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Abstract

Selective and sensitive detection of specific molecules in a solution containing diverse coexisting

molecules is important in many biomedical and environmental applications, including diagnostics

and pollutant detection. Here, a nanofluidic biosensor is developed to detect specific target molecules

(e.g. toxin proteins) in the presence of non-target molecules by bonding a patterned model cell

membrane and a silicone elastomer (polydimethylsiloxane: PDMS) sheet using surface-modified-

silica-nanoparticles as the adhesive layer. Owing to the uniform size of nanoparticles, a nanometric

gap junction is formed between the fluid bilayer and PDMS (nanogap-junction). The thickness of

nanogap-junction is controlled by the size of silica nanoparticles. Target molecules that specifically

bind to the receptor molecules in the fluid bilayer are selectively transported into the nanogap-

junction by the lateral diffusion of lipid membrane. A thinner gap formed with smaller nanoparticles

can enhance the sensitivity (signal-to-background ratio) more effectively, owing to the suppression

of nonspecific penetration of coexisting molecules. Silica nanoparticles also provide excellent

mechanical robustness, realizing long-term stability of the gap structure. Nanogap-junction using

silica-nanoparticles provides a versatile platform for highly selective and sensitive sensing by

realizing detection of specific target molecules in a solution containing more concentrated non-target

molecules.



Introduction

Sensitive detection of specific target molecules in solutions containing diverse coexisting molecules
is important in many biomedical and environmental applications. An effective means for enhancing
the sensitivity is to suppress the background noise by reducing the detection volumes,!! as
exemplified by the total-internal-reflection fluorescence microscopy,!?! zero-mode-waveguide,!
nanofluidics,'* micro-chambers,! and nanopores.l! However, these techniques are generally not
capable to detect specific target molecules in the presence of diverse and often much more
concentrated coexisting molecules. Here, we report a bioinspired sensing methodology that combines

the reduced detection volume with unique features of the biological membrane.

In the nature, sensing specific molecules in an environment containing coexisting molecules is
ubiquitous. Biological membranes composed of lipid bilayer and associated proteins work as a
platform for this highly selective and sensitive detection, owing to its unique structural and
physicochemical properties.!”) Biological membranes are two-dimensional fluid, in which membrane-
bound molecules can diffuse laterally. In addition, the phospholipid-based membrane surface can
suppress nonspecific adsorption of proteins, thus enhancing the specific binding by molecular
recognition. To reproduce these unique properties of the biological membrane in a technologically
amenable format, we use a substrate-supported model membrane having lithographically patterned
lipid bilayers.®) The model membrane comprises two distinctive lipid bilayer regions, i.e.

polymerized phospholipid bilayer and natural phospholipid bilayer composed of 1,2-dioleoyl-sn-



glycero-3-phosphocholine (DOPC). The polymerized bilayer (hereafter called "polymeric bilayer")
provide the mechanical stability, whereas the natural phospholipid bilayer (hereafter called "fluid
bilayer") possesses the lateral mobility of molecules (fluidity) and the biomimetic functionality (e.g.
molecular recognition by surface receptors). The reduced detection volume is realized by attaching
the surface of polymeric bilayer with a silicone elastomer (polydimethylsiloxane: PDMS) sheet using
an adhesion material (glue) having a finite thickness, which generates a nanometric gap structure
between the fluid bilayer and PDMS (nanogap-junction) (Figure 1). The small gap thickness and the
biomimetic property of fluid lipid bilayer enable to selectively transport and detect target molecules
that bind to the membrane surface receptor by the molecular recognition, whereas nonspecific

penetration of coexisting molecules is suppressed.

We developed a nanogap-junction using surface-functionalized silica nanoparticles as the adhesion
layer. The surface of silica nanoparticles was modified with biotin so that the nanoparticles could
bind the polymeric bilayer and PDMS. A prototype of nanometric gap structure was previously
constructed using lipid vesicles as the adhesion material.””) However, the use of soft lipid material
compromised the structure and utility of nanogap-junction due to the fact that the gap thickness was
not controlled and the long-term stability of the gap structure was limited. The use of silica
nanoparticles as the adhesion layer offers two critical advantages. First, the thickness of nanogap-
junction can be accurately controlled due to the uniform sizes of silica nanoparticles. By using silica

nanoparticles having a smaller size, we can generate a thinner nanogap-junction which realizes a



higher selectivity of detection (vide infra). Second, silica nanoparticles are mechanically robust, and
nanogap-junctions formed with silica nanoparticles can have a long life time (> week). This allows
to store a pre-assembled biochip for use, avoiding elaborate onsite assembly process. These features
are important in realizing a highly selective and sensitive biosensing platform suitable for biomedical/
environmental applications. We first describe a mathematical model that predicts the influences of
gap thickness on the signal-to-background noise ratio (S/B ratio), and verify the theoretical

predictions by constructing the nanogap-junction using silica nanoparticles having different sizes.
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Figure 1: The nanogap-junction between a patterned membrane and PDMS formed with silica

nanoparticles as the adhesion layer. (A) Schematic of the formation process: (i) A patterned membrane

composed of polymeric and fluid bilayers, (ii) adsorption of the silica nanoparticles (adhesion layer),



(ii1) place a PDMS sheet on the patterned bilayer with the adhesion layer (an aqueous solution is

sandwiched between the membrane and PDMS)), (iv) attachment of the PDMS and the adhesion layer

(formation of the nanogap-junction). (B) Fluorescence micrographs of patterned polymeric (green

fluorescence)/ fluid (red fluorescence) bilayers observed at the same position. (C) Selective detection

of target molecules that bind to the membrane and diffuse into the nanogap-junction. The objects are

not drawn in size, i.e. thickness of the patterned bilayer (ca. 4 nm) and the nanogap-junction (ca. 100

nm or less) is enlarged for clarity.



Results and Discussion

Selective detection in the nanogap-junction

We first formulate a theoretical model that describes the influences of gap thickness on the selective
detection. We consider the concentrations of target (T) and non-target (NT) molecules in the solution
(C} and Cgr), and assume that molecules partition into the adhesion layer or bind onto the membrane
with a defined affinity. The concentrations in the adhesion layer (Cf and Cyr), and on the membrane

(C2 and CP;) can be expressed with the following equations.

Target molecule in the adhesion layer: Cf = kf X C; (1a)
Non-target molecule in the adhesion layer: Cyp = kjr X Cyr (1b)
Membrane-bound target molecule: C2 = k2 x C3 (1c)
Membrane-bound non-target molecule: Chr = ki; X Cyr (1d)

k? and k® are the partitioning constants to the adhesion layer and the bilayer membrane, respectively.
It should be noted that the concentrations in the solution and adhesion layer are defined as the number
of molecules in a unit volume, whereas the concentrations of membrane-bound molecules represent
the number of molecules in a unit area. Therefore, the proportionality constant for membrane-bound
molecules (k) have the dimension of length, whereas the proportionality for the adhesion layer (k%)
is dimensionless. Assuming that both target and non-target molecules have the same fluorophore, the

fluorescence intensities in the nanogap and adhesion regions (1 and I2) should be proportional to the



total number of molecules in each region, as described in the following equations.
(Nanogap region)

I, xh X (C: + Cyr)+ CE+ Chy

= h X (C; + Cyrp)+ k2 X C§ + ki X Cir (2a)
(Adhesion region)
I, xh X (CF + Cir) = h X (k§ X C3 + kg X Cyr) (2b)

h represents the height of the nanogap-junction. The fluorescence arising from the adhesion region
corresponds to the background noise (B =1,). On the other hand, the fluorescence intensity
difference between the nanogap and adhesion regions corresponds to the signal (S =1, — I,).

Therefore, the S/B ratio can be defined as follows.

L h x (k% x C8 + kfiy X Cyp)

S
B
3)

For a very small h, we can assume the following relation:

hx[(1—k$)xCE + (1—ki) XCir] KKk2 x C3+ kbp xCir,

which simplifies Equation (3) as the following:

S k2 x C3+ kbr X Cir

— ~ 4
B h x (k% x C; + kjr XCyp) @




Thus obtained Equation (4) has three important implications on the factors that influence the
sensitivity and selectivity of nanogap-junction. First, the sensitivity (S/B ratio) increases as the gap
thickness (h) decreases. Second, the selectivity is directly affected by the difference in membrane
binding constants of target and non-target molecules (k2 and k%;). If k2, is large, we would have
a false signal from non-target molecules. Third, the S/B ratio can be heightened if non-specific
adsorption of molecules in the adhesion layer is lowered. This analysis clearly show that a thin gap
structure, suppression of nonspecific binding on the fluid bilayer, and restricted penetration of
molecules into the adhesion layer are the key factors for realizing high selectivity and sensitivity in

the nanogap-junction.

Formation of nanogap-junction with silica nanoparticles

Lipid-coated silica nanoparticles were used to selectively bond the polymeric bilayer and PDMS,
forming a nanometric gap space between the fluid bilayer and PDMS. Figure 2 shows the
fluorescence micrographs of a patterned bilayer with attached silica nanoparticles. The green
fluorescence in the upper panel shows the polymeric bilayer (DiynePC/ DiynePE). Red fluorescence
in the lower panels is from TR-PE in the fluid bilayer (DOPC/ TR-PE) and on the silica nanoparticles
(DOPC/ Biotin-PE/ TR-PE). The molar fraction of TR-PE was the same for both bilayers (1%). Silica
nanoparticles adsorbed specifically onto the polymeric bilayer regions by the biotin-streptavidin
linkage. As a result, the red fluorescence in the polymeric regions increased after the addition of silica

nanoparticles, whereas the fluorescence in the fluid bilayer regions remained unchanged. We



estimated the surface density of silica nanoparticles on polymeric bilayer by comparing the
fluorescence intensities in the polymeric and fluid bilayer regions. The estimated surface coverage
was 0.48, 0.38, and 0.25 for 30, 100, and 200 nm silica nanoparticles, respectively. The surface
coverage was higher for smaller nanoparticles, though it was considerably lower than the theoretical
value of hexagonal closest packing (i.e. 0.90). This is presumably due to kinetic limitation of colloidal

systems to attain the most densely packed (and hence energetically most stable) state.
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Figure 2: (A) Fluorescence micrographs of a patterned bilayer before and after the adsorption of silica

nanoparticles. The upper and lower images show the fluorescence from polymeric bilayer (green) and

fluid bilayer/ silica nanoparticles (red), respectively. The fluid bilayer consisted of DOPC/ TR-PE

(1mol%). The silica nanoparticles were coated with a lipid bilayer (DOPC/ Biotin-PE (5mol%)/ TR-

PE (1mol%)). (B) Fluorescence intensity profiles before (blue) and after (red) the adsorption of
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nanoparticles (measured along the dashed line in (A)). The fluorescence in the polymer region

increased by the adsorption of silica nanoparticles.

A nanogap-junction was formed by attaching a streptavidin-coated PDMS sheet onto the patterned
bilayer with adsorbed silica nanoparticles (Figure 1(A)). For evaluating the gap thickness, we used a
PDMS sheet having a step structure (height: 150 nm) as the height reference (Figure 3). A calcein
solution (100 pM) was sandwiched between the PDMS sheet and patterned membrane, and its
fluorescence was microscopically monitored. Contrast in fluorescence intensity was observed at the
PDMS step and nanogap (Figure 3B). The polymeric bilayer regions had a slightly weaker
fluorescence compared with the gap regions, because silica nanoparticles partially excluded the
calcein solution. The relative thickness of nanogap (tnanogap) Was evaluated by comparing the
fluorescence intensity increment at the nanogap (Alnanogap) and PDMS step (Alstep).

tnanogap = el 3)

For the nanogap junctions formed using 30 nm, 100 nm, and 200 nm silica nanoparticles, we
estimated the relative thickness to be 0.17, 0.64, and 0.90, respectively (Figure 3C left). The gap
thickness correlated with the size of silica nanoparticles, supporting the premise that the gap thickness
could be controlled by the silica nanoparticle sizes. We further corrected the relative nanogap
thickness by taking the particle densities into account. From the experimentally determined surface
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coverage of 30, 100, and 200 nm nanoparticles (0.48, 0.38, and 0.25), we estimated the volume
occupation of nanoparticles in the adhesion layer (V) to be 0.32, 0.26, 0.16, respectively, using the
ratio between volume and area a spherical particle occupies. Since the fluorescence intensity
difference between the nanogap and polymeric regions (Alnanogap) should be proportional to the
volume occupied by nanoparticles, we can obtain the corrected relative nanogap thickness (Tnanogap)
by the following equation.

__ tnanogap
Tnano gap — vV (6)

Figure 3(C) right shows the plot of corrected relative thickness versus sizes of nanoparticles determined
by the dynamic light scattering (25.9, 101.8, and 200.4 nm for 30, 100, and 200 nm silica nanoparticles,
respectively). The corrected relative thickness was normalized with the value of 200 nm silica
nanoparticles. The corrected relative thickness and the measured average nanoparticle sizes have a very
good linear correlation (see the linear fit in Figure 3(C) rihgt), further supporting the controlled gap

thickness using nanoparticles.
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Figure 3: Evaluating the gap thickness: (A) Schematic illustration: A calcein solution was trapped
between the bilayer and PDMS, and its fluorescence was observed. The PDMS sheet had a step
structure with a known height (150 nm) to calibrate the gap thickness. (B) Fluorescence micrographs
of the nanogap-junctions prepared with silica nanoparticles having the sizes of 30 nm, 100 nm, and
200 nm. Fluorescence intensity profiles were measured at the nanogap-junction (red lines) and PDMS
step (blue lines). (C) The relative thickness of nanogap-junction was estimated from the fluorescence
intensity profiles at the nanogap and PDMS step (t nanogap: left), and further corrected taking into

account the coverage of nanoparticles (T nanogap: right).
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Selective transport and detection of target molecules

Influence of the gap thickness on the selective detection was assessed by comparing the nanogap-
junctions made with silica nanoparticles having different sizes (30 nm and 100 nm). Fluorescently
labeled cholera toxin subunit B (CTB-488) and bovine serum albumin (BSA-488) were used as the
model target and coexisting molecules, respectively. Both proteins were labelled with the same
fluorophore emitting green fluorescence. CTB-488 can specifically bind to Gmi ganglioside (Gwmi) in
the fluid bilayer, and is selectively transported into the nanogap-junction by the lateral diffusion of
lipid molecules. On the other hand, BSA-488 cannot bind onto the fluid bilayer, and its transport into
the nanogap-junction is limited to the nonspecific penetration via three-dimensional diffusion in the
nanometer-sized gap structure. A mixed solution of CTB-488 (5 pg/ mL = 3.0 x 107 M) and BSA-488
(200 pg/ mL = 3.0 x 10°° M) (phosphate buffer, pH 6.6) was introduced into the microchannel, and
migration of molecules into the nanogap-junction was observed (Figure 4). Since the concentration of
BSA-488 was ten-times higher compared with CTB-488, fluorescence in the microchannel was
dominated by BSA-488 (Figure 4(A) left side). In the nanogap-junctions aligned perpendicular to the
micro-channel, fluorescence of BSA-488 was suppressed and green fluorescence of CTB-488 was
observed to gradually migrate (Figure 4(A) right side). As we used BSA-594 instead of BSA-488, we
observed that CTB-488 penetrated into the nanogap-junction, whereas BSA-594 remained in the
micro-channel, clearly demonstrating the selective transport of CTB. Furthermore, no fluorescence was
observed in the nanogap-junction, if the fluid bilayer did not contain Gm:1 (Figure 4(C)), strongly
corroborating the premise that the green fluorescence in the nanogap-junction was emitted from CTB-
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488 that specifically bound to the membrane. Absence of fluorescence in the nanogap-junction also

indicates that the substrate surface is mostly covered with a lipid bilayer, since defects would cause

nonspecific adsorption of proteins molecules. A weaker green fluorescence was observed in the

adhesion region composed of polymeric bilayer and adsorbed silica nanoparticles (Figure 4)). Since

lipid bilayers on silica nanoparticles did not contain Gwi, this fluorescence should stem from

nonspecific penetration of CTB-488 and BSA-488 into the adhesion layer. The fluorescence in the

adhesion layer was observed also in the absence of Gmi in the fluid bilayer (Figure 4(C)).
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Figure 4: Selective transport of target molecules into the nanogap-junction: (A) A mixed solution of
CTB-488 (5 pg/mL: ca.3.0x10”7 M) and BSA-488 (200 pg/mL: ca. 3.0 x 10°® M) was introduced into
the micro-channel (width 50 um, height 40 pum), and fluoresce in the nanogap-junction (three
horizontal stripes indicated with white arrows) was observed to elongate with time. Fluorescence
intensity profiles in the nanogap-junction were plotted (right). (B) A mixed solution of CTB-488 (5

ng/mL: ca.3.0x107 M) and BSA-594 (200 pg/mL: ca. 3.0 x 10°® M) was used to separately observe
15



CTB and BSA. (C) Effect of Gm1 on the selective penetration: If Gm1 was present in the fluid bilayers,
we observed the fluorescence of CTB-488 in the nanogap-junction (a). No fluorescence was observed

in the nanogap-junction, if Gm1 was lacking in the fluid bilayer (b).

Figure 5 compares the fluorescence signals in the micro-channel and nanogap-junction. In the micro-
channel, the background fluorescence of BSA-488 was much more intense than the fluorescence from
membrane-bound CTB-488 in the fluid bilayer (stripe regions) (Figure 5(A) and (B)). The signal from
CTB-488 was more clearly visible in the nanogap-junction due to suppressed background fluorescence
from BSA-488. The intensity profiles in Figure 5(B) also show an enhanced S/B ratio in the nanogap-
junction. In the micro-channel, the background fluorescence level was very high and the binding of
CTB-488 only slightly elevated the fluorescence intensity (Figure 5(B) left, line (a)). In the nanogap-
junction, the background fluorescence level was vastly suppressed and the locally enhanced
fluorescence due to the binding of CTB-488 was more clearly detected (Figure 5(B) left line (b) and
the enlarged plot in Figure 5(B) right). The fluorescence in the adhesion region decreased with the
distance from the micro-channel, whereas the fluorescence intensity remained constant in the nanogap-
junction (Figure 5(C)), suggesting that the fluorescence signal in the nanogap-junction arose primarily
from membrane-bound CTB-488. The rather sharp boundary of fluorescence at the edge was
presumably due to the absence of CTB-488 in further regions. Since CTB forms pentameric molecular
clusters, its diffusion on the membrane is expected to be rather slow.!'”! For molecules that diffuse
freely, one would expect a gradual decrease of the fluorescence intensity along the nanogap-junction.
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Figure 5: Selective transport of target molecules into the nanogap-junction: (A) A mixed solution of
CTB-488 (5 ug/mL: ca. 3.0 x 107 M) and BSA-488 (200 ug/mL: ca. 3.0 x 10 M) was introduced
into the micro-channel and incubated for 60 min. CTB-488 bound onto the stripe-shaped fluid bilayers
having Gwmi. In the micro-channel, fluorescence from CTB-488 was much weaker than the
background fluorescence from BSA-488. In the nanogap-junction, stripes of fluid bilayers could be
more clearly observed due to selective lateral diffusion of CTB-488 and suppressed penetration of
BSA-488. (B) Left: The fluorescence intensity profiles in the micro-channel (a) and in the nanogap-
junction (b). Right: Enlarged plot of the fluorescence intensity in the nanogap-junction (b). (C) The

fluorescence intensity profiles in the nanogap-junction (¢) and adhesion layer (d).
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Figure 6 compares the selectivity in nanogap-junctions made with silica nanoparticles having different

average sizes. Fluorescence in the polymeric region (background noise) was lower for 30 nm

nanoparticles compared with 100 nm nanoparticles. On the other hand, the fluorescence intensity in

the fluid bilayer region (signal) was not changed. These results clearly demonstrate that nonspecific

penetration of molecules was more effectively suppressed in the nanogap-junction made with smaller

nanoparticles, whereas penetration of membrane-bound molecules was not affected by the gap

thickness. As a result, a higher S/B ratio was attained for the nanogap-junction formed with smaller

silica particles. The S/B ratio was calculated from the average fluorescence intensities in the nanogap

and adhesion regions in the distance between 50 pm and 150 pum from the micro-channel. The obtained

values were 0.95 and 0.28 for 30 nm and 100 nm silica nanoparticles, respectively. These results could

be fitted to Equation (4), which shows the inverse proportionality of the S/B ratio to the gap thickness.

The plot of S/B ratio versus the silica nanoparticle size is shown in Figure S2 to compare the theoretical

prediction and experimental results. The heightened S/B ratio for the nanogap-junction with 30 nm

nanoparticles is consistent with the theoretical prediction that the S/B ratio is inversely proportional to

the gap thickness (vide supra).
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Figure 6: Effect of silica nanoparticle sizes on the suppression of background noise: (A) Fluorescence
arising from a mixture of BSA-488 and CTB-488 was compared in the nanogap-junction formed with
30 nm and 100 nm silica nanoparticles. A mixed solution of CTB-488 (5 pg/mL: ca. 3.0 x 107 M)
and BSA-488 (200 pg/mL: ca. 3.0 x 10" M) was introduced into the micro-channel and incubated for
60 min. (B) Fluorescence intensity profiles in the nanogap-junction. The fluorescence intensity in the
adhesion region was more effectively suppressed for 30 nm nanoparticles compared with 100 nm
nanoparticles, whereas the fluorescence intensity in the nanogap-junction was unchanged for both

nanoparticles sizes.

Stability of the nanogap-junction
Stability of the nanometric gap structure is important for the biomedical and environmental

applications. Nanogap-junction constructed with silica nanoparticles had vastly improved stability
19



compared with those made using lipid vesicles as the adhesion material. Nanogap-junctions made with
lipid vesicles typically lasted only for several hours, and were destabilized due to dehydration. Fluid
bilayers in the nanogap-junction were destroyed by direct contact with the PDMS surface. Nanogap-
junctions made with silica nanoparticles were mechanically more robust, and we could maintain the
structure significantly longer (more than one week). Figure 7 shows the fluorescence recovery after
photobleaching (FRAP) of a fluid bilayer (DOPC/ TR-PE (1mol%)) confined in a nanogap-junction
and stored at 4 °C for one week. As we partially photobleached the fluorophore in the membrane,
fluorescence of the photobleached spot recovered with time, clearly showing that the integrity and
fluidity of the lipid bilayer membrane were preserved. The samples stored for one week could be used
for the selective detection of target molecules. Binding of CTB-488 to Gm: did not noticeably change,

if the fluid bilayer with embedded Gmi1 was stored at 4 °C.

Before FRAP 0 sec 90 sec

Figure 7: Continuity and fluidity of the bilayer (DOPC/ TR-PE) in the nanogap-junction stored at

4 °C for one week. A part of the bilayer was photobleached and recovery of fluorescence was observed.

20



4. Conclusions

In summary, we generated a nanogap-junction between a fluid lipid membrane and PDMS using silica

nanoparticles as the adhesion material. Owing to the inherently uniform size, silica nanoparticles

could precisely control the gap thickness. As theoretically predicted, selective transport and detection

of specific target molecules was enhanced in a thinner nanogap-junction due to suppressed

penetration of non-target molecules. Though the present study assessed only the relative thickness of

gap structures, evaluating the absolute thickness is critical in the future study for extending the utility

of the nanogap junction. As the gap thickness becomes smaller to quasi molecular sizes, the charge/

molecular distribution effects would influence the molecular transport and properties. The stability

of the gap structure was vastly improved by silica nanoparticles, due to their mechanical robustness.

The nanogap structures made with silica nanoparticles were stable for more than one week. Nanogap-

junction with a controlled thickness and prolonged lifetime provides a nanofluidic biosensing

platform for biomedical and environmental applications, for which highly sensitive detection of

specific target molecules in the presence of diverse coexisting molecules is a prerequisite. The results

using a model mixture of CTB and BSA clearly demonstrate that one can selectively detect specific

target molecules in the presence of much more concentrated coexisting molecules. This could

possibly extended to non-labelled biomarker molecules by using membrane-bound antibodies. We

envision to apply the nanogap-junction for diagnostic applications by measuring specific proteins or

peptides in the blood serum. Although the fabrication process of a nanogap-junction is rather

21



elaborate, using it for detecting specific target molecules is facile. A pre-formed chip can be used to
apply the samples into the inlet and observe the selective migration of target molecules into the
nanogap-junction. The role of silica nanoparticles as a stable adhesion agent is very important in this

respect, because it enables to sustain the nanometric gap structure for a long period.
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Experimental Section

Materials
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (DiynePC), 1,2-bis(10,12-
tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (DiynePE), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), Gmi ganglioside (brain, ovine) (Gmi), and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(cap biotinyl) (Biotin-PE) were purchased from Avanti Polar Lipids

(Alabaster, AL). Marina Blue-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (MB-PE),

cholera toxin subunit B-Alexa Fluor 488 conjugate (CTB-488), and albumin (bovine sesum)-Alexa

Fluor 488 conjugate (BSA-488)/ -Alexa Fluor 594 conjugate (BSA-594) were purchased from

Molecular probes (Eugene, OR). Albumin from bovine serum (BSA) was purchased from Sigma-

Aldrich. N-hydroxysuccinimide-polyethyleneglycol-biotin (NHS-PEGas-biotin) was purchased from

Thermo Scientific. Calcein was purchased from Nacalai Tesque (Kyoto, Japan). Silica nanoparticles

(30, 100, 200 nm) were purchased from Micromod Partikeltechnologie GmbH (Friedrich, Germany).

The average sizes of silica nanoparticles were evaluated by the dynamic light scattering to be 25.9,

101.8, and 200.4 nm for 30, 100, and 200 nm silica nanoparticles, respectively. In the following, the

three types of nanoparticles are designated as 30, 100, and 200 nm for simplicity.

Substrate cleaning

Microscopy coverslips (38 mm x 26mm) (Matsunami, Osaka, Japan) were used as the substrates for

lipid film deposition. The substrates were cleaned with a commercial detergent solution, 0.5%
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Hellmanex/ water (Hellma, Miihlheim, Germany), for 20 min under sonication, rinsed with deionized
water, treated in a solution of NH,OH (28%)/H,0, (30%)/H,0 (0.05:1:5) for 10 min at 65 °C, rinsed
extensively with deionized water, and then dried in a vacuum oven for 30 min at 80 °C. Before use,
these substrates were further cleaned by the UV/ozone treatment for 20 min (PL16—110, Sen Lights

Corporation, Toyonaka, Japan).

Preparation of polymeric bilayers

The fabrication method of patterned polymeric bilayers has been described in previous papers.s% ']
Briefly, bilayers composed of monomeric diacetylene lipids (DiynePC/ DiynePE (95:5)) were
deposited onto cover glass from the air/water interface by the Langmuir—Blodgett (LB) and
Langmuir—Schaefer (LS) methods using a Langmuir trough (HBM-AP, Kyowa Interface Science,
Asaka, Japan). The temperature of the subphase (deionized water) was controlled at 16 °C. The
surface pressure was controlled at 30 mN/m. DiynePC/ DiynePE bilayers were polymerized by UV
irradiation using a mercury lamp (UVE-502SD, Ushio, Tokyo, Japan) as the light source. The applied
UV intensity was typically 4 mW/cm?® at 254 nm and the total energy was modulated by the
illumination time. The patterned area was 10 mm x 10mm. After UV irradiation, nonpolymerized
DiynePC and DiynePE molecules were removed from the substrate surface by immersing in 0.1 M

sodium dodecylsulfate (SDS) solution at 30 °C for 30 min and extensively rinsing with deionized

water.
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Subsequently, the surface of the DiynePC/DiynePE bilayer was modified with biotin by incubating
in an NHS-PEG;,-biotin solution (1 mg/ mL in NaHCO; buffer (0.1 M, pH 8.4) ) for 3 hours on ice.
After rinsing with deionized water, the sample was immersed in 0.1 M SDS solution at 30 °C for 30
min and extensively rinsed with deionized water. The biotinylated polymeric bilayers were stored in

deionized water in the dark at 4 °C for further experiments.

Preparation of vesicle suspensions and formation of a patterned bilayer

Two types of vesicles were prepared for the fluid bilayer and for the adhesion layer. The lipid
compositions were DOPC/ Gwmi (2mol%) for the fluid bilayers, and DOPC/ Biotin-PE (5mol%) for
the adhesion layer (vide infra), respectively. Fluorescent lipids (either Imol% TR-PE or 2mol% MB-
PE) were added for microscopically observing the membranes. Lipids were dissolved in chloroform
and mixed in a round-bottom flask. Chloroform was removed by drying under a stream of nitrogen
and subsequently evaporating for at least 4 h in vacuum. The dried lipid film was hydrated in 0.01 M
sodium phosphate buffer with 0.15 M NaCl (pH 6.6) (the total lipid concentration was 1 mM). Lipid
membranes were dispersed by five freeze/thaw cycles. For incorporating fluid bilayers into the
patterned matrix of polymerized bilayer, vesicle suspensions were sonicated by an ultrasonic
homogenizer (Branson Sonifier150) on ice (30 s x 2). For forming a patterned bilayer, sonicated

vesicles were applied onto the surface of the substrate with preformed patterned polymeric bilayer.[!
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Adsorption of silica nanoparticles onto the polymeric bilayer

Silica nanoparticles were coated with a lipid bilayer (DOPC/ Biotin-PE (5 mol %)/ TR-PE 1 mol %
(or MB-PE or 2 mol %)) for binding to the polymeric bilayer by the biotin-streptavidin linkage. Silica
nanoparticles were mixed with sonicated vesicles and incubated for 1 hour.'3] Unbound vesicles were
rinsed off by centrifuging the mixed solution several times and collecting the precipitated
nanoparticles. Fluorescence of TR-PE in the precipitate and supernatant was measured after the
centrifugation to assess the lipid membrane coverage of nanoparticles (Supporting Information:
Figure S1). The lipid-coated nanoparticles were attached onto the surface of polymeric bilayer that
had been pre-coated with streptavidin. After incorporating fluid bilayers (DOPC/ Gmi/ TR-PE
(97:2:1)) into the polymer-free regions between polymeric bilayers, streptavidin and silica
nanoparticles were sequentially attached onto the biotinylated polymeric bilayer surface. The
nanoparticle suspensions were shaken for 5 hours (200 rpm, IKA, MS1 Minishaker) and kept still for
another 1 hour. The substrate was rinsed for removing excess silica nanoparticles. The amount of
attached nanoparticles was evaluated by comparing the fluorescence intensities of TR-PE in the
polymeric and fluid bilayer regions. The area fraction of polymeric bilayer covered with nanoparticles
(X) was estimated from the changes of fluorescence intensities before and after the addition of silica

nanoparticles using the following equation.

X = (Ip1—Ipo)—UF1—IFo) (7)

4 X Igg
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Iro, IP1, IFo, and IF1 are intensities in the polymeric and fluid bilayers before and after the addition of

nanoparticles, respectively. The denominator includes the factor 4, since the surface area of a

spherical particle is four times of the projected area the particle occupies. Iro was used as the standard

fluorescence intensity of the planar bilayer membrane. The intensity change in the fluid bilayer (Ir1 -

IFo) was subtracted from the intensity increase in the polymeric region (Ip1 - Ipo) in order to offset the

changes in the background fluorescence after addition of nanoparticles.

Fabrication of PDMS sheet

Polydimethylsiloxane (PDMS) (Silpot 184, Toray Dow Corning) sheets were made by mixing the

silicon elastomer and the curing agent at the ratio of 10:1 (w/w). PDMS was degassed for 15 min in

a vacuum desiccator, and poured onto a silicon mold having micro-channels on the surface. Then it

was cured in an oven (70 °C) for 1 hour. After curing, PDMS was peeled off from the mold and

covered with an aluminum foil to avoid the attachment of particles onto the surface. The typical size

of PDMS sheet was 38 mm x 26mm. Before use, the PDMS sheet was cut into an appropriate size,

and holes for the inlet and outlet (3.5 mm and 2.0 mm) were punched. After peeling off the aluminum

foil, the surface of PDMS was coated with BSA and subsequently biotinylated by reacting with NHS-

PEGas-biotin. We then applied streptavidin (10pg/mL) onto the PDMS surface and incubate for 30

min. Unbound streptavidin was subsequently rinsed off from the surface.
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Attachment of the polymeric bilayer and PDMS

We attached the polymeric bilayer and PDMS by using the biotin-streptavidin linkage. A patterned

bilayer with adsorbed silica nanoparticles was put onto a filter paper. Excess MilliQ water was applied

onto the surface to avoid exposure of the membrane to the air. Then, we gently put the streptavidin-

coated PDMS sheet onto the substrate. We waited for about 1 hour so that the PDMS sheet sank onto

the surface of the patterned bilayer by its weight. Water was occasionally wiped from the side and the

outlet with a filter paper to reduce the water layer between PDMS and polymeric bilayer. We also

occasionally added MilliQ water into the inlet to avoid complete drying of the gap layer. For

evaluating the distance between PDMS and patterned membrane, water soluble dye (calcein, 0.5 uM)

was incorporated in the aqueous phase and its fluorescence intensity was measured. We used a PDMS

sheet that had a step structure with a defined height (150 nm) as a reference to evaluate the gap

thickness. PDMS sheets with a step structure were made with a silicon mold having chromium stripes

(height: 150 nm).

Fluorescence microscopy observation

Fluorescence microscopy observation was performed using an inverted microscope (IX-71, Olympus,

Tokyo, Japan) equipped with a xenon lamp (UXL-75XB, Olympus), 20x objective (NA 0.75) or 100x

objective (NA 1.40), a CMOS camera (Orca 4.0, Hamamatsu Photonics, Hamamatsu, Japan), and an

image intensifier (C9016-05, Hamamatsu Photonics, Hamamatsu, Japan). Four types of filter sets

were used: (1) excitation 330-385 nm/ emission >420 nm (UV fluorescence), (2) excitation 470-490
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nm/ emission 510-550 nm (green fluorescence), (3) excitation 545-580 nm/ emission >610 nm (red

fluorescence), (4) excitation 690-730 nm/ emission 750-800 nm (far-red fluorescence).

Supporting Information. Additional information about adsorption of lipid bilayer onto silica
nanoparticles and comparison of the experimentally obtained S/B ratios for 30 nm and 100 nm silica

nanoparticles and the theoretical predicted values from Equation (4).
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Figure S1

Adsorption of lipid bilayer onto silica nanoparticles: Silica nanoparticles were coated with a lipid

bilayer (DOPC/ Biotin-PE (5 mol %)/ TR-PE (1 mol %)) for binding to the polymeric bilayer by

biotin-streptavidin linkage. Silica nanoparticles were mixed with sonicated vesicles and incubated for

1 hour. Afterwards, the nanoparticles were collected by the centrifugation. (A) Fluorescence of TR-

PE in the precipitate and supernatant after the centrifugation. (B) Fluorescence of TR-PE in the

precipitate and supernatant after the centrifugation without silica nanoparticles.
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Figure S2

The dependency of the S/B ratio on the nanogap thickness was assessed by fitting the experimentally
obtained S/B ratios for 30 nm and 100 nm silica nanoparticles (square points) to Equation (4) (black
line), assuming that the gap thickness is proportional to the nanoparticle size as suggested in Figure
3. The fitting demonstrates that the S/B ratio was inversely proportional to the nanoparticle size, in

agreement with the prediction of model calculation.
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