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ABSTRACT: Zwitterionic layers immobilized on various surfaces

exhibit ideal biocompatibility and antifouling capability, but direct
immobilization of zwitterionic molecules provides limited choice of
surface charges. In this paper, the formation of charge tunable
zwitterionic polyampholyte layers onto the surface of microfluidic
channels of cyclic olefin copolymer by photochemical graft
polymerization of mixed acrylic monomers, [2-(acryloyloxy) ethyl]

trimethyl ammonium chloride and 2-acrylamido-2-methyl-1-propane-

sulfonic, under UV illumination was reported. With this method,

surface charge of the resulting modification layers could be tailored through the initial monomer ratio and reaction conditions.
The incorporation of both monomers into the grafted layers was confirmed by X-ray photoelectron spectroscopy (XPS) and
attenuated total reflection Fourier transform infrared (ATR-FTIR). The results indicate that the modified layers are hydrophilic
with contact angles of 33.0—44.3°, and the isoelectric points of the modified layers can be tuned from <3 to >9 simply by
adjusting the monomer ratios. Elimination of the nonspecific adsorption of proteins on the zwitterionic layers thus formed was
proved by fluorescent microscopy and streaming potential measurement. The uniformity of the modified layers was verified
through a comparison of electrophoresis inside the modified and native microchannels. A whole blood coagulation time

measurement was performed to show its applicability.
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B INTRODUCTION

Nonspecific adsorption of proteins and other biomolecules
might cause adverse effects in many applications." Despite
overwhelming efforts on the elimination of these effects, there
are limited protocols that are universally applicable to various
surfaces presumably due to the complexity of biomacromole-
cules. Exploring novel surface modification methods is still
necessary. Among the substances that have been used for this
purpose, natural origin zwitterionic compounds such as
betaine” and phospholipid®* have been proved to have very
good antiadsorption performance, which inspires many studies
on zwitterionic surfaces for the elimination of nonspecific
adsorption. Whitesides’ group has systematically studied the
surfaces of self-assembled monolayers (SAMs) on gold with
charged groups, and they found the SAM:s fabricated from a 1:1
mixture of positive and negative charged groups could
effectively eliminate the adsoption of fibrinogen and lysozyme.
Chang et al. modified gold by surface-initiated atom transfer
radical polymerization of sulfobetaine methacrylate (SBMA) to
form polymer brushes that showed remarkable reduction of
protein adsorption from blood plasma.’ Zwitterionic mod-
ification has also been used in reverse osmosis’ as well as
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nanoparticle capping to minimize nonspecific cell uptake® and
nonspecific protein adsorption.’

The methods used to introduce zwitterionic layers are
diverse. To name a few, Kuo et al. immobilized a copolymer of
zwitterionic SBMA and acrylic acid onto tissue culture
polystyrene, polyurethane, and polydimethylsiloxane (PDMS)
with layer-by-layer polyelectrolyte films through electrostatic
interaction, and the result suggested its potential to be used in
blood contacting biomedical devices.'® Keefe et al. modified the
surface of PDMS by the super hydrophilic zwitterionic
poly(carboxybetaine methacylate) (pCBMA), which effectively
suppressed protein adsorption from complex media."" Zhao et
al. have successfully introduced poly(SBMA) onto the
polypropylene (PP) surface through UV-induced graft
polymerization of hydroxyethyl methacrylate and then sur-
face-initiated atom transfer radical polymerization of SBMA
after coupling with 2-bromopropionyl bromide, and the
modified PP showed significantly reduced BSA fouling."?

Received: November 14, 2012
Accepted: January 18, 2013
Published: January 18, 2013

dx.doi.org/10.1021/am3027019 | ACS Appl. Mater. Interfaces 2013, 5, 1017—1023


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

All these works proved that zwitterionic surfaces were
promising to eliminate the nonspecific protein adsorption or
fouling, but zwitterionic compounds like sulfobetaine normally
possess both positively and negatively charged groups in the
same molecules; the ratios of these groups are fixed. Due to the
huge variation of the surface properties and their applications,
direct immobilization of the zwitterionic molecules is somehow
cumbersome, and the resulting surfaces may biased far from
their isoelectric points (pls) and other characteristics of the free
molecules. To facilitate the formation of antifouling surfaces,
Jiang’s group constructed zwitterionic hydrogel and monolayers
through mixed positively and negatively charged compounds
through techniques such as two-component atom transfer
radical polymerization.'>'* Nonfouling polymer brushes were
also prepared using surface-initiated two-component atom
transfer radical polymerization by the same group.'> The
resulting surfaces exhibited high resistance to nonspecific
adsorption of proteins; however, the procedures to make the
surfaces are complicated and hard to be implemented in
materials without active groups, such as cyclic olefin copolymer
(COCQ).

Lab-on-a-chip (LOC) devices are considered to be a novel
miniaturized platform for biological applications. Polymers have
been widely used in the fabrication of these devices,"®™'® while
the notorious nonspecific adsorption of biomacromolecules by
pristine polymer surfaces may give rise to some serious
detrimental consequences, such as poor separation efliciency
and analyte loss. Surface modification is therefore indispensable
for achieving better analytical performance. Protocols of surface
modification can be roughly classified as permanent surface
modification and dynamical coating.'”*® Permanent modifica-
tion introduces functional groups onto the surface through
chemical bonding or very strong physical adsorption, which
increases the surface hydrophilicity and governs the electro-
osmotic flow.”** It has been broadly applied in electrophoretic
separations of proteins and DNA fragments.>* Dynamic coating
can be realized through addition of chemicals that are prone to
change the surface properties into the solutions. The required
surfaces are obtained through the dynamic interaction between
additives and the surfaces.””** Dynamical coating is simple to
apply; however, its chemical or mechanical stability is not as
good as permanent modification in the long term, so
permanent modification is preferred in many real applica-
tions.>%*”

Photoinitiated graft polymerization has been successfully
used for permanent surface modification.”® For example, Hu
introduced dimethylacrylamide (DMA) and poly(ethylene
glycol)monomethoxyl acrylate (PEG) onto the PDMS surface
through graft polymerization for electrophoretic separation of
the peptide sequences.”” COC has been proved as an ideal
substrate of LOC devices® and is suitable to be modified with
photochemical graft polymerization too.>’ > A broad range of
monomers, with acidic, basic, and zwitterionic groups, have
been introduced into COC microchips to get hydrophilic
surfaces, for the purposes including electroosmosis modulation,
physical adsorption elimination, and online sample processing
inside channels.**™*® We have attempted to tune the surface
charge and hydrophilicity of COC microchannels with
photochemical graft polymerization of acrylic monomers. The
applicability of these modified microchannels for microchip
electrophoresis was demonstrated.*’ Six monomers with
different functional groups were used separately because surface
charge was the main concern, but these surfaces possessing
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single charged groups might not be competent in elimination of
nonspecific adsorption of proteins.

In the present work, photochemical graft polymerization of
two monomers, one with cationic groups and the other with
anionic groups, is performed to form zwitterionic surfaces onto
COC microfluidic chips. Through mixing of two monomers in
different ratios, surfaces with various pls were obtained simply
by UV irradiation of the chips for a short period of time. The
monomers used in the work, [2-(acryloyloxy) ethyl] trimethyl
ammonium chloride (AETAC) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS), are easy to get and handle. The
most significant merit of the present work relies on its facile
formation of zwitterionic polyampholyte layers directly onto
the inner surface of COC microchannels and simple pI control
through the initial reactant ratio. The effects of the
experimental conditions on hydrophilicity, surface charge, and
capability of antiadsorption were evaluated by contact angle,
streaming potential, and observation of adsorption of FITC-
labeled BSA under a fluorescence microscope. The effectiveness
of reduction of nonspecific protein adsorption of the
zwitterionic polyampholyte layers was confirmed with a blood
coagulation time measurement in modified COC micro-
channels.

B EXPERIMENTAL SECTION

Materials. Benzophenone (BP, >99%), ethanol, Na,HPO,, and
NaH,PO, were purchased from the Tianjin Guangfu Fine chemical
Research Institute (Tianjin, China). Fluorescein isothiocyanate
(FITC), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS,
99%), [2-(acryloyloxy) ethyl]-trimethyl ammonium chloride
(AETAC, 80% aqueous solution), bovine serum albumin (BSA),
fibrinogen (FBG), and lysozyme (LYZ) were obtained from Sigma-
Aldrich. Sodium tetraborate was from the Xi'an Chemical Reagent
Factory (Xi'an, China). Phosphoric acid, sulfuric acid, and sodium
hydroxide (analytical grade) were purchased from Tianjin Hongyan
Chemical Reagent Factory (Tianjin, China). Glycine, glutamic acid,
arginine, and leucine (analytical grade) were obtained from Shanghai
Zhongqin Chemical Reagent Factory (Shanghai, China). Distilled
water was used in all experiments.

Fabrication of COC Plates and Microfluidic Chips. COC plates
were thermoformed from resin granules at a temperature of 180 °C
into square plates (1250 X 1500 mm, 1 mm thick). The plates were
cut into the desired sizes, and each small plate was annealed at 50 °C
for 120 min to improve the surface smoothness and release the
internal stress that might come from the thermoforming process. The
annealed plates were used for the modification and other experiments.

Microfluidic chips were made by the same procedure described
previously*” with a little variation of temperature. Briefly, a blank plate
of COC (15 mm X SS mm) was sandwiched between two microscope
slides with copper wire (80 or S0 ym diameter) stretched on one of
the slides. The assembly was then fixed with six binder clips and heated
in an oven at 140 °C for 25 min. After cooling, the copper wires were
etched away in nitric acid for about 15 min. The microchannels used
for blood coagulation time measurement were formed in the same way
using stainless steel rods of 0.9 mm diameter instead of copper wires,
and the rods were pulled away after the assembly was cooled to room
temperature. Holes (3 mm in diameter) were drilled at the appropriate
location on the channels which act as access holes. After cleaning in
ethanol, the plate with microchannels was bonded with another blank
COC plate of the same size thermally at 122 °C for 10 min. Small
pieces of plastic tube (8 mm long and 6 mm in diameter) were glued
at the access holes as the solution reservoirs. Microchannels of the
microchips used for streaming potential and blood coagulation
measurement were parallel and for electrophoresis were arranged to
a cross configuration.

Surface Photochemical Modification. Two 250 W high-
pressure mercury lamp bulbs placed side-by-side (S cm apart) were
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used as an UV light resource in the photochemical modifications to
provide uniform and strong irradiation. The irradiation intensity was
controlled by the distance between the COC plate and the bulbs and
calibrated by an ultraviolet irradiation meter (UV-A, Photoelectric
Instrument Factory of Beijing Normal University, Beijing, China).
Modification solution contains 10% of a monomer mixture (AETAC/
AMPS) and 0.5% BP as the photoinitiator. For the COC plate
modification, the modification solution was applied on the plate, and
the thickness of the solution film was controlled by a pair of spacers
placed between the COC plate and a quartz plate. UV radiation (7.6
mW/cm?) was allowed to reach the monomer solution and initiate the
graft polymerization reaction for the desired time (30—300 s). For
microchannel modification, the graft polymerization solution was filled
into the channel, and the microchip was put under UV (5.0 mW/cm?
for chip) for a given time (Figure 1). After the reaction, the channel

Figure 1. Structure of two monomers and schematic illustration of
COC microchip modification.

was rinsed with ethanol to remove free polymer and unreacted
monomers. At least three COC plates or microchips were modified for
each modification condition to ensure the reliability of the surface
characterization or application.

Surface Characterization. The hydrophilicity of the COC surface
was evaluated by the contact angle measurement as described earlier.*'
X-ray photoelectron spectroscopy was achieved using an ESCALAB
210 Spectrometer (VG, UK) equipped with a twin anode (MgKa/
AlKa) source as the excitation radiation at 300 W. Attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR)
spectra were recorded by a Nicolet iS10 FTIR spectrometer. An
atomic force microscope (AFM, Agilent SPM 5500) in tapping mode
was used to evaluate the thickness of modified polyampholyte layers.
The surface charge of the microchannels was characterlzed by
streaming potential measurement as described previously.*

Adsorption of Protein on a COC Microfluidic Chip. BSA, FBG,
and LYZ with concentrations of S00 yg/mL in PBS, pH 7.4, were used
in the adsorption experiment. Generally, both unmodified and
modified COC microchannels and plates were exposed to FITC-
labeled BSA (labeling procedure as described by Verzola et al.**) for
20 min, after proper rinsing with blank PBS, and streaming potential
was measured. Fluorescence images were taken with excitation by an
ultrabright blue LED (filtered with a 420—490 nm band-pass filter,
Shenyang HB Optical Technology Co., Ltd., Shenyang, China) after a
long-pass filter with a cutoff wavelength of 520 nm.

Microchip Electrophoresis. The high voltage for the electro-
phoresis was supplied by a high voltage module (DW-P602, Dongwen
High-Voltage Power Supply, Tianjin, China), which was controlled by
a program written in Labview (National Instruments) together with a
three-way solenoid valve and data acquisition of the laser-induced
flourescence (LIF) signal. Sample injection detail was described
previously.**® The electropherograms were recorded with a LIF
detector similar to that described previously,*’ but an APD (AD500-8-
TOS52S2, Silicon sensor, Germany)48 was used instead of PMT.

Whole Blood Coagulation Time Measurement. The fresh
blood was collected from the orbital sinus of rats immediately before
the measurement. The blood was filled into one reservoir of the
microchip as soon as possible and timing was started. The microchip
was then tilted gently back and forth to let blood flow through the
channel from one end to the other. The time required for the blood
flow to stop was taken as the coagulation time. The microchannel was

1019

checked under a stereo microscope (NOVEL NTB-4B, Ningbo,
China) to make sure the stop of flow was caused by blood coagulation.
The effective length of the microchannel was 5.20 cm. The velocity of
the blood flow into the channel was calculated through the time it took
to travel a certain distance.

B RESULTS AND DISSCUSSION

Hydrophilicity. Zwitterionic groups can be introduced into
solid surfaces through physical or chemical anchoring.
However, pl, which is a critical parameter of the zwitterionic
substances, of the obtained surface is presumably unchangeable,
the same as that of the anchored molecules if they are directly
anchored. Although there are plenty of zwitterionic molecules
available, tailoring of the pI is cumbersome because different
molecules may need different immobilization protocols. To
develop a universal way to form a zwitterionic surface is
therefore important. Fréchet et al. have proved that butyl
acrylate and AMPS could photochemically copolymerize on the
surface of COC,*® which implies a possibility to use two
monomers with different charges, i.e., one with cationic and the
other with anionic groups to build zwitterionic layers on COC
surfaces.

According to this speculation, two monomers of AETAC,
with a tertiary amine group, and AMPS with a sulfonic group
were used to check its applicability. Since both of the
monomers are hydrophilic while COC is hydrophobic, contact
angle was used as an indicator of the surface reaction. With BP
as a photoinitiator, photochemical graft polymerization of the
monomer mixture gave rise to apparent contact angle changes
(Figure 2a and b). For all monomer ratios studied (AETAC/

0s (b) 180 s

(©) (d)

k dk A

Figure 2. Comparison of the hydrophilicity of COC before and after
the photochemical modification with mixed monomers. (a) Un-
modified COC plate; (b) modified COC plate with AETAC/AMPS =
S:S for 180 s; (c) the profile of the air—water interface in an
unmodified COC microchannel; (d) the profile of the air—water
interface in a COC microchannel modified with AETAC/AMPS = §:5
for 180 s.

AMPS = 9:1, 7:3, S:5, 3:7, 1:9), contact angles decreased with
the UV illuminating time, as shown in Figure 3. The lowest
contact angle was obtained for AETAC/AMPS = S:5, most
probably due to the complete association of both kinds of ionic
groups. With a further increase of illumination time, contact
angles might rise back after about 300 s, Wthh is consistent
with that we observed for single monomers.*’ The unexpected
effect of prolonged illumination time on contact angles might
be a consequence of increased cross-linking of the polymer
chains, which blocked some of the hydrophilic groups buried
inside the polymer layers. The UV-caused breakage of linkage
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Contact Angle (°)

Figure 3. Contact angles obtained with AETAC/AMPS in different
monomer ratios along with illumination time. Experimental condition:
the monomer concentration was 5%, the photoinitiator concentration
was 0.5%, the irradiation times were from 30 to 180 s, and temperature
of reaction was 50 °C.

of hydrophilic groups from the polymer backbone could be
another reason.

The photochemical graft polymerization of the mixed
monomers could also be performed inside sealed COC
microchannels by simple illumination of the microchannels
that filled with monomer solutions. As shown in Figure 2¢ and
d, the profiles of water—air interfaces in a native COC
microchannel and one modified with mixed monomers
evidently reflect the change of the hydrophilicity of the surface.
These results proved that the COC surface could be
successfully modified by the monomer mixture.

Composition. X-ray photoelectron spectroscopy (XPS) and
attenuated total reflection Fourier transform infrared (ATR-
FTIR) were used to verify the incorporation of both groups
into the polymerized layer. Figure 4 shows the XPS survey

81 (85 modified
6 unmodified
» 4
P 4
g 2]
0+
600 400 00 0
Bingding Energy (eV)
1.4{ Nisa N1s _~-S2p
0.3
D 12 ‘,5_’02
() (SR
X 10 (b) ¥0.1 (c)
410 405 400 395 175 170 165 160

Binding Energy(eV) Binding Energy(eV)

Figure 4. (a) XPS survey spectra of modified COC(1) and native
COC(2), (b) magnified peaks of N 1s and N Isa of modified COC
with AETAC/AMPS = 5:5, and (c) magnified characteristic peak of S
2p of modified COC with AETAC/AMPS = S:S.

spectra of the native and modified COC. For the native COC,
no N or S peak was observed, while N 1s at 402.83 eV and S 2p
at 167.78 eV were evidently observed for modified COC
[Figure 4a(1)]. Contents of N and S atoms evaluated from XPS
were 2.6% for N 1sa, 3.0% for N 1s, and 2.6% for S 2p. These
values proved that both monomers were introduced into the
copolymer at roughly the same ratio of the monomer mixture
(5:5). The presence of amine and sulfonic groups on the
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modified surface was also confirmed by ATR-FTIR. As
illustrated in Figure 5, only C—H vibration can be seen at

— unmodified
— modified

4000 3500 3000 2500 2000 1500

Wavenumbers (cm-1)

Figure 5. ATR-FTIR of (a) unmodified COC and (b) modified COC
with AETAC/AMPS = 35:5.

1455 cm™ for the unmodified COC surface (Figure Sa). For
the COC plates modified with AETAC and AMPS, the N—H
stretching vibration was observed at 3443 cm™}; the C-0
stretching vibration was observed at 1039 cm™; and the peak at
1211 cm™ should come from the sulfonic group (Figure Sb).
The bands at 1657, 1549, and 1363 cm™ can be attributed to
the amide carbonyl stretching vibration of AMPS. The carbonyl
stretching vibration and bending vibration of AETAC units
should be at 1732 and 952 cm™". All this evidence proved that
zwitterionic monomers were successfully grafted polymerized
onto the COC surface.

An increase of the thickness of the photochemically grafted
polymer layer with UV illumination time has been observed
previously.” Under the selected condition, the thickness of the
modified layer measured with AFM was 45 + 5 nm, which is
near the optimum depth of zwitterionic layers for the
elimination of nonspecific protein adsorption.®

Surface Charge. To verify the surface charge status,
streaming potentials across the microchannels were measured
from pH 3.6 to 9.7. For convenient comparison of the results,
the conductivity of all measuring solution was maintained at
248 + 2 uS-cm™". As shown in Figure 6a, modification with a
binary monomer mixture in different ratios gave different
surface charge. When AETAC/AMPS = 3:7, negative streaming
potentials were obtained for all measured pHs. When AETAC/
AMPS = 5:5, streaming potentials of modified channels were
positive at pH lower than S, which indicated that the surface
carried positive charge. At pH > §, the surface charge turned to
negative. For AETAC/AMPS = 7:3, the channels exhibited
positive streaming potential when pH < 7 in phosphate buffers:
that is, it carries more positive charge, exactly as expected. The
pls for these three layers are <3, 5, and 7, respectively. As a
comparison, the surface modified with pure AETAC (AETAC/
AMPS = 10:0) carried positive charge at all measured pHs, and
that modified with AMPS (AETAC/AMPS = 0:10) carried
negative charge in the same range of pHs. These results clearly
demonstrated that the surface property can be easily tailored
through the adjustment of the monomer ratios. Compared with
the traditional way for introducing zwitterionic moieties, the
surface properties obtained with the proposed method can be
easily tuned by monomer composition.

The effect of the illumination time on the streaming potential
of modified channels is shown in Figure 6b. Only moderate
changes in streaming potentials were observed when the
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Figure 6. Streaming potentials of (a) COC microchannels modified with the mixture of AETAC and AMPS at various ratios and (b) modified COC
microchannels at various pHs for different UV illumination time. Experimental conditions: the monomer concentration was 5%, the photoinitiator
concentration was 0.5%, the temperature of reaction was 50 °C, and the irradiation intensity of UV illumination was 5.0 mW/cm?

100 pm

Figure 7. Fluorescent images of (a) the partially modified COC plate (left half unmodified by blocking the light), (b) a native COC microchannel,

and (c) a modified COC microchannel after treatment of FITC-BSA.

illumination time increased from 120 to 240 s. This result
implied that the surface charges were mainly dependent on the
modified polymer layer after 120 s. Also, when illumination
time increased to 240 s, the measured streaming potential
became unstable, as indicated by a significant increase of the
standard deviation for multiple measurements. The irregularity
of streaming potential after long time illumination was related
to the increased cross-linking and possible decomposition
polymerized layers as mentioned previously. The accumulation
of defects along with the growth of the modified layers and the
elasticity of thick hydrogel-like polymer might be responsible
for the unstable streaming potential too.

Protein Adsorption. To confirm the resistance of
nonspecific adsorption to proteins on the photochemically
modified zwitterionic surfaces, half of a COC plate was
modified with a mixture of AMPS and AETAC of 5:5, while the
other half was left unmodified by covering this area with
aluminum foil during the UV irradiation. After a thorough
rinsing, the plate was immersed in a solution containing 2
mmol/L of FITC-labeled BSA for 20 min and then rinsed with
the PBS. The fluorescence of the plate was checked on a
florescence microscope. As showed in Figure 7a, the
unmodified area exhibited strong fluorescence, while the area
modified with a binary monomer mixture was dark. Similar
experiments performed in microchannels gave the same results.
Flushing unmodified microchannels with FITC-BSA rendered
strong fluorescence at the channel wall (Figure 7b), while
modified channels showed virtually no fluorescence (Figure 7c)
after the same flushing.

Because of the presence of labeling groups, the property of a
protein may be changed to some extent, and the adsorption
behavior obtained with fluorescently labeled protein may
deviate largely from the native one. Therefore, adsorption of
native proteins on modified and unmodified channels was
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systematically compared by streaming potential measurement.
Streaming potential measurement is a label-free technique, and
the comparison is based on the change of surface charge before
and after proteins attached to the microchannel surfaces.
According to literature results," the adsorption of a protein is
highly dependent on the protein property and other conditions
such as pH. Therefore, three proteins, BSA, FBG, and LYZ,
which have different pIs and molecule weights, were employed
as model compounds. Streaming potentials were performed at
two extreme pHs for most biological applications, 3.6 and 9.1,
to prove the effectiveness of the photochemically modified
zwitterionic layers. Figure 8 shows the percentage of streaming

mm BSA|
20 EOFBG
mmLYZ
= 101
o.
3.6 7.4 91
pH

Figure 8. Relative streaming potential change of modified COC
microchannels after flushing with proteins at three different pHs, 3.6
(phosphate buffer), 7.4 (phosphate buffer), and 9.1 (borax buffer).

potential changes before and after flushing of proteins in
modified microchannels. For clarity, streaming potential change
caused in unmodified microchannels was taken as 100% for
each protein and pH condition, and the data in the figure
represent the relative streaming potential change with regard to
that of unmodified. At pH 3.6, all proteins caused a rather small
change (<4.8%) in streaming potential, indicating effective
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elimination of the adsorption of these proteins. While at pH
9.1, although effective elimination of adsorption of BSA was
observed, the streaming potential change caused by LYZ was
still quite large (22.4%). Streaming potential change due to the
flushing of FBG was about 8.8%. At the physiological pH, 7.4,
the situation was between these two extremes, and the
streaming potential change caused by BSA (4.1%) was smaller
than that at pH 3.6 but larger than that at pH 9.1. For FBG, the
value was almost the same as that at pH 3.6, while for LYZ,
apparent streaming potential change was found (16.5%). These
results could be explained by the surface charge interaction.
The pIs of BSA, FBG, and LYZ are 4.7, 5.6, and 11.1,
respectively. At pH 3.6, they all carry positive charge, and the
modified surface carries positive charge too. So, adsorptions of
these proteins were inhibited by the charge repulsion. At pH
9.1, the situation is quite different because the modified surface
is negative, which expels molecules with negative charges like
BSA and FBG, and flushing with these two proteins gave rise to
0.67% and 8.8% of change in streaming potential of modified
channels. At pH 7.4, surface charge was negative too; however,
its density was lower, so only LYZ caused evidence streaming
potential change. It should be mentioned that adsorption of
FBG, which is an important protein in adhesion and
aggregation of platelets, was greatly inhibited (only 3.7% of
streaming potential change) at this pH.®

For LYZ, significant streaming potential change was
obtained, most probably because of the positive charge of
LYZ at this pH. If the microchannel was modified with
AETAC/AMPS ratios of 7:3 and 9:1, the surface carries less
negative charges than that obtained with AETAC/AMPS ratio
of 5:5, and the streaming potential changes were 18.3% and
11.0%, respectively, just as expected. Previous research
demonstrated that zwitterionic polymers can take up large
quantities of free water molecules and form a stable hydration
layer to prevent protein adsorption.’® The results obtained here
implied that even for zwitterionic layers surface charge was still
a factor that affected the adsorption of proteins. Tailoring the
surface property of zwitterionic layers is necessary for efficient
elimination of nonspecific adsorption.

Uniformity. Surface uniformity of the modified micro-
channels was confirmed with microchip electrophoresis because
the separation efliciency of free solution electrophoresis was
highly affected by the microchannel surface status. If the surface
charge is not uniform along the microchannel, uneven
electroosmosis at different locations of the microchannel
might induce complicated flow pattern and cause severe
dispersion of analyte bands. Unexpected analyte adsorption
onto the microchannel due to the poor microchannel surface
quality might cause similar consequences. As shown in Figure
9a, broad peaks were obtained for FITC-labeled amino acids
inside unmodified COC microchannels. On the contrary, with
microchannels modified with a mixture of AETAC and AMPS
(5:5), highly efficient separation of these amino acids was
achieved (Figure 9b). This result indicated that the photo-
chemically grafted polymerization of zwitterionic layers was
uniform.

Application. To prove the applicability of the prepared
zwitterionic polyampholyte layers, measurement of whole
blood coagulation time was attempted. Blood coagulation
time is important for the therapies of thrombotic diseases and
for caring for patients with bleeding tendencies. Because of the
complexity of the whole blood, measuring whole blood
coagulation time should be a very suitable way to confirm the
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Figure 9. Electropherogram of the separation of FITC-labeled amino
acid, (a) using unmodified COC microchannels and (b) using
modified COC microchannels. Separation conditions: running buffer
was 10 mmol/L of borax, pH 9.2, the separation length was 3.0 cm, the
separation voltage was 2000 V, and the concentrations of amino acids
were 1 umol/L.

capability of antibiofouling property of a material. For easier
and meaningful comparison of the results, microchannels with
inner diameter of 0.9 mm were adopted to match the normal
capillary. The results indicated that the freshly collected blood
could flow through the channel easily, and the initial flow rate
was 0.48 cm/s. Coagulation happened at 9.0 + 0.3 min, which
was consistent with that obtained with a traditional caIpiHary
method and within the normal range of 8.5—15 min.>" As a
comparison, in unmodified microchannels of the same size, the
blood coagulated in less than 2 min because of its strong
interaction with blood components. The flow of blood in the
unmodified channel slowed down evidently after it entered the
channel and coagulated when it traveled about 1.9 cm. These
results demonstrate the applicability of the prepared zwitter-
ionic polyampholyte layer in bioassays. It should be more
valuable to use smaller microchannels with such kinds of
zwitterionic layers in the measurement of more specific
parameters such as prothrombin time and activated coagulation
time. In addition, the results also indicate that the modified
zwitterionic layers can effectively prevent extra blood
coagulation caused by foreign objects, which is of great
significance for medical implants and in vivo sensors.”*>

B CONCLUSIONS

The results reported here proved that zwitterionic layers can be
easily formed onto the COC microchannel surface with
photochemical graft polymerization of mixed monomers
containing different charge groups. The most important
advantage of the proposed protocol is its flexibility of
adjustment of the composition of the modified layers and
their surface charge status. Surface properties such as
hydrophilicity, pl, and antifouling capability could all be
experimentally tuned. The photochemical approach also
makes this method applicable to irregular surfaces, as long as
proper measures are taken to ensure the light illumination. The
modification area can be accurately patterned through photo-
masks, and inner surfaces of UV transparent materials can be
modified too. Compared with previously reported ways for
obtaining zwitterionic layers, which were normally through
immobilization of zwitterionic molecules using various coupling
routes, this method is simple, fast, and easy to be performed in
large scale. It is, in some extent, a universal way to form
modification layers carrying groups with different charges or
other characteristics. Although only two monomers were
adopted in the present work to demonstrate the feasibility,
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the method can be readily extended for other combinations of
photochemically polymerizable molecules to get various
surfaces. Due to the indispensable role of zwitterionic surfaces
in biological process and wide acceptance of the photochemical
process in industry, the method should have application
potential in many biology or medicine related areas.
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