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To accurately characterize molecular interactions, determi-
nations should be done in a label-free manner.[1,2] Further-
more, in order to have the capability to fully evaluate the
molecular diversity that exists in nature, it would be most
advantageous to make these determinations with micro-total-
analysis systems (m-TAS)[3,4] configured for high through-
put.[5,6] Yet, conventional detection methods are difficult to
implement in m-TAS and are often volume- or sensitivity-
limited, both impediments to performing systems-biology
analyses.

Investigators have developed various detection methods
for use with microfluidic devices that have promise for label-
free nanoscale detection. These include the nanoelectrode,[7]

the porous Si (p-Si) sensor,[8,9] the surface plasmon resonance
(SPR) detector,[10–13] and backscattering interferometry.[14–16]

However, nanoelectrodes foul easily in real-world applica-
tions and require multistep manufacturing procedures for the
integration into microfluidic chips. The SPR and p-Si methods
are sensitive (detection limits of � 10–50 nm for protein
interactions[8,9, 17]) and capable of sensing label-free biochem-
ical interactions, yet neither technique is inherently compat-
ible with m-TAS. Integration or immobilization of p-Si into the
fluidic network and long solute-diffusion times hinder the use
of this method in m-TAS. Since SPR relies on the excitation of
plasmons—collective oscillations of free electrons that occur
predominantly in metals—SPR surfaces are coated with a thin
metal layer (for example, gold). This makes integration of
SPR sensors into plastics challenging and relatively expensive
as a result of the deposition process. Additionally, the
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elaborate surface chemistry used to immobilize targets on
SPR surfaces has been shown to lose as much as 20% of
binding capacity over a 24-hour period.[10] Backscattering
interferometry in rectangular channels (BIRC)[15] was
recently shown to be applicable to label-free assays, can be
used to study reversible molecular interactions in poly(di-
methylsiloxane) (PDMS) chips, and is compatible with m-
TAS. Although promising, BIRC has been limited by tedious
immobilization chemistry and, owing to less than optimum
transduction-scheme concentration detection limits, has bor-
dered on relevance to biological systems.

Herein we address many of these problems through the
use of simple and robust surface immobilization chemistry on
polymer chips and an improved BIRC instrument based on
charge-coupled-device (CCD) transduction and fringe-pat-
tern Fourier analysis. For the first time, it is shown that simple
photoactivatable surface chemistry[18,19] can be used for the
immobilization of substrates onto PDMS-facilitated, label-
free, reversible-binding assays. This simplified approach to
surface immobilization is a significant alteration to our earlier
binding studies and those methods commonly used for surface
activation/immobilization chemistry.[12,20]

A two-step biotin/avidin reaction (Figure 1) with a
carbene-generating form of photobiotin consisting of a

biotin moiety, spacer arm, and photoactivatable group was
used to immobilize target molecules of interest. A solution
(7 mL) of carbene-generating photobiotin (0.5 mgmL�1) con-
taining 0.02% Tween 20 and 50% (v/v) acetone was intro-
duced into the PDMS channels and allowed to dry. Irradiation
of the photobiotin molecule caused photolysis of the diazirine
group, thereby producing an electronically excited np* state.
Formation of an excited-state diradical was followed by
internal conversion and production of a carbene. The highly
reactive carbene was then inserted into the oxidized substrate.
As a result, a homogeneous layer of biotin molecules was
strongly bound to the channel surface.

A solution of extravidin (0.5 mgmL�1) was injected into
the same channels and allowed to incubate for 30 min.
Extravidin recognizes the imidazole ring that is cis fused to
a tetrahydrothiophene ring, and binds to biotin with high
affinity (association constant, Ka= 2.5 @ 1011m�1).[21] The
resulting biotin/avidin complex is very stable to changes in
temperature, pH value, and denaturing agents, unlike the
lysine/glutaraldehyde/streptavidin/ethanolamine sandwich
described in our earlier binding experiments.[15] Fluorescence
images (not shown) of fluorescein isothiocyanate (FITC)
labeled avidin were used to confirm that the surface chemistry
used for immobilization was successful. Thus, biotinylated
targets can be immobilized onto the PDMS-molded channel
surface to result in a cost-effective, disposable chip that is
applicable to the analysis of a variety of reversible biochem-
ical interactions.

As described in detail elsewhere,[14, 15,22,23] BIRC
(Figure 2) employs a connected light source that illuminates

a microfluidic channel, thereby creating a series of high-
contrast interference fringes in the backscattered direction
that shift with the optical pathlength. Herein we show that the
overall performance of BIRC can be improved 100-fold
through proper design and implementation of the photo-
transduction method.

The use of a CCD combined with spatial Fourier
analysis[14] for signal transduction, rather than an avalanche
photodiode detector, facilitates improved sensitivity and
reproducibility, while greatly simplifying alignment. Direction

Figure 1. Top: Photobiotin is activated upon exposure to UV light and
this promotes insertion into the oxidized PDMS substrate. Center:
Avidin binds strongly to the immobilized layer of biotin. The tetrameric
nature of avidin signifies that it can simultaneously bind the surface-
bound biotin as well as any biotinylated target molecule that passes
through the channel (bottom).

Figure 2. Schematic diagram of BIRC showing the simple optical train
consisting of a connected light source, a microfluidic channel, and a
phototransducer.
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of multiple fringes onto the CCD array promotes signal
averaging and enhanced signal-to-noise (S/N) results. A
fringe-pattern Fourier transformation (FFT) algorithm is
inherently insensitive to laser-intensity fluctuations[14] and
allows spatial phase determination. Since the CCD is a large-
area device, three to upwards of eight fringes from the
interference pattern can be used, thereby eliminating the
need to align the slit-photodetector with respect to 1/e2

intensity on a particular fringe.
To evaluate the new immobilization chemistry and trans-

duction method, two reversibly binding pairs were studied,
protein A (PA) linked to immunoglobulin G (IgG) and a 30-
mer DNA–DNA pair. PA, containing four high-affinity (Ka=

2 @ 108–4.54 @ 108m�1) binding sites capable of interacting with
the Fc region of IgG from several species, including human
and rabbit, was immobilized onto a PDMS chip by using the
chemistry shown in Figure 1. The reversible-binding assay of
PA with IgG was repeated five times (Figure 3). The non-

complementary fragment, Fab, served as the control and
showed no signal (change in refractive index/phase; data not
shown) when introduced into the PA-coated channel. As seen
in Figure 3, reversible-binding events can be monitored with
an excellent S/N ratio (pooled standard deviation= 0.0017). If
it is assumed that complete reaction between the binding pair
took place, and on the basis of the target-surface coverage, the
3s detection limit is 4 @ 10�17 mol (40 attomol) in a 500-pL
probe volume. These results represent an increase in sensi-
tivity of two orders of magnitude when they are compared to
the PA/IgG experiments performed previously.[15]

The use of microfluidic chips to perform nucleic acid
analysis has allowed the detection and discrimination of
multiple DNA sequences[24,25] and can eventually facilitate
high-throughput screening techniques.[26] As further demon-
stration of the utility of BIRC, a label-free reversible DNA
assay was performed (Figure 4). Immobilization of a biotin-
ylated 30-mer of mActin (5’-ACTCATCGTACTCCTGCT-
TGCTGATCCACA-3’; MW= 9622.5; melting temperature,

TM= 68.7 8C) onto the PDMS channel was possible with the
biotin/avidin surface chemistry described above. Nonlabeled
complementary DNA strands were successively hybridized to
the immobilized mActin 30-mer and then removed with an
NaOH wash. Binding events of complementary DNA fol-
lowed exponential growth for BIRC over concentrations
ranging from 5 nm up to roughly 500 mm with excellent
convergence (R2= 0.988). A noncomplementary probe
strand, according to the Watson–Crick model, served as the
control and showed no appreciable signal. If it is assumed that
hybridization went to completion and 100% channel-surface
coverage was attained, at 3s, 36 attomol DNAwere quantifi-
able in a 500-pL detection volume.

Ultimately, it would be desirable to screen for an array of
different sequences in a label-free manner to avoid perturba-
tions due to the signaling fluorophore or derivation chemistry.
A step toward this requires the determination of the
discrimination that is possible with BIRC. We used an
oligomer consisting of a three-base-pair mismatch (at posi-
tions 5, 15, and 25) from that of the complementary mActin
strand as an initial test of specificity. The experiment
consisted of immobilizing the mActin 30-mer as noted
above and a subsequent repetitive hybridization test with a
5-mm solution of the mismatch strand. Figure 4 shows the
typical output from one of the binding evaluations. Three
trials of these experiments produced an average signal
corresponding to greater than 140% of that for the control
and approximately 7% of the signal for the complementary
strand.

In conclusion, the biotin/avidin surface chemistry signifi-
cantly simplified substrate preparation, was compatible with
PDMS, and facilitated free-solution assays with BIRC.
Combination of this new surface chemistry with the
CCD FFT transduction has allowed improved detection for
PA/IgG binding by two orders of magnitude.[15] BIRC was also
used to monitor DNA hybridization over a wide range of
concentrations and allowed discrimination in binding of a
three-base-pair mismatch. The use of PDMS microfluidic

Figure 3. Biotinylated PA was immobilized on the channel surface.
Unreacted PA was washed out with phosphate-buffered saline (PBS)/
Tween 20. A human IgG Fc solution (0.5 mgmL�1) in PBS was
introduced into the microfluidic channel and allowed to bind to the PA

for 5 min. The channel was then rinsed with PBS/Tween 20 to remove
any unbound IgG. Removal of the bound IgG from PA was performed
by using an acetic acid wash.

Figure 4. The binding affinity of a complementary DNA strand to an
immobilized target over a multiple complementary strand. The com-
plementary strand is also compared to a 3-bp mismatch and control
strands at high concentration. All probe strands were allowed 20 min
for hybridization. The control signal is shown at ten times its actual
signal to allow visualization.
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chips and the exceedingly simple optical train of BIRC
represents a cost-effective platform for label-free molecular-
interaction determinations as well as for the investigation of
reversible biological interactions within subnanoliter volumes
and at the attomole level. The methodology and technology
are compatible with large-scale integration and should
facilitate high-throughput assays.
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