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Microfluidic platforms possess great promise in fields ranging
from proteomics1 to biosensing.2 Indeed, these devices can be used
for rapid analysis while consuming only trace amounts of materi-
als.3,4 Unfortunately, such applications often require off-chip sample
purification or on-chip separations in order to carry out the desired
analysis.5,6 Such additional steps can make the monitoring process
lengthy and cumbersome. Moreover, manufacturing intricate devices
is more expensive and prone to contamination or failure. An ideal
platform would be one that could selectively screen ligand-receptor
interactions of multi-protein mixtures in the fewest possible steps.

Herein, we describe a simple microfluidic method for assaying
ligand-receptor binding on solid-supported lipid bilayers7 (SLBs)
while simultaneously applying a size-selective filter against the
analytes. The lipid bilayer contains ligand-conjugated lipids, which
serve to recognize incoming protein analytes with the appropriate
receptor sites.8,9 Additionally, a lipopolymer, poly(ethylene glycol)
phosphatidylethanolamine (PEG-PE),10,11 is incorporated into the
fluid SLBs and serves as a nanoscale size exclusion filter. The
conformation of the polymer can be controlled through the chain
length of the PEG and the number density of the lipopolymer within
the lipid membrane.12,13 The particular conformation of the PEG
in turn strictly regulates access to the underlying ligands in the
bilayer on the basis of the size of the analyte. In other words, the
PEG lipopolymers effectively screen proteins by their molecular
weight, even if several species recognize the identical surface-bound
ligands. A key aspect of our system is that the lipids, ligands, and
PEG lipopolymers experience the same two-dimensional fluidity
as found in native biomembranes.14,15In fact, these supramolecular
architectures are to some extent reminiscent of a cell’s glycocalyx,16

which is an intricate carbohydrate network attached above the
plasma membrane and might also be involved in screening incoming
analytes on the basis of size.17

In a first set of experiments, solid-supported lipid bilayers were
prepared by fusing vesicles18,19 inside PDMS/glass microfluidic
devices.20 The lipid membranes consisted primarily of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) with 1 mol % of 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (so-
dium salt) (biotin-PE) and 0, 0.5, or 1.5 mol % of a PEG-PE
lipopolymer with a degree of polymerization,np, of 114 (Mw )
5000 Da, PEG5000-PE). It is well-known that the conformation of
the PEG depends on the mole fraction of PEG-PE in the
membrane.12,14,21At 0.5 mol % of PEG5000-PE,22 the PEG moiety
is at the onset of the mushroom-to-brush transition, where the
interpolymer distance is just slightly less than twice the Flory
radius.11 On the other hand, at 1.5 mol % of PEG5000-PE, it is
well into the brush transition.

Binding assays were carried out by flowing fluorescently labeled
streptavidin and anti-biotin IgG solutions (1µM in phosphate
buffered saline, pH 7.4) over biotinylated bilayers with varying PEG

densities. Both proteins are known to bind tightly to the biotin
moiety.23,24All fluorescence data were normalized to their respective
controls without lipopolymer in the bilayer (POPC+ 1 mol % of
biotin-PE). The effect of the lipopolymer concentration on the
ability of the two proteins to penetrate the PEG layer and undergo
ligand-receptor binding is shown in Figure 1. For the smaller
protein, streptavidin (Mw ) 52.8 kD),25 there was no appreciable
effect of the PEG layer even at the highest density investigated
(green bars). On the other hand, the effect of the lipopolymer was
dramatic for the IgG (Mw ) 150 kD).25 At 0.5 mol % of PEG5000-
PE, the binding dropped to∼60% of the value obtained without
PEG in the membrane. At a PEG5000-PE density of 1.5 mol %,
IgG binding was almost completely inhibited (red bars).

To demonstrate the ability of the PEG filter to discriminate
between a mixture of proteins that recognize the same surface-
bound ligand, a competitive binding assay of fluorescently labeled
anti-biotin and streptavidin was carried out in a microfluidic channel
containing a POPC membrane with 1 mol % biotin-PE and 1.5
mol % PEG5000-PE (Figure 2, center panel, channel 1), along with
two controls (channels 2 and 3). In the second and third channels,
1 µM IgG and 1µM streptavidin were introduced, respectively,
over a biotinylated POPC bilayer without PEG. As can be seen
from the green line scan (right panel), the concentration of bound
streptavidin in channels 1 and 3 was identical within experimental
error. By contrast, the amount of IgG in channel 1 was reduced by
nearly 2 orders of magnitude with respect to its control, channel 2
(red line scan). Such size-selective filtering is remarkable, especially
considering that the proteins only differ by a factor of 2.8 in
molecular weight.

To ensure that the binding discrimination was due to the PEG
filter, it was necessary to show that the two proteins would bind
roughly equally to the biotin-PE ligands in the absence of PEG.
Therefore, a competitive binding assay was run between anti-biotin
and streptavidin without any lipopolymer (Figure 3). In channel 1,
a POPC bilayer with 1 mol % of biotin-PE was exposed to a 1:1
mixture of fluorescently labeled IgG and unlabeled streptavidin (1
µM of each protein, 1 h incubation, followed by rinsing out the

Figure 1. Protein filtering induced by the presence of PEG lipopolymer.
(A) The level of binding of streptavidin (green) and (B) anti-biotin IgG
(red) without PEG is compared to that of membranes with PEG5000-PE at
mole fractions corresponding to the onset of the mushroom-to-brush
transition (0.5%) and well into the brush conformation (1.5%).
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bulk proteins). In channel 2, the same assay was run, but without
the streptavidin. As can be seen, the fluorescence level from the
labeled IgG was cut almost exactly by a factor of 2 when an
equimolar concentration of streptavidin was present. The converse
experiment using labeled streptavidin and unlabeled IgG gave
similar results (see Supporting Information). Such data demonstrate
that both proteins bind to biotin to approximately the same extent
under these conditions. This occurs despite the fact that the two
proteins have somewhat different equilibrium dissociation constants
for biotin binding (i.e., kinetically controlled binding dominates
the process).23,24

Although the assay presented above has been optimized for
filtering IgG in the presence of streptavidin, the methodology should
be quite general. Polymer scaling theory26-28 predicts that the
molecular weight cutoff would increase if shorter PEG lengths and
lower lipopolymer densities were employed.29 On the other hand,
discrimination between proteins with molecular weights below
100 000 could be achieved by using higher molecular weight PEGs
and greater lipopolymer densities. Indeed, the door should now be
open to “on-chip” sensor design with thin film size exclusion
architectures.
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Figure 2. (Left panel) A schematic representation of the size-selective filtering process for a protein mixture by using a lipopolymer membrane. (Middle
panel) A working microfluidic device in which channel 1 contains a POPC+ 1 mol % of biotin-PE membrane with 1.5 mol % of PEG5000. The other
channels contain the same membrane without the lipopolymer. Fluorescence micrographs were acquired and overlaid after the bilayers were exposed to
Alexa 488 streptavidin (green) and Alexa 594 IgG (red) in channel 1, Alexa 594 IgG in channel 2, and Alexa 488 streptavidin in channels 3. (Right panel)
A line profile of the red and green fluorescence intensity across all three channels in the device (taken from the blue dashed line across the channels).

Figure 3. (Left) Comparison of the binding of a 1:1 mixture of unlabeled
streptavidin/labeled IgG (channel 1) to a control, labeled IgG (channel 2),
for 1 mol % biotin-PE in POPC bilayers inside a microfluidic device. The
line scan (right) shows that the fluorescence intensity from the protein
mixture is about half of that from the control.
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