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Time-Dependent Binding of Molecules and Nanoparticles
at Receptor-Modified Supported Lipid Bilayer Gradients in
a Microfluidic Device
Nico J. Overeem, Pieter H. (Erik) Hamming, and Jurriaan Huskens*[a]

Microfluidic devices are widely used for the sensing of small
quantities of analytes. In these applications, the measurement
can be easily perturbed by loss of analyte due to binding of the
analyte outside the sensing area. We studied the binding of
small molecules and nanoparticles up to 400 nm in a state-of-
the-art sensing platform – receptor gradients on supported
lipid bilayers (SLBs) – in a microfluidic device over time. Biotin-
streptavidin was used as the model interaction motif for
specific binding and a biotin-modified dye, which can bind to
the streptavidin on the SLB, as a small-molecule model analyte.
We used finite element simulations to show that the time-
dependent binding of analytes in the sensing area depends
strongly on the extent of the nonspecific binding of the

vesicles, used in a preceding step to make the SLB platform,
outside of the sensing area (e.g., in the tubing). At sufficiently
high flow rates, proteins and nanoparticles were only partially
depleted by nonspecifically adsorbed lipids, and no delayed
onset of binding was observed, because of their lower diffusion
coefficients. As a practical solution, a flow cell with two inlets
was used to avoid the presence of nonspecifically adsorbed
receptors in the sample inlet, which allowed us to decouple the
formation of the sensor layer on the surface from the
subsequent sensing event. We found that in the absence of
lipids adsorbed to the tubing, the nonspecific binding of dye
molecules was negligible.

1. Introduction

Microfluidic devices are widely used for sensing, both in point-
of-care devices and in research applications.[1,2] The need for
only small volumes is a key advantage for studies that use
biological samples, where the species of interest is usually
available in limited quantities only.[3,4] Many biosensors use a
method in which a sample is passed over a surface bearing
receptors to which the species of interest binds selectively.[5,6]

In such methods, the species of interest can be present in low
concentrations, especially when such species are multivalent or
strongly binding, such as cells, bacteria, viruses, protein
assemblies and nucleic acids.[7–10]

Receptor density surface gradients in a microfluidic device
offer a novel and state-of-the-art platform for the study of such
supramolecular interactions.[11,12] Our group has developed a
microfluidic flow cell to create supported lipid bilayers (SLBs)
on the surface of a chip and form an electrophoretic gradient

within the SLBs.[13] Using SLBs of saturated lipids, gradients
have been formed at an elevated temperature and locked-in by
cooling, yielding stable surface gradients that allow a variety of
covalent and noncovalent modifications.[14] This technique was
used to create density gradients of thiolated mannose on
maleimide-modified lipids to study the binding of uropatho-
genic E. coli.[12] The continuous variation of receptor density
over the length of an SLB allows the performance of a receptor
density titration in a single fluorescence micrograph.

It is especially instructive to apply this method to develop a
sensor for viruses. Viruses behave as multivalent particles with
finely tuned binding properties designed to circumvent the
immune system and find the required target.[15–17] To quantita-
tively assess the binding of particles to receptors on the
surface, it is important that high enough numbers of particles
are bound and that the binding is not disrupted by the fluid
flow.

Here we show that the loss of analyte outside the sensing
area in a microfluidic device that has receptors displayed on an
SLB, is governed by nonspecific interactions of the SLB-forming
lipids with the tubing and by the diffusion constant of the
analyte, for both small molecules and nanoparticles in sub-
micromolar concentrations. We studied the time-dependent
binding of dyes and particles with fluorescence microscopy to
discover how receptor density, ligand concentration and flow
rate affect the time required until half saturation coverage is
reached (t1=2). We used a finite element model to simulate this
time-dependent binding and found that for low concentrations
of analyte, the major contribution to t1=2 is binding outside of
the sensing area (i. e., at the tubing). To prevent the analyte
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from flowing along nonspecifically bound receptors in the
tubing, we introduced a secondary inlet to decouple the SLB
formation process from the introduction of analytes. We
compared the adsorption profiles of both single and double
inlet devices to assess the effect on the analyte adsorption
outside the sensing area.

2. Results and Discussion

2.1. Gradient formation in SLBs

To study the binding of small molecules and nanoparticles to a
surface with receptors in a flow cell, we used receptor gradients
on SLBs (Figure 1). The gradients allowed us to distinguish the
binding of fluorescently labeled model analytes (molecules and
particles) from background fluorescence, without the need for
total internal reflection fluorescence microscopy (TIRF) or
confocal microscopy. We used a flow cell with a straight,
rectangular microchannel on a glass chip, on which three
positions between interdigitated gold electrodes for supported
lipid bilayers (SLBs) are subdivided into 100 μm corrals by
chromium lines (Figure 1A). Detailed dimensions are shown in
Figure S1.

We created SLBs of the zwitterionic lipid 1-myristoyl-2-
palmitoyl-sn-glycero-3-phosphocholine (MPPC) and the nega-
tively charged, biotinylated lipid 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (biotin-DOPE) (Figure 1B). Electrophoretic
gradients in biotin density were formed by applying a potential
over the SLBs at 50 °C. The elevated temperature results in a
fluid state SLB which allows the negatively charged lipids to
migrate in the direction of the cathode. Afterwards, the flow
cells were cooled to room temperature, resulting in a gel state
SLB which locks-in the gradients. The SLBs were then
functionalized using streptavidin (SAv). SAv labelled with
fluorescent CF350 or Alexa Fluor 488 (AF488) was passed
through the flow cell using a syringe pump at 10 μL/min in a
concentration of 20 μg/mL (333 nM). When we recorded
fluorescence micrographs of the surface, the fluorescence was
found to reach its maximum intensity after approx. 8 min
(Figure S2). We passed SAv through the flow cells for 25 min to
ensure saturation of the SLBs and rinsed with phosphate-
buffered saline (PBS) to remove unbound SAv.

2.2. Time-dependent binding of small molecules

We used a fluorescent ligand, ATTO 565-biotin, to study how
receptor density and analyte concentration affect the satura-

Figure 1. Schematic representation of the method used form receptor gradients and study ligand binding. A) A flow cell, fed by a syringe pump, with a PDMS
microchannel on a glass chip, in which there are three positions between interdigitated gold electrodes for supported lipid bilayers (SLBs) that are subdivided
into corrals by chromium lines. B) Process to create receptor gradients on SLBs: (i) on glass, an SLB is formed by vesicle rupture at a temperature above the Tm

of the lipids. (ii) A potential is applied to form an electrophoretic gradient of biotin-DOPE lipids in the SLBs. Ferrocene methanol is used as sacrificial agent to
prevent water splitting. (iii) The gradients are locked in by rapidly cooling the flow cell to room temperature. (iv) For small molecule binding studies, the
gradients are functionalized with fluorescently labelled streptavidin (SAv) that can act as receptor. (v) Biotinylated fluorescent dyes are passed through the
microchannel and bind to the surface as model analyte. The binding is monitored with fluorescence microscopy. (iv) For particle binding studies, SAv-coated
fluorescent nanoparticles act as analyte, binding directly to the biotin-DOPE lipids.
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tion half-life, t1=2. After successful formation of the SAv-coated
gradients, ATTO 565-biotin was flowed through the flow cell
and fluorescence micrographs were recorded at regular
intervals. The fluorescence micrographs were processed by a
custom written MATLAB script to extract the average
fluorescence intensities of ATTO 565-biotin on the SLBs and
remove the background fluorescence that was visible outside
the microchannel

Figure 2 shows fluorescence micrographs of the inlet and
corrals of a microchannel with SAv-AF488-modified SLBs before
and after incubation with ATTO 565-biotin. The intense green
fluorescence at the inlet in Figure 2A indicates that SAv-AF488
has not only bound to the SLB on the glass, but also to the
Tygon tubing and polydimethylsiloxane (PDMS) channel walls.
The higher intensity of red fluorescence at the inlet than at the
corrals must arise from background fluorescence. During the
analyte binding phase (Figure 2B), the red intensity increases
due to the presence of ATTO 565-biotin and the green
fluorescence intensity decreases, suggesting that some SAv is
released either by the prolonged rinsing or by the presence of
competing biotin. After washing with PBS (Figure 2C), the ratio
of red to green fluorescence intensities is similar in the tubing
and at the corrals, indicating that ATTO 565-biotin binds not
only on the corrals, but also to the tubing.

In Figure 2D, the increasing fluorescence intensity shows
how the dye binds over time. Passing through only 30–40 μL of
tubing at a flow rate of 10 μL/min, the dye was expected to
reach the microchannel at 3–4 min but typically it took around
16 min with some samples taking up to 40 min. Further binding
curves are shown in Figure S3. This delayed transport to the
corrals suggests that much of the dye is depleted from the
solution in the tubing before it reaches the microchannel.

We explored two possible mechanisms for the observed
loss of analyte. If this depletion is caused by nonspecific
binding of the dye to a surface or by nonspecific binding of
SAv where it can still bind the biotinylated dye, then the
transport delay depends on the concentration of the dye, but
does not depend on the biotin density in the SLBs. On the

other hand, if the vesicles that form the SLBs also adhere to
surfaces other than the flow cell surface and subsequently bind
SAv, the delay depends on both the concentration of dye and
the biotin% in the SLBs. We explored both possible explan-
ations by studying the dependencies of t1=2, as shown in
Figure 3. With decreasing concentration of ligand, t1=2 increased,
but t1=2 also increased with increasing biotin density in the SLB.
Therefore, t1=2 appears to correlate with the ratio of ligands per
receptor. Because the Tygon Microbore tubing S-54-HL that we
used is hydrophobic, this implies that a lipid monolayer is
formed on the inside of the tubing.

To simulate the possible modes of depletion of species
from solution and study the influence of various variables on
the binding of ligands to the surface of the microchannel, we
constructed a 2D finite element simulation in COMSOL (file
available as SI). This model describes a stationary laminar flow
of water through a tube, a hole, a channel and another hole,
each represented by a rectangle (Figure S4A). At t=0, an inflow
of a dilute species is started and the transport of this species
through the flow is simulated using flow coupling multiphysics.
This species can react with binding sites at the boundaries in
the form of a chemical equilibrium according to the Langmuir
adsorption model. The bottom surface of the channel has four
electrodes, which are defined as non-reactive edges of 500 μm,
and three corral areas with SLBs, which are defined as reactive
edges of 500 μm. Figure S4B shows an example of the
simulation of molecular transport in this model.

To approximate the adsorption to a tube surface in a 2D
model, we used a density of binding sites on the “tube” edges
that was a factor 2 higher than on the “glass” edges. This factor
2 is the difference in circumference between a pair of parallel
plates and a tube that have equal cross sections (see
explanation in the SI). Because saturation of the “tube” edges is
reached, the difference in diffusion rates from the center of the
tube to the edge can be ignored. In this model, we investigated
the influence of nonspecific adsorption to the tubing. We
simulated the binding of a species with a diffusion coefficient
D=4 ⋅10� 6 cm2s� 1, which is typical for ATTO dyes, at a

Figure 2. Binding of ATTO 565-biotin (red) to SAv-AF488 (green) in the tubing and corrals followed over time with fluorescence microscopy. A) Fluorescence
micrographs of SAv-AF488 (green) at the inlet and corrals of the flow cell before ATTO 565-biotin (red) is added. The ratio of red over green fluorescence
intensities on the surface in the center of the inlet and on the corrals is shown below the micrographs. B) Fluorescence micrographs of the addition of ATTO
565-biotin. C) Fluorescence micrographs after the ATTO 565-biotin solution is washed from the microchannel. D) Time-dependent binding profiles of ATTO
565-biotin to streptavidin-coated SLBs, with 0.5% biotin in the SLBs and 40 nM ATTO 565-biotin in the solution. The fluorescence intensity is averaged over all
corrals inside the microchannel and the background intensity was determined in a corral outside the microchannel, before normalization. Both a typical and
the slowest curve are shown. Shaded areas represent the standard errors between corrals. In both curves, t1=2 is indicated with an asterisk.
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concentration of 40 nM, to a surface with a density of binding
sites, Γ=1 pmol⋅cm� 2. Figure 4 shows how the average surface
concentration at position A develops over time as the dilute
species is depleted by different reactive edges.

When only the “glass” edges are reactive, the surface
coverage increases rapidly between 3 and 4 min. When the
“tube” edges are also reactive with the same density of binding
sites, the binding of the ligand is delayed and occurs over a
longer time. Both the shape and delay agree well with the
experimental binding curves shown in Figure 2 and S3. In the
case of reactive “tube” edges, the effect on t1=2 of varying the
concentration of ligand or varying the density of binding sites
on the “tube” edges and on the “glass” edges is the same
(Figure S5).

If the “PDMS” edges are also reactive, the profile is almost
identical to the case of “glass” alone, indicating that fouling on
PDMS does not significantly affect the rate of transport towards
the surface of the microchannel. The surface area of the PDMS
is approximately equal to that of the tubing, but in the 2D
simulation the “PDMS” edges are only 10% of the “tubing”
edges. Yet the difference in simulated surface area alone
cannot account for the absence of transport delay. Instead, this
can be understood from Figure S4B, which shows that the
velocity difference between the center and edge of the hole
leads to a higher concentration in the microchannel than at the
edge of the hole. The residence time in the center is
approximately 4 s, allowing a mean squared displacement of
0.1 mm, which is only a fifth of the radius of the hole. Since the
surface reactions depend on concentration, no significant
depletion at the edges of the hole are to be expected before
the transported species reach the microchannel. This remains
valid as long as the flow rate is higher than 2 μL/min.

Figure 5 shows t1=2 as function of the ratio of receptors to
ligands. A simulation that assumes ligand binding to the
surface of an 800 mm long tube before binding to the sensor
surface follows the slope of the trendline but has an offset that
is 5 min lower. The slope of the simulated trend confirms that
depletion of ATTO 565-biotin from the solution caused by
binding to the tubing can explain the observed delay of
binding to the SLBs and that the density of binding sites on the
tubing is related to the biotin density in the SLBs. The higher
offset of the experimental trend may be due to a slow buildup
of pressure between the start of the syringe pump and the
actual flow of the solution.

2.3. Dual inlet flow cell to avoid nonspecific binding

Because the tubing binds a large amount of the species of
interest but is essential for the function of the microfluidic
device and cannot be replaced without risk of disrupting the
SLBs by exposure to air. To mitigate this problem, we designed
a flow cell with two inlets.

Figure 3. Possible correlations for t1=2 derived from time-dependent fluorescence measurements (see Figure S3). A) t1=2 as function of the concentration of ATTO
565-biotin in solution. B) t1=2 as function of the density of biotin-DOPE in the SLBs for different concentrations of ATTO 565-biotin in solution. C) t1=2 as function
of the ratio of the concentration of ATTO 565-biotin in solution over the density of biotin-DOPE in the SLBs.

Figure 4. Development of the surface concentration of adsorbed species
over time in the first glass area between electrodes in the COMSOL
simulation with analyte adsorption on the surface of the tubing and on the
PDMS, and without such adsorption
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Dual inlet flow cells are commonly applied for applications
that involve mixing or separation,[18–20] but have also been used
to provide sheer flow that prevents cell sedimentation.[21] We
used the dual inlet to uncouple the SLB formation process from
the sensing step.

The dual inlet flow cell has a straight microchannel of 6 mm
length with an arching secondary inlet (together resembling
the letter “r”, Figure S1C). With this shape, the distance
between inlets is maximized to avoid tearing the PDMS during
the fabrication of the flow cell. We used the curved inlet (inlet
2) for the assembly of the SLBs and SAv, and the straight inlet
(inlet 1) for the flow of ligands (ATTO 565-biotin and nano-
particles), to avoid extra disturbances that may be caused by
turns in the channel. This way, the analytes do not encounter
the tubing with adsorbed vesicles and SAv before reaching the
microchannel.

When the dual inlet flow cell was used for time-dependent
binding studies of ATTO 565-biotin, we found that its binding

profiles matched the simulated profiles for a scenario without
nonspecific binding (Figure 6). This means that t1=2 depends
only on the volume of the tubing and confirms that the dual
inlet design effectively prevents the formation of a sink of
analyte at the inner tubing surface. It also further confirms that
nonspecific adsorption of the vesicles, rather than of ATTO 565-
biotin itself, caused the depletion of the dye.

2.4. Time-dependent binding of nanoparticles

The adsorption kinetics and mass transport of nanoparticles are
often significantly different compared to small molecules. To
study the binding of nanoparticles experimentally, we used
SAv-coated fluorescent beads of 400 nm. The beads were
passed through single-inlet microchannels at a concentration
of 10 μg/mL at varying flow rates over SLBs containing 0.2%
biotin-DOPE, while fluorescence micrographs were acquired at
regular intervals (Figure 7A and B). At a flow rate of 5 μL/min,

Figure 5. The saturation half-life, t1=2 , at which 50% of ATTO 565-biotin is
bound as function of the ratio of biotin density in the SLBs and the
concentration of ATTO 565-biotin in solution.

Figure 6. Time-dependent binding profiles of ATTO 565-biotin to labelled
SAv. All binding profiles are for 40 nM ATTO 565-biotin in solution and 0.5%
biotin in the SLBs. Nonspecific binding is simulated as flux through the
“tubing” edges with a density of binding sites twice as high as on the SLB to
account for the circular cross-section. Shaded areas represent the standard
errors between corrals. The decreasing fluorescence intensity after the
maximum is due to photobleaching.

Figure 7. Experimental and simulated binding profiles of nanoparticles. A) Binding of SAv-coated fluorescent beads of 400 nm on SLBs containing 0.2% biotin-
DOPE as function of time for different flow rates. Shaded areas represent the standard errors between corrals. B) The same binding profiles as function of
volume, which corrects for the differences in flow rate. C) Simulation of the time-dependent binding of particles of varying size with adsorption in the tubing,
assuming a diffusion coefficient D=4.0 ⋅10� 6 cm2⋅s� 1 for small molecules, D=8.6 ⋅10� 7 cm2⋅s� 1 for 5 nm proteins, D=4.3 ⋅10� 8 cm2⋅s� 1 for 100 nm particles and
D=1.1 ⋅10� 8 cm2⋅s� 1 for 400 nm particles. Concentration of particles is 40 nM and flow rate 10 μL/min.
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the fluorescence on the SLBs increased 5 times faster than at a
flow rate of 1 μL/min, meaning that the same fraction of
particles that passed through the flow cell bound to the
sensing area. At a flow rate of 0.2 μL/min, however, no
significant increase in fluorescence was observed, even after
16 h, during which more than 200 μL of the nanoparticle
suspension was passed over the SLBs.

The influence of receptor density on the binding of SAv-
coated beads was investigated with electrophoretic biotin-
DOPE gradients, where Texas Red 1,2-dihexadecanoyl-sn-glyc-
ero-3-phosphoethanolamine (TexasRed-DHPE) functioned as an
indicator of biotin density (Figure S6). The effect of biotin
density can only be observed at very low densities (Figure S6D).
At higher densities, the particles can bind anywhere and are
only limited by mass transport and geometrical constraints.

Using the Stokes-Einstein equation, we estimated the
diffusion coefficient of a typical protein, a typical virus and our
fluorescent beads. We calculated that 5 nm particles have a
diffusion coefficient of D=8.6 ⋅10� 7 cm2⋅s� 1, 100 nm particles
D=4.3 ⋅10� 8 cm2s� 1 and 400 nm particles D=1.1 ⋅10� 8 cm2⋅s� 1.
In Figure 7C we show the simulated binding profiles for
particles with these diffusion coefficients and a dye if the
density of binding sites is equal on the tubing and the SLBs
and the flow rates and concentrations are the same. Interest-
ingly, not only the onset of binding is much faster for the larger
particles, but also the saturation is reached much earlier than
for small molecules.

The faster onset in the time-dependent binding of nano-
particles may be understood from the concentration profile in
the COMSOL simulation of small molecules (Figure S4B).
Because the flow rate has a parabolic profile, the concentration
in the narrow microchannel is primarily determined by the
concentration in the faster-flowing center of the tube. For
species with a lower diffusion coefficient or at higher flow rates,
the concentration in the center of the tube is less affected by
nonspecific binding to the tubing. The combination of the
length and width of the tube, the diffusion constant and the
flow rate can lead either to regime (1) where most of the
species reaches the wall of the tube and binds there, or regime
(2) where most of the species does not reach the wall and
leaves the tubing unhindered. For our system, the 400 nm
nanoparticles are in regime (2) at flow rates of 1 μL/min and
higher, but in regime (1) at 0.2 μL/min, whereas ATTO 565-
biotin is in regime (1) even at 10 μL/min.

The intersecting binding profiles in Figure 7C indicate that
the diffusion coefficient has opposing influences on the time-
dependent binding. At low diffusion coefficients, some of the
particles in the middle of the tubing do not reach the sides
while in the tubing, but do reach the sensing area, where they
are responsible for the early onset of binding. In the micro-
channel, low diffusion coefficients become a disadvantage,
leading to less efficient binding in the sensing area. At 10 μg/
mL of 400 nm particles, their molar concentration is approx-
imately 8.8 ⋅10� 4 nM. With a flow rate of 1 μL/min and without
nonspecific binding in the tubing, the coverage of binding sites
after 16 h for 400 nm particles is 0.042%. This corresponds to a
geometrical coverage of 32%. At such high coverages, the area

that is occupied by particles cannot be ignored. The validity of
this finite element simulation is therefore limited to situations
where the available area is much larger than the projected area
of the particles. The linear binding profiles in Figure 7A and B
indicate, however, that the surface coverage was not yet
approaching saturation. As a result, the particles with diffusion
constant D=4.3 ⋅10� 8 cm2⋅s� 1 in Figure 7C can reach saturation
faster than either smaller or larger particles.

3. Conclusion

We aimed to predict the binding of small molecules and
nanoparticles as model analytes to surface receptors immobi-
lized on the sensing area in a microfluidic device. Hereto, we
studied the binding of a biotinylated dye to immobilized
streptavidin and the binding of streptavidin-coated nano-
particles to immobilized biotin. The receptors were presented
in a gradient to evaluate the combined effects of flow rate and
receptor density. We found that the time until the small-
molecule analyte started binding at the sensing area in the
microchannel was strongly influenced by the extent of non-
specific binding of receptors in the tubing. For the nano-
particles, which have a lower diffusion coefficient, the onset of
binding was faster, but binding to the tubing still affected the
binding profiles. We presented a flow cell with two inlets that
avoids the influence of nonspecific binding of receptors in the
tubing on the time-dependent binding of ligands.

The time-dependent binding of small-molecule and nano-
particle analytes in microfluidic sensors is strongly influenced
by the dimensions and surface chemistry of the parts that are
traversed before reaching the sensing area. When nonspecific
binding can disturb the sensing, shorter and wider inlets are
favorable, but more thorough avoidance of binding outside the
sensing area can be achieved by separating sensing and
assembly steps over different inlets. This method allows the
fabrication of microfluidic sensors with receptors on an
antifouling biomimetic surface with minimum loss of analyte.

Supporting Information Summary

Supporting information is available: Supplementary methods,
calculations and figures (PDF). MATLAB scripts to extract
fluorescence intensities and example micrographs (ZIP), and
the COMSOL model of transport in a flow cell can be obtained
from the authors.
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