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1. INTRODUCTION

Micro-total analysis systems (μ-TASs), also called “lab-on-a-
chip”, can acquire, separate, and analyze a variety of samples, and
the microsizing and integration of these functions promises
enormous medical and economic benefits.1�4 Their small size,
decreased analytical time, and tiny sample consumption help to
improve bioassay performance. Poly(methyl methacrylate)
(PMMA) is an excellent polymer material to be employed in
the manufacturing of low-cost μ-TAS devices since it possesses
excellent optical, thermal, chemical, and biocompatibility proper-
ties. However, during the functioning of PMMA-based μ-TAS
devices, cells, proteins, or oligonucleotides in solution are exposed
to a large hydrophobic PMMA surface area. Accordingly, one of
the biggest problems with PMMA-based μ-TAS devices is that
they could nonspecifically absorb a large amount of analytes.5�8

For example, in PMMA-based electrophoresis separation devices,
the nonspecific adsorption could result in band broadening, poor
resolution, analytical irreproducibility and low separation effi-
ciency. These effects are believed to be largely caused by nonuni-
form electroosmotic flow due to the inhomogeneous zeta potential
along the separation length of the PMMA devices fouled with
nonspecifically bound proteins and DNA.6�9 Furthermore, when

highly concentrated samples are used in these separation devices,
this nonspecific absorption may cause clogging of the devices.5 On
the other hand, when low concentrations of samples are used in
PMMA-based immunoassay and biosensor devices, the sample loss
caused by nonspecific adsorption could mean a significant diminu-
tion in analyte concentration present at the functional (i.e., sensing
or detection) components of the devices.5�7

Numerous methods have been proposed tomodify the surface
of PMMA to reduce the nonspecific adsorption of biomolecules.8

The reported modification methods could be broadly categor-
ized into dynamic coating and permanent modification by means
of chemical reactions. Lin et al.9 used a dynamic coating technique
to deposit PMMA channels with poly(ethyleneoxide) (PEO). A
hybrid dynamic coating of n-dodecyl β-D-maltoside (DDM) and
methylcellulose (MC) has been developed by Dang et al.10 to
suppress analyte adsorption inside a PMMAmicrochannel. Similarly,
Mohamadi et al.11 reported a dynamic coating ofMC and a nonionic
detergent (polysorbate 20) onto a PMMA channel also for
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ABSTRACT: Poly(methyl methacrylate) (PMMA) flow-cells
containingmicrowells were deposited with different nonspecific
binding blocking agents, namely, bovine serum albumin (BSA),
cationic lipid (DOTAP:DOPE) and diethylene glycol dimethyl
ether (DEGDME). Water contact angle (WCA) and atomic force
microscope (AFM) measurements were carried out to confirm the
successful depositions of BSA, DOTAP, and DEGDME onto the
PMMA surfaces. Fluorescent intensity measurements were per-
formed to evaluate the degree of nonspecific adsorption of Cy5-
labeled anti-IgG proteins onto plain and oxygen plasma-treated
(PT) PMMA flow-cells as well as PMMA flow-cells deposited with
different above-mentioned blocking agents. We then employed a label-free detection method called total internal reflection ellipsometry
(TIRE) to evaluate the stability of the deposited blocking agents inside the PMMA flow-cells. It was found that, while DOTAP:DOPE was
the best agent for blocking the nonspecific adsorption, it could be removed from the PMMA surfaces of the flow-cells upon rinsing with
phosphate buffered saline (PBS) and later deposited back onto the Au-coated glass sensing substrate of the TIRE. The removal of the
blocking agents fromPMMA surfaces and their deposition onto the sensing substrate were furthermanifested bymeasuring the kinetics and
the amount of adsorbed anti-R-hCGproteins.Overall, the dryDEGDMEcoatingbyplasma-enhanced chemical vapor deposition (PECVD)
showed very good blocking and excellent stability for subsequent assay inside themicrowells. Our results could be useful when one considers
what blocking agents should be used for PMMA-based microfluidic immunosensor or biosensor devices by looking at both the blocking
efficiency and the stability of the blocking agent.
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suppressing the protein adsorption. On the other hand, permanent
modification of the PMMA surface by surface chemistry, mostly with
PEG derivatives, has also been used to reduce the nonspecific
adsorption of analyte onto the PMMA surfaces. Lai et al.12 employed
a UV-initiated polymerization technique to immobilize poly-
(hydroxyethyl methacrylate-co-ethylene glycol dimethacrylate) on
the internal walls of the channels forming a monolithic stationary gel
for an acrylamide separation of DNA. An atom-transfer radical
polymerization method was developed by Bi et al.7 to form poly-
(ethylene glycol dimethacrylate-co-methylether methacrylate) copo-
lymer on the surface of PMMAchips for increasing the hydrophilicity
and electrophoretic separation of proteins. A similar chemistry has
been adopted by Liu et al.13 to graft poly(ethylene glycol) (PEG) on
the PMMA surface after the deposition of 2-bromoisobutyryl
bromide. The majority of these PMMA devices and their associated
nonspecific binding coatings are designed for electrophoresis and
separation. Although these above-mentionedmodificationmethods
have been successful in reducing the nonspecific adsorption of
biomolecules onto the PMMA surfaces, to the best of our knowl-
edge there has been no study on the stability of such coatings in
contact with buffers and the effect on subsequent assays per-
formed on PMMA devices integrated with a sensing element.

This paper reports a comprehensive comparison among
different coatings for reducing nonspecific adsorption on the
PMMA surface and the effect of the stability of the coatings with
respect to assays performed on a gold sensing element integrated
inside a PMMA flow-cell. To this end, the PMMA surface of the
flow-cells has been modified by dynamic coating with bovine
serum albumin (BSA) and cationic lipid DOTAP:DOPE (used
as a 1:1 mixture of 1,2-di-(9Z-octadecenoyl)-3-trimethylammo-
nium-propane (chloride salt) (DOTAP) and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE)), by wet chemical
deposition of diethylene glycol dimethyl ether (DEGDME) to
form a PEG-type film and by plasma-enhanced chemical vapor
deposition (PECVD) of dry DEGDME, again to form a polymeric
ethyleneglycol-ether-type film. Water contact angle (WCA) and

atomic force microscopy (AFM) were employed to confirm the
successful surfacemodifications of the PMMA surface. Fluorescent
intensity was measured inside the microwells of the PMMA flow-
cells to evaluate the effectiveness of each coating against the
nonspecific adsorption of Cy5-labeled anti-IgG. Finally, total
internal reflection ellipsometry (TIRE)14�21 with spectra and
kinetic data of adsorption of anti-R-human chorionic gonado-
tropin (anti-R-hCG) was used to evaluate the stability of the
coatings under buffer rinsing. Our results and methodology
could be useful for choosing a blocking agent, its deposition,
and characteristics for suppression of nonspecific binding of
biomolecules on a PMMA surface, as part of the design and
development of PMMA-based microfluidic immunosensors and
biosensors.22�26 In that regard, a good coating needs not only to
effectively suppress the nonspecific adsorption of biomolecules,
but also must show stability under prolonged rinsing and
immersing with buffer, and in particular should not desorb from
the PMMA and transfer onto the sensing element.

2. EXPERIMENTAL SECTION

2.1. Materials. Cyclo-olefin polymer (COP) slides (Zeonor
1060R) (25 mm �75 mm, 1 mm thick) were supplied by Åmic AB
(Uppsala, Sweden). PMMA sheets (0.25 mm thick, size 600 mm �600
mm, impact modified) were supplied by Goodfellow Cambridge Lim-
ited (Huntingdon, England). Double-coated pressure-sensitive adhesive
(PSA) tapes (50 μm thick, AR8890) were purchased from Adhesives
Research Ireland, Ltd. (Limerick, Ireland). Gold-coated standard glass
slides (Ti/Au = 2 nm/48 nm, 26 mm �76 mm, 1 mm thick) were
purchased from Phasis Sarl (Geneva, Switzerland). Transfection reagent
I containing DOTAP:DOPE (1:1 w/w) was obtained from Avanti Polar
Lipids, Inc. (Alabaster, AL, U.S.A.). Phosphate buffered saline (PBS, pH
7.4, 0.01 M), BSA (98%), tetraethyl orthosilicate (TEOS, 99.999%,
Si(OC2H5)4, and DEGDME (CH3O(CH2CH2O)2CH3) were all pur-
chased from Sigma Aldrich (Dublin, Ireland). All chemicals were used as
received without further purification. The Cy5-labeled antihuman IgG
was purchased from Molecular Probes (Eugene, OR). The anti-R-hCG

Figure 1. (a) Top view of the PMMA flow-cell with five microwells. (b) Cross-sectional view of one microwell of the PMMA flow-cell closed with a
COP lid during the deposition of BSA, DOTAP:DOPE, or DEGDMEbywet chemistry. (c) Cross-sectional view of the samemicrowell in panel b during
the adsorption of Cy5-labeled anti-IgG for fluorescent measurements. (d) TIRE experimental setup on a spectroscopic ellipsometer with a PMMA
microwell, a Au-coated glass slide, a BK7 prism, and a syringe pump.
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(clone 3299:4) was kindly donated by Inverness Medical Innovations
(Bedford, U.K.).
2.2. Deposition of Blocking Agents into PMMA Microflui-

dic Flow-Cells. The five-microwell flow-cell, containing four layers,
was fabricated in PMMA and PSA using a CO2 ablation laser machining
system (Figure 1a). The fabrication method of the PMMA flow-cell has
been reported elsewhere.21 For deposition of BSA and DOTAP:DOPE,
a standard COP slide was glued to the top PSA layer of a PMMA flow-
cell to form a closed channel, as shown in Figure 1b. Fifty microliters of
BSA 1 wt % in PBS and 50 μL of 50 mM DOTAP:DOPE in deionized
(DI) water was deposited at the two inlets of two nearby microwells of a
half of the flow-cell. A vacuum was applied at the outlets of the two
microwells to withdraw the liquid into the microwells. The solutions of
BSA and DOTAP:DOPE were allowed to adsorb to the PMMA
microwell for 60 min, rinsed by 50 μL of PBS twice, and dried with
nitrogen.27�30 Another flow-cell was oxygen plasma treated for 5 min
and closed with a COP slide before 50 μL of 50 mM DEGDME was
applied in the same fashion as that for BSA and DOTAP:DOPE. The
DEGDME solution was also allowed to react for 60 min before being
rinsed by 50 μL PBS twice and dried with nitrogen. For deposition of dry
DEGDME by PECVD, the open PMMA flow-cell was subjected to
plasma cleaning and activation in an argon plus oxygenmixed plasma, with
a flow rate of 100 standard cubic centimeters per minute (sccm) of argon
and oxygen, for 1 min at 100 W. This plasma-activated PMMA surface is
referred to in the following sections as plasma-treated (PT) PMMA. Then
the DEGDME deposition was carried out by sequential deposition of
TEOS and DEGDME by low-pressure PECVD.31�33 The flows of TEOS
and DEGDME were controlled using needle valves, and the deposition
was carried out in an argon plasma. The details about the PECVD chamber
can be found elsewhere.34 All the depositions mentioned above were
repeated on flat PMMA sheets for WCA and AFM measurements.
2.3. Water Contact Angle. The wettability of different deposited

films on PMMA sheets were analyzed by measuring the WCA of the
surfaces using the First Ten Angstroms FTA200 (Portsmouth, VA)
contact angle analyzer. In order to guarantee the flatness of the PMMA
sheets, they were glued to PSA layers on top of glass slides before
measurements. High-purity HPLC-grade water (Sigma Aldrich, Dublin,
Ireland) was used for the measurement. The WCA of each of the
deposited films was measured three times at three locations on the
PMMA sheets.
2.4. Atomic Force Microscopy. AFM was used to compare the

topographical surface created by the various surface modification
processes. Similar to WCA measurements, the PMMA sheets were also
glued to PSA layers on top of glass slides before AFM measurements. A
Digital Instruments BioScope II (Veeco Instruments, Inc., Plainview,
NY, U.S.A.) operating in contact mode under ambient conditions was
used. Images were acquired with a silicon tip mounted on a silicon
nitride cantilever (Veeco Probes, Camarillo, CA, U.S.A.) with a spring
constant of 0.06 N/m operating at a resonant frequency of 12�24 kHz
and at a scan rate of 0.25 Hz. Coated and uncoated PMMA surfaces were
analyzed over three 5 μm � 5 μm areas at a resolution of 256 � 256
pixels, and images were produced using Research NanoScope 7.30
software (Veeco Instruments, Inc.). Zero-order plane fitting was used
to remove the image bow that can result from the scanner moving out of
plane with the sample.
2.5. Fluorescent Microscopy. After the deposition of the BSA,

DOPTAP:DOPE, and wet DEGDME blocking agents, the COP lids of
the PMMA flow-cells were replaced with new COP lids since the PSA
layer still maintain its adherence toward COP several times. For plain
and PT PMMA and dry DEGDME-coated PMMA, the COP lids were
applied to the PSA layer for the first time to form a closed channel. Thirty
microliters of 25 μg/mL of Cy5-anti-IgG in PBS (pH 7.4) was applied in
each microwell of the PMMA flow-cell using a vacuum and allowed
to react for 1 h before being rinsed by PBS and dried with nitrogen.

The COP lids were removed from the PMMA flow-cell before observa-
tion with fluorescent microscope. An inverted fluorescence micro-
scope (IX81, Olympus Co., Japan) equipped with an EMCCD camera
(DV887-BI, Andor Technology, UK) cooled to 0 �C and an MT20
fluorescence illumination unit fitted with a 150 W xenon lamp was used in
combination with a MCy5 filter set to image the fluorescence of the Cy5-
labeled anti-IgG proteins. The fluorescence inside themicrowells of the flow-
cell was obtained using a UPlanSApo objective lens, 4�, NA 0.16 (Olympus
Co., Japan). The fluorescent images were acquired using theCell∧R software
(Olympus Soft Imaging Solutions GmbH,Germany). All fluorescent images
were acquired using the same set of parameters (exposure time of 330 ms,
lamppowerof 77.9%,EMgain of 94, resolutionof 512� 512pixels (2.048�
2.048 mm2)). The fluorescence intensity was quantified using Wasabi
software (version 1.50, Hamamatsu Photonics Germany GmbH, Germany)
in a rectangular area of 500 μm � 1000 μm in each image captured.
2.6. Total Internal Reflection Ellipsometry. The TIRE experi-

mental setup was based on the UVISEL spectroscopic ellipsometer
(Jobin YvonHoriba, France) (Figure 1d).21 The Au-coated glass sensing
substrate was first glued to the PMMA flow-cell by adhesion of the PSA
reaction microwell layer. A BK7 prism was placed on top of the sensing
substrate with intermediate refractive index matching oil and secured by
tapes (Figure 1d). A syringe pump (Harvard Apparatus, Boston, U.S.A.)
was connected to the outlet of one microwell of the flow-cell through
polymer tubing and a polydimethylsiloxane (PDMS) connector for
performing one assay at a time. Two modes of measurements were
carried out with TIRE: kinetic and spectral measurement. In both
modes, the Ψ and Δ values defined by the ratio F of the reflection
coefficients Rp and Rs for components of light polarized parallel (p) and
perpendicular (s) to the plane of incidence following the ellipsometry
equation were measured.15

A droplet of PBS buffer was injected at the inlet of the microwell and
was withdrawn into the microwell by the syringe pump operating under
the withdrawn mode. New droplets of PBS buffers were injected at the
same inlet when the previous droplet was nearly emptied. The flow rate
of the syringe pump was set at 5 μL/min for a period of 15 min.
Afterward, the first set ofΨ and Δ spectra were recorded at an angle of
incidence of 70� with wavelengths ranging from 400 to 850 nm. The
integration time was 200 ms, and the spectral resolution was 2 nm. After
the firstΨ andΔ spectra were recorded, the kinetic measurement mode
was turned on at a fixed wavelength, i.e., around 3-nm shift from the
surface plasmon resonance (SPR) wavelength obtained from the firstΨ
spectrum.17,18 The integration time and interval in kinetic mode were
both set at 100 ms, respectively. The syringe pumpwas operated again at
a flow rate of 5 μL/min after the inlet of the microwell was deposited
with a droplet of anti-R-hCG 50 μg/mL in PBS buffer (pH 7.4). New
droplets were injected for a total period of the kinetic measurement of 60
min. The kinetic mode was turned off and the spectral mode was
restarted to measure the secondΨ and Δ spectra corresponding to the
adsorption of anti-R-hCG to the Au-coated glass surface. Although the
flow-cell contains five microwells, only one assay was performed at a
time on one microwell to prevent any possible shifting of the light rays in
the optical setup. PsiDelta 2 software (Jobin Yvon Horiba, France) was
used for fitting the data from the measuredΨ andΔ spectra from TIRE.
A four-layer model similar to the model used in refs 16, 18, and 21 was
used in the fitting to estimate the thickness of the organic layer first
deposited onto the Au surface and then the thickness of anti-R-hCG.

3. RESULTS AND DISCUSSION

3.1. Deposition of Blocking Agents onto PMMA Surfaces.
The successful depositions of the blocking agents were con-
firmed by comparison of the wettability and the morphology of
the PMMA sheets deposited with BSA, DOTAP:DOPE, wet
DEGDME, and dry DEGDME and with those of oxygen PT and
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plain PMMA sheets (Figure 2). The differences in contact angles
are attributed to the nature of the surface-exposed chemical
groups after the depositions. The contact angle 70� of plain
PMMA was slightly reduced after it was deposited with BSA or
DOTAP:DOPE (Figure 3). We reason that the deposition
mechanism for DOTAP:DOPE involves self-assembly driven by
favorable electrostatic interactions between the negatively charged
phosphate of DOPE and positively charged trimethyl-amine of
DOTAP followed by adsorption of the hydrophobic tail of both
compounds onto the PMMA surface thus exposing the ethanol-
amine “head” as illustrated in Figure 2. BSA on the other hand
might adsorb in layers, in which the BSA molecules at the bottom
change their conformation, exposing some of the hydrophobic
amino acids to make good contact with the PMMA. Another
layer(s) of BSA might then adsorb on it, mainly through

protein�protein interactions. The PMMA WCA dropped signifi-
cantly after the deposition of wet and dryDEGDME as well as after
plasma treatment. The largest drop is seen after the dry DEGDME
deposition, which brings the contact angle down to 35� (Figure 3).
It should be noted that the composition of the dry DEGDME is
different from that of the wet DEGDME. The wet DEGDME film
contains unfragmented DEGDME molecules, whereas the dry
DEGDME film is composed of an underlying TEOS layer and
cross-linked DEGDME molecules. The very low WCA of the dry
DEGDME PMMA sheet is suggesting that TEOS might be
inserted into the DEGDME layer and an effective plasma polym-
erization had taken place. In general, plasma deposition leads to
fragmentation of the DEGDME precursor, thus some charged
residues (with �O� group) and hydroxyl groups are likely to be
formed. The hydrophilic nature of this surface is also explained by
the presence of the silanols (from TEOS), although we can only
speculate whether such groups are available on the top surface or
are embedded in the bulk layer. Similar fragmentation effects could
also be seen on the PT PMMA slide. Presumably, some of the
methyl esters are oxidized into carboxylic acids. Other highly
reactive species might appear too, such as oxygen radicals and
anions. However, they are highly reactive and unstable over long
periods of time. The morphologies of PMMA sheets deposited
with different blocking agents are shown in Figure 4. The plain
PMMA surface was not smooth, having scattered craters through-
out (rms = 4.06 ( 0.50 nm) (Figure 4c). However, after BSA
deposition, the craters on the surface were filled with BSA, and the
surface became uneven (rms = 9.62( 2.58 nm) (Figure 4a). The
coating of DOTAP:DOPE on PMMA made the surface become
slightly more even thanks to the filling of DOTAP:DOPE into the
craters (rms = 4.49( 0.09 nm) (Figure 4b). After deposition with
wet DEGDME, the surface became more wavy and uneven (rms =
16.63 ( 3.17 nm) as seen in the case of BSA deposition
(Figure 4e). However, of all the deposition methods, the sequential
deposition of TEOS and DEGDME on the PT PMMA resulted in
the roughest surface (rms = 21.1 ( 9.46 nm) as seen in Figure 4f.
Interestingly, the dryDEGDME filmwas the only film the roughness
of which further increased upon contact with water (data not shown)
due to its swelling properties. This surface appears to become very
well hydrated, with a structure perhaps resembling that of a hydrogel.

Figure 2. A schematic illustrating the nature of the chemical groups present on the PMMA surface (only the top layers are shown) after treating the
pristine PMMA with DOTAP:DOPE mixture, BSA, plasma (PT), and DEGDME (wet deposition and PECVD).

Figure 3. WCAs measured on PMMA sheets coated with different
blocking agents. As a comparison, the WCA of the plain PMMA and PT
PMMA are also shown. While coatings of BSA and DOTAP:DOPE
result in only small changes in WCA, PT and wet DEGDME coating
result in significant change in the contact angle. The dry DEGDME
coating gave the highest reduction inWCA.Note that the dryDEGDME
coating is different from the wet DEGDME coating: the underlying
TEOS matrix might have contributed to this difference.
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We therefore believe that it is not the roughness but the vast
hydration that is the dominant factor responsible for its increased
protein repellent properties.
3.2. Blocking Effects Measured by Fluorescence Micro-

scopy. The fluorescent images of the reaction wells of the
modified PMMA flow-cell deposited with Cy5-labeled anti-IgG
are shown in Figure 5a�f. The rectangular areas of 500 μm �
1000 μm in the expanded regions of the PMMAmicrowells were
used to measure the mean and the standard deviation of
fluorescent intensities. The Cy5-labeled anti-IgG adsorbed on
plain PMMAmicrowell surfaces showed very uneven fluorescent
intensity. It could be speculated that the protein anti-IgG's were

absorbed randomly depending on their preferences toward the
hydrophobic PMMA surface. Of all the blocking agents tested,
DOTAP:DOPE resulted in the most uniform and effective
blocking as shown in Figure 5b. The BSA and dry DEGDME
also resulted in a relatively good and uniform blocking. The
fluorescent intensity measurements inside the rectangular areas
shown in Figure 6 confirmed the observation from fluorescent
images in Figure 5. The fluorescent intensity of the absorbed
Cy5-labeled anti-IgG onto the DOTAP:DOPE-coated PMMA
microwell showed the smallest value. On the other hand, without
any blocking agent, the fluorescent intensity was the highest and
very nonuniform. The blocking due to dry DEGDME coating

Figure 4. AFM images in contact mode of PMMA sheets deposited with different blocking agents: (a) BSA (rms = 9.62 ( 2.58 nm), (b) DOTAP:
DOPE (rms = 4.49( 0.09 nm), (e) wet DEGDME (rms = 16.63( 3.17 nm), and (f) dry DEGDME (rms = 21.1( 9.46 nm). For comparison, the AFM
image of plain and PT PMMA surface are also shown in (c) (rms = 4.06( 0.50 nm) and (d) (rms = 3.56( 0.62 nm), respectively. The AFM surface
topologies together with theWCA data in Figure 3 clearly confirm the successful coatings of BSA, DOTAP:DOPE, and wet and dry DEGDME onto the
PMMA surface.

Figure 5. Fluorescent images on the reaction chambers of the flow-cell deposited with Cy5-anti-IgG (25 μg/mL) after 60 min of reaction on (a) BSA,
(b)DOTAP:DOPE, (e) wet DEGDME, and (f) dryDEGDME coatings, respectively. For comparison, the fluorescent images of the same regions on the
plain and PT PMMA flow-cell are shown in panels c and d, respectively. As can be seen, the DOTAP:DOPE and dry DEGDME not only suppressed the
nonspecific binding of Cy5-anti-IgG effectively but also uniformly across the reaction chambers. On the other hand, the Cy5-anti-IgG bound very
randomly to the plain PMMA and wet DEGDME coatings, resulting in highly nonuniform fluorescent intensity across the reaction chambers.
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was as good as that due to BSA. BSA, with concentration typically
ranging from 0.5 � 3% w/w, is widely used for blocking the
nonspecific adsorption of proteins.29 Interestingly, the cationic
DOTAP:DOPE showed very good blocking with respect to
protein nonspecific adsorption. The blocking effect of DOTAP
has been shown previously inside fused silica capillary.30 Here is
the first time it has been shown to significantly reduce the
nonspecific adsorption of proteins onto PMMA surface. Both
the BSA and the DOTAP:DOPE films represent examples where
the predominant forces responsible for the low protein adsorp-
tion are based on electrostatic interactions. Such repulsive (or
attractive) forces can be relatively easily tuned to repel specific
proteins by adjusting the pH of the solution above (or below,
depending on the charge of the modified PMMA surface) the
isoelectric point of the given protein. The repulsion of proteins
by PEG-like materials from DEGDME is also in agreement with
previouswork.32 It is also interesting to note that the dryDEGDME
prepared by PECVD showed superior blocking performance
compared to that of wet DEGDME. Moreover, the blocking due
to wet DEGDME was not uniform inside the microwell. It could
be due to the fact that in the wet preparation of a DEGDME film,
the DEGDME molecules were simply adsorbed onto the acti-
vated PMMA surface while for the dry plasma deposition of a
DEGDME film, an intermediate TEOS layer was inserted and
formed a robust scaffold for the DEGDME to be built on,
while the plasma promoted reaction and cross-linking of the
layer. The PT PMMA surface showed relatively uniform adsorp-
tion of proteins in contrast to the plain PMMA surface. It has
been shown previously that oxygen plasma treatment creates
carboxylic groups and other reactive radicals on the PMMA
surface which could allow the binding of the proteins.35

3.3. Stability of Blocking Agents and Their Effects on
Subsequent Anti-r-hCG Adsorption Assay. The Ψ and Δ
spectra measured on the Au-coated surface after rinsing the block-
ing agent-coated PMMA flow-cells with PBS buffer for 15 min,
followed by adsorption of anti-R-hCG for 60 min are shown in
Figure 7a�e. Since it is not possible to perform TIRE measure-
ments without the presence of aqueous buffer inside themicrowells,

the first set ofΨ and Δ spectra reflected not only the Au film but
also any materials that could be removed from the PMMA flow-cell
anddepositedonto theAu surface after rinsingwithPBS for 15min.17

The SPRwavelength of the first set of spectra varied fromwell towell,
which was understandable since the optical alignment and the
thickness of the organic materials deposited from the PBS rinsing
might be different. Nevertheless, the SPR wavelength was centered
around 700 nm.After the first set ofΨ andΔ spectra, the second set
ofΨ and Δ spectra corresponding to the adsorption of 50 μg/mL
of anti-R-hCG to the contaminated Au sensing surface showed
different shifts from microwell to microwell. For the DOTAP:
DOPE and BSA-coated microwells, the relative shifts were very
small from the firstΨ andΔ spectra. We reasoned that some of the
DOTAP:DOPE and BSA might have been removed from the
PMMA flow-cell and deposited back onto the Au surface, thus
blocking the subsequent binding of the anti-R-hCG. Accordingly,
this resulted in only a very small shift in theΨ and Δ spectra. For
the remaining plain, PT, wet, and dryDEGDME-coatedmicrowells,
the shifts were very distinctive and large, meaning a large amount of
anti-R-hCG had been deposited onto the Au sensing surface.
Fitting results of the first Ψ and Δ spectra to a four-layer

model gave the thickness of organic materials being deposited onto
the Au surface after rinsing with PBS after 15 min (Figure 8). The
results indicate that BSA and DOTAP:DOPE had been desorbed
from BSA and DOTAP:DOPE-coated microwells, respectively,
and were then deposited back on the sensing Au surface. Despite
the fact that the DOTAP:DOPE film deposited onto a PMMA
surface has been shown to have very good protein blocking
performance, this cationic lipid appears to not be very stable in
aqueous environment, as has also been shown in the case of
DODAB film.36 It seems that the cumulative effect of the van der
Waals forces between the hydrophobic chain of DOTAP:DOPE
and the methoxy groups of PMMA is not strong enough to
maintain their adhesion under aqueous conditions. Similarly, the
BSA film was also formed by physical adsorption of BSA onto the
PMMA microwells, thus some loosely bound BSA might have
also been removed due to the rinsing with PBS. The dimensions
of BSA are 14� 4� 4 nm3. The DOTAP molecule is composed
of the hydrophobic part of the lipid, which is∼2.1 nm in size, and
the hydrophilic part, which is another ∼1 nm in size, while the
DOPE molecule has a size of 2.9 nm.37 Furthermore, it has also
been shown that a mixed DOTAP:DOPE film formed on a
mica surface has a thickness ranging from 2.4 to 2.9 nm.38 From
the ellipsometric fitting in Figure 8 and the size of BSA and
DOTAP or DOPEmolecules, it is likely that a monolayer of BSA
(lying flat) and DOTAP:DOPE have been readsorbed onto the
Au surface. It is interesting to note that the wet DEGDME also
showed a relatively large thickness of organic layer deposited.
This could be explained by the fact that the DEGDME has only
been dynamically coated onto the PT PMMA surface, thus some
loosely bound DEGDME might have been removed and depos-
ited back to the Au surface. The plain, PT PMMA, and dry
DEGDME-coated microwells showed a very thin layer of organic
materials deposited onto the Au surface, confirming their stabil-
ity and resistance against washing in buffered solution. The small
amount of deposited organic material could come from contami-
nants of the PBS buffer being used. Overall, the dry DEGDME
film, covalently cross-linked with siloxane (TEOS), is very robust
compared to other coatings under the rinsing effect of PBS flow
inside the microwell.
The increases in the thickness after adsorption of anti-R-

hCG onto the Au sensing substrate are shown in Figure 9. We

Figure 6. Fluorescent intensities measured on the rectangular areas
indicated in Figure 5 of PMMA flow-cells deposited with 30 μL of Cy5-
labeled anti-IgG with concentrations of 25 μg/mL in PBS (pH 7.4). The
error bars represent the standard deviations of the fluorescent intensities
of the pixels inside the rectangular areas. This result again confirms the
superiority of DOTAP:DOPE and dry DEGDME coatings compared to
the remaining coatings for blocking Cy5-labeled anti-IgG nonspecific
binding onto the PMMA surface.
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observed a small thickness increment after adsorption of anti-
R-hCG onto the contaminated Au sensing surface inside the

DOTAP:DOPE and BSA-coated microwells, whereas the remain-
ing four microwells including plain, PT, wet, and dry DEGDME
showed good adsorption of the protein onto the Au surface, as
evidenced by large thickness increments. Finally, the kinetic data of

Figure 7. Ψ andΔ spectral shifts after adsorption of anti-R-hCG 50 μg/mL over 60 min onto Au-coated glass sensing substrate in PMMAmicrowells
blocked with (a) BSA, (b) DOTAP:DOPE, (e) wet DEGDME, and (f) dry DEGDME. For comparison, the spectral shifts in plain and PT PMMA
microwells are also shown in panels c and d, respectively. Note that the PBS spectra in all panels do not represent PBS buffer on plain gold surfaces, but
they represent PBS buffer on contaminated gold surfaces deposited with any organic materials removed by rinsing the coatings with PBS buffer for
15 min at 5 μL/min.

Figure 8. Thickness of organic layer removed from the coating
materials and deposited back onto the Au surface after rinsing the
microwells with PBS buffer for 15 min at a flow rate of 5 μL/min. A four-
layer ellipsometric model was used in the fitting with the PsiDelta 2
software (Jobin Yvon Horiba, France) to estimate the thickness of the
organic layer. A Cauchy dispersion formula A + B/λ2 + C/λ4, where A =
1.415, B = 0.01 nm2, andC = 0was used tomodel the refractive indices of
all organic layers with the assumption that the difference in their
refractive indices is negligible.21 In this case, the larger the thicknesses
(e.g., BSA and DOTAP:DOPE), the less stable the corresponding
coatings against buffer washing.

Figure 9. Thicknesses of anti-R-hCG at 50 μg/mL deposited onto
contaminated Au surfaces in different microwells after 60 min of reaction.
Here, contaminated Au surfaces are Au surfaces deposited with organic
layers removed from the coatings. These thicknesses of anti-R-hCG were
obtained by subtracting the absolute thicknesses from the ellipsometric
fitting to the thicknesses of the organic layers in Figure 8.21 In this case,
anti-R-hCG physisorbed much less to the Au surfaces contaminated with
BSA and DOTAP:DOPE removed from the coatings.
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the change inΨ andΔ from the PBS rinsing to the introduction of
R-anti-hCG convincingly showed the effect of contamination of
the Au surface by desorbed blocking agents (Figure 10). In BSA
and DOTAP:DOPE-coated microwells, the Ψ and Δ responses
were very slow, implying that the Au surface of the sensing
substrate has been contaminated and partially blocked, thus
reducing the rate of adsorption of the proteins. On the other hand,
the adsorption happened very fast, i.e. within 30 to 40 s, on the
PMMAmicrowells blocked by wet and dry DEGDME as well as in
the plain and PT PMMA microwells. This strongly supports our
hypothesis about the effect of the desorption of blocking agents
with respect to the subsequent assays which are based-on the
adsorption of anti-R-hCG onto the Au sensing substrates. We
expect this findingwould be useful in the assessment of nonspecific
adsorption blocking agents for PMMA-based immunosensor or
biosensor devices.22�26

4. CONCLUSIONS

A comprehensive comparison of different surface coatings for
suppression of nonspecific adsorption on PMMA surfaces has
been carried out. Measurements using WCA and AFM con-
firmed the successful modification of the PMMA surfaces with
blocking agents. Fluorescent measurements show that the DO-
TAP:DOPE is the best of all the coatings tested to suppress the
nonspecific binding of Cy5-labeled anti-IgG onto the PMMA
surface. BSA and plasma-deposited dry DEGDME coatings also
showed very good suppression of nonspecific adsorption of
proteins. However, results obtained from TIRE showed that

DOTAP:DOPE and BSA could be removed from PMMA
surfaces upon rinsing with PBS buffer and deposited back onto
Au sensing substrate. The contamination of the Au sensing
substrate by desorbed blocking agents was manifested in the
kinetics and the amounts of the adsorbed anti-R-hCG proteins.
Overall, the dry DEGDME coating deposited by PECVD
showed very good blocking and excellent stability when rinsing
with PBS buffer. Our results could be useful when one considers
blocking agents to suppress the nonspecific adsorption of analyte
inside PMMA devices. In particular, it would have implications
on PMMA-based biosensor devices integrated with sensing
elements for electrochemical or optical detection.
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Figure 10. Kinetics ofΨ and Δ measured on the Au substrates before and after injection of anti-R-hCG at 50 μg/mL in different PMMA microwells
blocked with (a) BSA, (b) DOTAP:DOPE, (e) wet DEGDME, and (f) dry DEGDME. For comparison, the kinetics ofΨ andΔ in plain and PT PMMA
microwells were also shown in panels c and d, respectively. For DOTAP:DOPE and BSA coatings, the Au surfaces have been blocked by a layer of
DOTAP:DOPE and BSA removed from the PMMA surfaces of themicrowells, thus preventing the physisorption of anti-R-hCG (i.e., the rates change of
Ψ andΔ are very slow compared to other coatings). The flow-rate of the syringe pump was adjusted at 5 μL/min. The kinetic wavelength was chosen to
maximize the change in Ψ and Δ signal.
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