1 5x-surf
as it was found that the grafting distance is significantly less than
R¢ and dextran 1.5K aldonic acid chains could not be sequentially
attached (Table 1). Note that the R of dextran was calculated using
the empirical relation Rg (nm)=0.066 x Mw%43 (Senti et al., 1955).

The monomodal surfactant polymer, PVAm with non-
functionalized dextran 1.5K and hexyl branches (designated
as dexq si-surf), was also successfully synthesized. It was found
that 24.1 mol% of its vinyl amine monomer units were grafted with
dextran 1.5K.

The surface-active properties of the prepared dextran surfactant
polymers at the air/water interface were obtained from surface ten-
sion measurements. The surface tension data were plotted against
the logarithm of concentration (Fig. 3A). Note that the highest con-
centration employed for all tested dextran surfactant polymers was

limited by their water solubility. All surfactants prepared could
be used to effectively reduce water surface tension. They exhibit
a substantial non-linear decrease in surface tension with increas-
ing surfactant concentration. The lowest surface tension achieved
is about 38dyn/cm, a decrease of 34 dynes compared with pure
water. No critical micelle phenomenon for all three surfactants was
observed within the measured concentration range.

3.2. Matrix layer formation of non-covalently attached bimodal
dextran

The layer formation of non-covalently ‘end-on’ attached dextran
chains with bimodal molecular weight distributions on a SPR chip
surface was investigated from the perspective of mixed physisorp-
tion of the prepared surfactant polymers. Six different matrix layers
were prepared using surfactant mixture solutions with feed com-
positions shown in Table 2. As expected, mixing the monomodal
dexq 5i-surf to the bimodal 4dex;gk+1 5¢-surf solution resulted in a
decrease in the surface density of the carboxyl dextran 10K side
chains, as compared to that of the corresponding single surfactant
matrix (Table 3). Moreover, the greater mixing percentages of the
dexq s¢-surf, the lower density of the carboxyl dextran 10K side
chains.

Assembly of the surfactant polymers absorbed on gold chip sur-
faces was observed in AFM images in water and some examples of
images and corresponding height profiles are shown in Fig. 3B. Note
that those not shown here did not exhibit different topography.
For both the mixed surfactant matrices and the single surfactant
matrices, the surfactant adsorption was visualized as molecular
aggregates, without enough hydrophobic force to drive the exten-
sion of PVAm backbone. The surfaces appear to be fully covered
by surfactant molecules, which do not allow for direct height mea-
surements by means of AFM.

If we assume that the dextran side chains adopt a spherical shape
of the same density in water solution, the corresponding volumes,
estimated from 4/37(Rg)?, are approximately 174 nm3 and 15 nm3
for a carboxyl dextran10K and a dextran 1.5K, respectively. More-
over, if the presence of a PVAm backbone and hexyl side chains
are neglected, the occupied volume and the lateral cross-section
of the whole surfactant aggregate can be roughly estimated, as
listed in Table 1. The lateral cross-sections of 4dexygy+1.5k-surf and
13dex;g-surfare calculated to be comparable (~70 nm), while that
of the monomodal dex; s-surf is less than half the value.

Height profile analysis was then performed from a series of AFM
images to quantify the separation distances (D) between adsorbed
aggregates (Table 3). The D values of both single surfactant matri-
ces are approximately 60nm, which is close to the calculated
lateral cross-sections of 4dexgy+1 5k-surf and 13dexgi-surf. There-
fore, we concluded that we were imaging 4dexygy+15x-surf and
13dexqq-surf aggregates.

As expected, the monomodal dex; 5-surf molecules acted as
spacers between aggregates, which were evidenced from the
greater separation distance between aggregates (D) with increas-
ing the monomodal surfactant ratio. For the mixed matrices with
the 1:1 ratio, the separation distance between aggregates (D) was
calculated to be approximately 100 nm, which is expected for a lat-
eral cross-section of a bimodal surfactant molecule combined with
a monomodal surfactant molecule. However, the D value of the
6dexgy+1.5k/dexqs¢ (1:3) didn’t increase in the same proportion
as the surfactant feed ratio.

For direct comparison, we prepared end-grafted bimodal dex-
tran chips by sequentially reacting allyl dextran 10K aldonic
acid (1 mg/mL) and non-functionalized dextran 1.5K aldonic acid
(1mg/mL) to an amine functionalized SPR gold chip directly via
the EDC/NHS activation, prior to chemical modification of the
allyl groups to carboxylic functional groups. The chips have been
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Table 1
Compositions in the prepared dextran surfactant polymers.

445

Bimodal surfactants

Monomodal surfactant

4dex;ok+1.5k-surf 13dex;gk-surf dex; sg-surf

Feed compositions (mol%)?

Carboxylic dextran 10K 8 30 0

Dextran 1.5K 100 100 100
Compositions measured by '"H NMR (mol%)"

Carboxylic dextran 10K 4.4 115 0
C/N ratio of some intermediate products

PVAm 2.48 2.48 248

PVAm-g-dextran 1.5k - - 15.51

PVAm-g-dextran 10K 16.87 48.52 -

PVAm-g-allyl dextran 10K 16.78 48.78 -

PVAm-g-ally dextran 10K /dextran 1.5K 28.67 48.23 -
Compositions estimated from C/N ratios (mol%)

Carboxylic dextran 10K 3.9 12.6 0

Dextran 1.5K 22.0 0 241
Estimated number of groups per surfactant molecule®

Carboxylic dextran 10K 92 300 0

Dextran 1.5K 522 0 572
Grafting distance between carboxylic dextran 10K (d, nm)¢ 6.5 2.0 n/a
Roughly estimated dimensions of a molecular aggregate®

Occupied volume (nm?) 24,000 52,000 2060

Lateral cross-section (nm) 60 75 25

2 Calculated based on vinyl amine units.

b Estimated as the a/n value, where a=(integral of peak ¢')/62 (i.e., 62 protons from H1 of the dextran backbone) and n = {(integral of peak a) — 3a}/5 (i.e., 2 protons from

—CH,— of PVAm and 3 from CHj3 of the amine acetate).
¢ Estimated based on the average molar compositions and 2376 amino groups per PVAm molecule, estimated from its MW.

d Estimated as d =(2376 x 0.251)/number of carboxylic dextran 10K per molecule, where the number of amino groups per PVAm molecule is 2376 and the length of each

vinyl monomer is 0.251 nm.
¢ Estimated based on assumptions of a spherical volume and a negligible PVAm and hexyl.

Table 2
Feed compositions (%wt) of mixed surfactant polymers used to prepare non-covalently attached bimodal dextran matrices.
4dex;ok+1.5x-surf 13dex;o-surf dexy sk-surf
Single surfactant matrices
4dexiop+1.5k 100 - -
13dex;ox - 100 -
Mixed surfactant matrices
4dexqok+1 5k/dexq sk (6:1) 75 - 25
4dexqo+1.sk/dexq sk (1:1) 50 - 50
4dex;ok+1 sk/dexy sy (1:3) 25 - 75
13dex o /dexq s (1:1) - 50 50
Table 3

Surface densities of carboxyl dextran 10K in the different matrix layers and their SPR responses to the YHV solution (0.1 ng/mL).

Density (nmol/m?)? Separation distance between aggregates (D, nm)®

Reflectivity change (A%Rynv)*

Non-covalently attached matrices

4dexqok+1.5k 181.5 62.4+16.8 0.97 + 0.22
4dexo+1.5x/dexy sk (3:1) 172.8 73.3+16.5 6.07 + 0.22
4d exyoks1.5¢/dexy s, (1:1) 155.6 100.0+30.5 7.18 £0.21
4dexqo+15¢/dexy sk (1:3) 80.7 121.6+37.9 4.96 + 0.25
13dex;ox 285.1 59.3+4.1 0.85 + 0.16
13dexox/dexy s (1:1) 262.9 96.3+10.4 3.10 + 0.04
Covalently grafted matrix? 99.7 n/a 0.41 + 0.04

3 Indirectly evaluated from surface carboxylic group density determined by TBO dye assay (Xu, Persson, Lifas, & Knoll, 2006) and an assumption that the allyl groups were

completely converted to carboxylic acid.
b Estimated from the height profiles of the AFM images.
¢ The data are mean =+ standard deviation.
d Prepared at a concentration of 1 mg/mL.

developed in our laboratory and effectively employed to assay
various biomolecular species including proteins, antibodies and
DNA, but no comparable success has been achieved for either
viruses or bacteria. The end-grafted bimodal dextran chips con-
sist of two major layers (inner and outer layers; Fig. 4A). The inner
layer contains controlled ratios of short- and long-chain segments
and provides polymeric repulsion against non-specific binding.
The outer layer contains only long-chain segments with functional

groups for ligand immobilization. The surface density of the car-
boxyl dextran10K chains was evaluated using TBO dye assay to be
approximately 100 nmol/m? (Table 3). A single carboxyl dextran
10K molecule was estimated to cover a surface area of ~17 nm?,
corresponding to a lateral cross-section of ~4 nm. The separation
distance between their neighboring molecules was slightly less
than twice the radius of gyration of the dextran 10K, suggesting
their full surface coverage. No effective reduction of the surface
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A. Carboxylic dextran 10K

Dextran 1.5K

Bimodal —_
surfactant

Monomodal

Linking layer

Dextran 1.5K

Carboxylic
dextran 10K

surfactant

Fig. 4. Proposed models of (A) the directly end-grafted bimodal dextran and (B) the mixed surfactant 4dexgy.1.sx/dex; sy matrix layer on SPR gold chips. Note that hexyl side
chains are not shown in the mixed surfactant model and the scale ratio of x-y axis is ~1:5.

carboxylic dextran 10K density could be achieved through lowering
the concentrations to 0.001 mg/mL (data not shown).

3.3. SPR analysis of virus detection on different bimodal dextran
chips

Fig. 5 shows real-time sensorgrams obtained during antibody
coupling and shrimp YHV detection. The physisorbed surfactant
molecules stably remained on the surface as evidenced by a con-
stant SPR response (A%Ranti-yny ~ 0.8%; dashed line) under flow
conditions for the duration of virus detection. Table 3 also lists the
SPR responses defined as the percentage of reflectivity changes to

60 -
40
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<
Z 20 _
2 Ethanolamingy 10 mM
g Anti-YHV Hel
= o Yo L)
& 7 1 T
! YHV )
3 (0.1 ng/mL) (AYR i yiry)
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0 30 60 90 120 150 180
Time (min)

Fig. 5. Real-time sensorgrams from the 4dexok+1.s¢c/dexqs¢ (1:1) chip. The solid
line shows covalent immobilization of anti-YHV followed with the YHV detection.
The dashed line shows stability of the anti-YHV grafted surfactant polymer for the
duration of experiment (no virus injection).

injection of shrimp YHV (A%Ryny; solid line in Fig. 5) onto different
bimodal dextran chips. A very weak SPR response to the YHV injec-
tion was found on the covalently end-grafted bimodal dextran chip.
Greater values of A%Ryyy were obtained for the non-covalently
attached bimodal dextran chips generated by surfactant polymers
and no correlation was found between the SPR response sensitivity
and the different surface carboxylic dextran 10K densities of the
surfactant polymers.

Fig. 4B shows a proposed model of the mixed surfactant
dexqor+1.5k/deXq 5 matrix layer on SPR gold chip based on the AFM
data. We suspect that two molecular parameters are of importance
in ligand-receptor bridge formation on the mixed surfactant chips:
(a) a separation distance between the bimodal dextran surfactant
aggregates, D, and (b) an intra-chain distance between the carboxyl
dextran 10K side chains on the bimodal surfactant polymers, d. The
non-functionalized monomodal surfactant molecules on the mixed
surfactant chips acted as inter-chain spacer units (i.e., greater D)
and consequently significantly enhanced the SPR sensitivity of YHV
detection. Moreover, the mixed surfactant 13dex; g /dex; 5 matrix
(larger D, lower d) exhibited a stronger response than the single
surfactant 4dexgy+15¢ matrix. Long range repulsion of highly
hydrated polymers absorbed on a surface decay exponentially
with distance, and this decay length depends linearly on its radius
of gyration. This may explain the more pronounced efficiency of
the separation distance between the bimodal surfactant aggregates
to prevent viruses to approach ligands on the dextran 10K side
chains, as compared to the intra-chain dextran 10K distance.

The strongest SPR response to YHV was found for the mixed
surfactant 4dexgg+1.5k/deXq sk (1:1) chip (d=6.5nm) and approx-
imately two times greater than that of 13dex;q/dex;s, (1:1)
chip (d=2.0nm). Viruses may start to sense a local repulsion
induced by the ligand linked dextran 10K side chains once they are



K. Mai-ngam et al. / Carbohydrate Polymers 112 (2014) 440-447 447

sufficiently close to each other. Additionally, clear spaces between
the dextran 10K side chains (Fig. 4B, inset) allow more rod-
shape YHV particles (40-50 x 150-170nm) (Wongteerasupaya
et al., 1995) to effectively approach the sensor chip surface
within the capture distance where significant ligand-receptor
bridge formation first occurred. However, the mixed surfactant
4dexgr+15Kk/dexi sk (1:3) matrix layer with the relatively large
separation distance between the antibody conjugated bimodal sur-
factant aggregates showed a weaker SPR response to the YHV
solution as compared to the 4dex;ok+1.5k/deXq sk (1:1) chip, pos-
sibly due to its decreased probability to find binding sites of the
approaching viruses.

4. Conclusion

Non-covalently ‘end-on’ attached bimodal dextran layers on SPR
gold chip surfaces were generated by mixing two structurally well-
defined surfactant polymers, including a bimodal carboxyl dextran
surfactant polymer and a monomodal dextran surfactant polymer.
Aseparation distance between the carboxyl dextran 10K side chains
on the bimodal surfactant polymers could be controlled through
the carboxyl dextran 10K composition in the bimodal surfactant
polymer. A separation distance between the whole bimodal sur-
factant molecules on the chip surface depended on the mixing
ratio of the two surfactant polymers. Synergetic adjustment of
both separation distances allowed the relatively large rod-shape
virus particles to effectively approach the sensor chip surface and
form specific ligand-receptor bridges. This preliminary study pro-
vided encouraging results that demonstrate their potential to be
successfully used in the future after optimization for different
viruses.
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