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Photoresponsive Cucurbit[8]uril-Mediated Adhesion of
Bacteria on Supported Lipid Bilayers

Shrikrishnan Sankaran, Jasper van Weerd, Jens Voskuhl, Marcel Karperien,
and Pascal Jonkheijm*

ABSTRACT: In this work, the development of a photoresponsive platform for the pre-

sentation of bioactive ligands to study receptor–ligand interactions has been described.

For this purpose, supramolecular host–guest chemistry and supported lipid bilayers

(SLBs) have been combined in a microfluidic device. Quartz crystal microbalance with

dissipation monitoring (QCM-D) studies on methyl viologen (MV)-functionalized oligo

ethylene glycol-based self-assembled monolayers, gel and liquid-state SLBs have been

compared for their nonfouling properties in the case of ConA. In combination with bac-

terial adhesion test, negligible nonspecific bacterial adhesion is observed only in the

case of methyl-viologen-modified liquid-state SLBs. Therefore, liquid-state SLBs have

been identified as most suitable for studying specific cell interactions when MV is

incorporated as a guest on the surface. The photoswitchable supramolecular ternary

complex is formed by assembling cucurbit[8]uril (CB[8]) and an azobenzene–mannose

conjugate (Azo–Man) onto MV-functionalized liquid-state SLBs and the assembly pro-

cess has been characterized using QCM-D and fluorescence techniques. Mannose has

been found to enable binding of E. coli via cell-surface receptors on the nonfouling

supramolecular SLBs. Optical switching of the azobenzene moiety allows us to “erase”

the bioactive surface after bacterial binding, providing the potential to develop reusable

sensors. Localized photorelease of bacterial cells has also been shown indicating the

possibility of optically guiding cellular growth, migration, and intercellular interactions.

1. Introduction

Surface immobilization strategies of bioactive ligands such
as peptides, carbohydrates, DNA, and proteins have enabled
widespread development of functional surfaces for biomedi-
cal applications and studies.[1–4] Preliminary work in the field
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dealt with identifying biologically nonfouling components
that could be deposited on surfaces and also chemically mod-
ified for the presentation of bioactive ligands. Some of the
most successful strategies include self-assembled monolayers
(SAMs),[5, 6] polymeric networks,[7, 8] hydrogels,[9] and sup-
ported lipid bilayers (SLBs).[10] Such surfaces have been used
to develop biosensors for detection and diagnostics,[11, 12]

medical implant coatings,[13] platforms for studying cellular
processes,[14] and tissue engineering.[15] However living enti-
ties predominantly exist in, interact with and modify a con-
stantly changing environment. This led to the requirement
for bioactive ligands to be presented in a highly dynamic
manner to mimic the natural environment of eukaryotic and
prokaryotic cells. Consequently, strategies are being devel-
oped to not only introduce such dynamic properties but also
responsiveness, which is the ability to change some properties
of the system in response to an external stimulus. Chemical,
optical, and electrochemical stimuli-responsive systems en-
able us to study biological processes that are triggered by a
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change in the environment.[16, 17] While traditional surface im-
mobilization strategies allow for spatial control of bioactive
ligands,[18] dynamics and responsiveness allow for temporal
control of these ligands.[19, 20]

In this light, SLBs have emerged as a powerful system for
the development of a biomimetic surface since they are rep-
resentative of the cell membrane. They can be used as model
surfaces to study cell–ECM and cell–cell interactions.[21–24]

Supramolecular chemistry has been successfully used in gen-
eration of several dynamic and responsive architectures by
virtue of the reversible noncovalent forces involved in the
self-assembly process.[25] By careful design and selection of
the molecular components and the environment in which
they interact, materials with novel properties can be devel-
oped. Host–guest systems have been especially successful
towards the development of novel architectures for biomed-
ical applications.[26] These systems have the advantage that
they operate in an aqueous environment with micromolar
affinities and with reasonable specificities. A few surface-
confined molecular platforms have been developed using
host molecules such as cyclodextrins and cucurbiturils for
addressing living cells. Usually the host or guest molecule is
anchored to the surface while its counterpart is conjugated
to a bioactive ligand, allowing for dynamic and reversible
presentation of ligands. Moreover, responsive presentation
of ligands is made possible by competition with high affinity
guests or a change in molecular properties such as, photoiso-
merization of azobenzenes,[19–23] and redox cycling of methyl
viologen (MV) and ferrocene.[20–24] Modifications caused by
such stimuli can change the guest molecule’s affinity towards
the host, causing it to either bind stronger or get expelled.
A few SAM-based platforms have been recently developed
that were able to address and manipulate cells. Preliminary
reports of electro- and photoresponsive supramolecular sur-
faces for mammalian and bacterial cells have emerged in the
last few years.[20, 27–29] These reports highlight the promise
of employing supramolecular chemistry to develop dynamic
and responsive platforms to address living entities. However,
further exploration and careful characterization of the sur-
face assembly process are required to understand and im-
prove various aspects of these systems, such as their non-
fouling nature, cell adhesion effects, and localized respon-
siveness. In the present work, we attempt to address these
issues by combining the versatility of supramolecular chem-
istry with the biomimetic nature of SLBs.

For the first time, we report the development of a
supramolecular host–guest system incorporated on SLBs en-
abling the photoresponsive display of a bioactive ligand for
the selective adhesion and release of living cells. To this
end, bacterial adhesion to mannose was explored for sev-
eral reasons. Uropathogenic E. coli initiates an infection by
binding to mannose sugar molecules found in glycoproteins
and glycolipids of the glycocalyx of target cells. This bind-
ing event is mediated by the FimH receptors on the bac-
terial Type1 pili and exhibits complex relations to the sur-
face density of mannose and shear stress induced by the
flow of bodily fluids.[30] Several strategies have been devised

Scheme 1. Step-wise assembly and release scheme followed
by chemical structures of the individual components used.

to study pathogen binding and develop suitable inhibitory
molecules.[31–33] Still, novel platforms are required to under-
stand pathogen binding and allow for the rapid detection
of these pathogens in medical samples. Bacteria pose addi-
tional challenges in biosensing due to their small size, highly
heterogeneous surface components, motility, and negatively
charged cell surface causing nonspecific electrostatic interac-
tions with surfaces. We carefully developed our platform to
systematically address these issues.

As shown in Scheme 1, we used liquid-state SLBs as the
biomimetic background layer onto which we were able to
assemble a ternary host–guest complex. First, the SLB was
chemically modified with a thiolated methyl viologen (MV–
SH). Second, MV acts as the first guest molecule that can bind
within the cavity of cucurbit[8]uril (CB[8]), the supramolecu-
lar host molecule. CB[8] is a hollow pumpkin-shaped macro-
cylic host molecule made of 8 glycouril monomer units.[34]

The cavity is hydrophobic and can accommodate aromatic
guest molecules. The rims of the cavity consist of polar car-
bonyl groups, allowing for ion–dipole interactions with pos-
itively charged molecules such as MV. The cavity is also big
enough to accommodate a second guest molecule such as
azobenzene.[35] Azobenzene, in its trans form can form a sta-
ble ternary complex with CB[8] and MV. Third, for specific
adhesion of E. coli, we conjugated the azobenzene to a man-
nose unit (Azo–Man) with a triethyleneglycol linker. Lastly,
upon irradiation with 360 nm UV light, azobenzene photoiso-
merizes into the cis form. The cis form is sterically hindered to
fit within the cavity of CB[8], causing the affinity to be drasti-
cally reduced and as a result azobenzene is expelled from the
cavity. In this study, mannose-modified azobenzene was used
to impart photoresponsiveness to the system. Here, bacterial
cells can normally bind to the surface-anchored mannose
units but on application of 360 nm UV light, the expulsion
of cis Azo–Man from the CB[8] cavity causes the removal of
the cell from the surface.

2 www.small-journal.com c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim small 2015, 00, 2–10
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2. Results and Discussion

2.1. Selection of a Nonfouling MV-Functionalized Layer

In order to construct a reusable supramolecular platform for
binding and release of living cells, we first needed to select a
background layer with two important properties: 1) the abil-
ity to chemically incorporate MV, the first guest molecule and
2) minimize nonspecific interaction of biolomolecules and
cells to the surface. To this end, we tested three potential can-
didates: oligoethyleneglycol SAM, gel-state and liquid-state
SLBs. We have previously reported a tetraethyleneglycol-
based SAM for supramolecular manipulation of mammalian
cells.[20, 36] In this case, SAMs bearing maleimide groups[37]

were used to tether a thiolated methyl viologen (MV-SH).
The SAM was shown, to some extent, to be nonfouling and
was used for mammalian cell binding and electrochemical re-
lease thereof.[36] Alternatively, we explored the use of model
membranes in the form of SLBs. Such SLBs, pioneered by
McConnell and co-workers, consist of a two-ply sheet of lipid
molecules and can mimic natural cell membranes in terms of
the lateral mobility of the lipids and associated ligands.[38, 39]

A relevant feature of SLBs is their inherent nonfouling na-
ture. In the case of zwitterionic phosphocholine-based SLBs,
negligible adsorption of various other naturally occurring
proteins was observed.[40] This attribute of SLBs strongly
influences cell adhesion kinetics and is able to prevent cells
from adhering to its surface.[21] The chemical make-up of
lipids, e.g., the saturation of acyl chains can have a profound
effect on lipid lateral mobility and phase behavior of SLBs
as a function of temperature. For example, the liquid-state
(Lα phase) is characterized by a disordered packing of lipids
due to the presence of unsaturated acyl chains, low melting
temperature and high lipid lateral mobility, >µm2 s−1. On
the contrary, lipids with saturated acyl chains tend to pack
more tightly in the gel-state (Lβ phase), increasing their Tm

and resulting in a reduced lateral mobility by at least one
order of magnitude.[41] In addition, chemical modification of
SLBs to alter its surface properties has been shown on various
accounts.[22, 42–44]

Although SLBs have been used in a multitude of cell stud-
ies, integrating them with supramolecular host–guest chem-
istry remains unexplored. Apart from their nonfouling na-
ture, SLBs have the added advantage that they mimic the nat-
ural environment of eukaryotic cell membranes. In this study,
we integrated liquid- and gel-state SLBs with supramolecu-
lar chemistry. All three aforementioned methods offered the
possibility to form tightly packed layers of MV at well-defined
surface densities.

We first evaluated the nonfouling nature of these types
of MV-functionalized surfaces, i.e., SAM, liquid- and gel-
state SLBs, towards biomolecules such as proteins and cells.
Since MV carries a double-positive charge, electrostatic in-
teractions could potentially cause nonspecific interactions
with biomolecules despite the nonfouling nature of the
background layer. MV-functionalized ethyleneglycol-based
SAMs on gold were made as reported previously.[36] We fol-
lowed the formation of gel-state and liquid-state SLBs doped

Figure 1. QCM-D response plots to flowing 1 × 10−6 m ConA
(·) over a) a liquid-state SLB, b) a gel-state SLB, and c) an
oligoethylenegylcol-based SAM, each with 1% surface density
of MV followed by rinsing with buffer (�). Change in frequency
(1f, black) and dissipation (1D, gray) values correspond to
the fifth overtone. Q2

with PE-MCC (maleimide-containing lipid) on SiO2 surfaces
using QCM-D. In both cases, we were able to observe the con-
jugation of MV–SH onto these SLBs (Figure S1, Supporting
Information). In all cases, a 1% surface density of MV was
readily obtained. Since we wanted to develop a system for
bacterial binding to glycoconjugates, we chose to test the re-
sistance of our modified surfaces against a mannose-binding
lectin, Conconavalin A (ConA).

From Figure 1, we clearly observed that the liquid-state
SLB was the most nonfouling of the three surfaces when in-
cubated with 1 × 10−6

M ConA. The nonfouling nature of
SLBs behavior is often ascribed to the neutrally charged PC
head-group in a large pH range, 3 < pH < 10. In addition, PC
is known to attract a water layer that hampers the adsorp-
tion of proteins. In the case of liquid-state SLBs, the high
lateral mobility of PC lipids further favors this protein re-
pellent property.[40] It has been proposed that out-of-plane
z-axis mobility of liquid-state SLB results in undulatory mo-
tions of the bilayer that further interferes in cell and pro-
tein binding.[45] Similar to SAMs, gel-state SLBs and their
constituents exhibit nearly no lateral mobility. Despite the
absence of such out-of-plane mobility in gel-state SLBs, non-
specific binding of ConA was significantly less compared to
MV–SAMs. This difference can be ascribed to the fact that
zwitterionic gel-state SLBs do however, to some extent, re-
tain nonfouling properties. Previous QCM-D analysis of gel-
state SLBs in the presence of serum showed negligible pro-
tein fouling on such surfaces.[23] In addition, a cell adhesion
study performed on polymerized zwitterionic SLBs consist-
ing of Bis-SorbPC showed a high degree of cell repellence
towards murine-derived macrophages despite the absence of
lipid lateral mobility.[46]

Clearly, significant fouling was observed on gel-state SLBs
and SAM PEG layers, whereas on the liquid-state SLB no
fouling was observed in the case of nonspecific adhesion
of ConA. To further confirm that using methyl-viologen-
functionalized gel-state SLBs and methyl-viologen-modified

small 2015, 00, 3–10 c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com 3
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Figure 2. Nonspecific bacterial adhesion to three lipid bi-
layers that were presenting methyl viologen. Liquid-state and
gel-state SLBs were made of using positively (MV-PEMCC) and
negatively (TR-DHPE) charged lipid constituents in an equimo-
lar amount 0.1%. Liquid-state SLB using 1% MV-PEMCC and
0.1% TR-DHPE was also made and used. Bacterial cells have
been falsely colored black for better visualization. Data pre-
sented as mean ± STD, n = 4. Insets are sample images of the
respective surfaces.

SAM PEG-based layers, leads to significant nonspecific ad-
hesion of bacterial cells to these surface exceeding by far that
observed on the methyl-viologen-functionalized liquid-state
SLB, we performed bacterial adhesion tests on these three
layers.

Figure 2 shows data of a nonspecific bacterial adhesion
test on a liquid-state SLB with two ratios of positively (methyl
viologen-PEMCC) and negatively (TR-DHPE) charged lipid
constituents. On liquid-state SLBs made of an 0.1% ratio
of positively and negatively charged constituents, negligible
nonspecific bacterial adhesion was observed. This observa-
tion is in strong contrast with the considerable nonspecific
bacterial adhesion observed on liquid-state SLBs made of a
lipid mixture with an excess of positively charged MV and,
also, with gel-state SLBs made of an equimolar amount of
viologen-PEMCC and TR-DHPE. Based on these data, we
confirm that the balance of positive and negative charges on
the layer is of utmost importance to prevent fouling of the
surface by the bacteria through nonspecific electrostatic in-
teractions. We were not able to find a condition on a gel-state
SLB where bacteria do not adhere.

Subsequently, we attached MV to the maleimide-modified
SAM PEG system (Figure 1c). We incubated the MV with
host CB[8], and with a mixture of CB[8] and second guest
azobenzene-modified mannose. We monitored bacterial ad-
hesion to these four layers (Figure S2, Supporting Informa-
tion). Clearly, and as expected, the SAM with maleimide
functional groups is preventing nonspecific interactions with
the bacteria. However, the introduction of MV on the SAM
resulted, also as expected, in substantial nonspecific elec-
trostatic interactions with the bacteria, to a similar extent
as observed in the case of methyl-viologen-functionalized

gel-state SLBs in Figure 2. While the bacterial adhesion
on the SAM including the biospecific mannose ligands only
showed a small increase in the number of adhered bacte-
ria, performing bacteria adhesion and subsequent photocon-
trolled release experiments on these types of SAMs seems
redundant. Then, we attempted to find a condition on a
SAM PEG-based surface where such nonspecific interactions
would be suppressed. To this end, we reacted the maleimide-
functionalized SAMs with a mixture of thiol-functionalized
MV and 3-mercapto-1-propane sulfonate (MPS), which can
provide negative charges to balance the positive charges
given by the incorporation of MV on the SAM. We pre-
pared different SAMs using various ratios of these two com-
pounds. Bacteria adhered to all of these SAMs (Figure S3,
Supporting Information). The adhered bacteria per area in
the condition of MV and MPS used in a 1:3 ratio are still ex-
ceeding by large the nonspecific bacterial adhesion observed
on MV-modified liquid-state SLB made of an equimolar ratio
of MV and TR-DHPE. Taken together, MV-functionalized
liquid-state SLBs were chosen to evaluate supramolecular
ternary-complex formation, selective bacterial adhesion ex-
periments, and subsequent studies for photoswitchable re-
lease of adhered bacteria.

For in situ monitoring of the SLB quality during various
modification steps, a fluorescent lipid-dye conjugate, Texas
Red-DHPE (TR-DHPE), was included at low doping den-
sities. A typical characterization experiment for liquid-state
SLBs involves monitoring of the rate of fluorescence recov-
ery after the SLB that has been locally bleached. Such a fluo-
rescence recovery after photobleaching (FRAP) experiment
can provide insights into lipid lateral mobility. Successful for-
mation of a defect free MV-modified (liquid-state) SLB was
confirmed by observing uniform fluorescence in agreement
with the observations made using QCM-D. This was further
complemented by the deduced diffusion coefficients, which
are well within the expected range for liquid-state SLBs, i.e.,
0.95 µm s−1. Texas Red-DHPE was used to monitor in situ
further SLB modifications (see Section 2.2.2.).

2.2. Incorporating Supramolecular Components

2.2.1. QCM-D-Based Analysis

After having established a nonfouling layer grafted with MV,
the self-assembly of the supramolecular host–guest complex
was attempted. QCM-D was used to monitor the formation
of the ternary complex on the MV–SLB. In Figure 3a, inter-
action and binding of CB[8] are observed, as indicated by a
shift in frequency and dissipation. Subsequently, a titration
of Azo–Man was performed from 20 × 10−6

M to 1 × 10−3
M

in the presence of 100 × 10−6
M CB[8] to ensure that the equi-

librium is driven towards complex formation. Concentration-
dependent frequency and dissipation changes were clearly
observed. Washing with only CB[8] after the titration caused
dissociation of the Azo–Man and further washing with MilliQ
water caused gradual dissociation of the complex. Changes
in both dissipation and frequency values normally indicate
that the adsorbed entities have viscoelastic properties. From
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the 1D vs. 1f plot in Figure 3b, we witness a nearly linear
relationship between the dissipation and frequency during
the entire titration. This indicated that both the shifts in dis-
sipation and frequency directly correlated to the amount of
Azo–Man that was binding to the surface. When the satura-
tion values corresponding to each Azo–Man concentration
were plotted against the concentration, we obtained a similar
Langmuir adsorption trend from both the frequency and dis-
sipation values. Fitting to a Langmuir adsorption equation,
yielded a dissociation constant (Kd) of ≈300 × 10−6

M. This
value is within an expected range for such supramolecular
interactions but is higher than that previously reported by
Scherman and co-workers (≈70 × 10−6

M) for CB[8] bind-
ing with azobenzenes in solution.[35] Most likely, the surface
density of MV in our system is below what is required for
maximum packing of CB[8] on the surface. The interligand
spacing of MV molecules was estimated to be roughly 19 nm,
calculated based on the method described by Tanaka and co-
workers.[24] However, the outer diameter of cucurbit[8]uril
has been reported to be only 1.75nm,[47] nearly a tenth of
the MV interligand spacing. Finally, the bioactivity of the
self-assembled ternary complex was confirmed through the
specific binding of ConA with mannose on the second guest
Azo–Man. ConA specifically adhered to a liquid-state SLB
modified with supramolecularly assembled Azo–Man (Fig-
ure 3d) when compared to the bare MV-functionalized SLB
(Figure 1a).

2.2.2. Fluorescence-Based Analysis

As mentioned previously, TR-DHPE is usually used in SLBs
to evaluate the quality and fluidity of the SLB, however it can
also be used to monitor modification of the SLB in situ. This
lipid–dye conjugate is usually synthesized by reacting the
amine of a phosphatidylethanolamine lipid with the lower
aromatic ring of Texas Red sulfonyl chloride, which resides
at either the ortho- or para-positions,[48] resulting in an iso-
meric mixture. Interestingly, the fluorescence intensity of the
ortho isomer has been shown to be pH dependent,[49] with
lower intensities under basic conditions. Next to inspecting
SLB integrity and approximate lipid lateral diffusion (vide
infra), this property allowed us to track the MV reaction
with the surface in time. The presence of the highly posi-
tively charged MV attracts hydroxide ion from the water and
creates a local pH increase. As expected, we always observed
a drop in the Texas Red fluorescence intensity when MV–SH
was conjugated to the SLB (Figure 4a). To ensure that this
was purely a surface chemistry effect, we checked the fluo-
rescence intensity drop after addition of an unreactive MV.
In this case, no significant drop in the intensity was observed
(Figure 4a). Following this, we measured the changes in fluo-
rescence intensities as the supramolecular components were
assembled. When CB[8] bounds to the surface-immobilized
MV, a slight rise in the fluorescence intensity was observed
possibly due to the partial shielding of the charges of MV.
When titrating with different concentrations of Azo–Man,
the fluorescence intensity seems to drop at higher concen-

Figure 3. QCM-D analysis of the supramolecular assembly on
liquid-state SLBs. The captions on top of the plots represent
the different solutions used during the QCM-D measurement.
a) Binding of CB[8] (CB) to an MV-functionalized SLB followed
by titration of different concentrations of Azo–Man (1– 20 ×

10−6 m, 2–50 × 10−6 m, 3–100 × 10−6 m, 4–200 × 10−6

m, 5–500 × 10−6 m, 6–1000 × 10−6 m) followed by washing
with CB[8] and MilliQ water (MQ). All the Azo–Man solutions
also contained 100 × 10−6 m CB[8]. b) 1D vs. 1f plot for the
Azo–Man titration part of Figure 3a. All captions above the plot
are the same as in Figure 3a. c) Langmuir adsorption equation
fitting of the saturation values from the frequency and dissipa-
tion changes seen during the Azo–Man titration. d) Adhesion
of 1 × 10−6 m ConA onto CB[8]–Azo–Man-functionalized SLB
followed by washing with HEPES NaCl buffer (Buff) and 10 ×

10−6 m Mannose (Man). Change in frequency (1f, black) and
dissipation (1D, gray) values correspond to the fifth overtone.

trations and seems to follow a similar trend as the binding
curve in Figure 3c. The drop in fluorescence might be due to
a change in local pH. Also, as seen in the FRAP experiment,
increased Azo–Man concentrations causes the lateral mo-
bility to reduce, which suggests crowding of the TR-DHPE
lipid resulting in self-quenching. Nonetheless, the observed
trend seems to follow the binding curve presented in Figure
3c. Furthermore, FRAP was used to study the attachment of
MV to the SLB and the effect of the formation of the ternary
complex on the lipid lateral mobility and diffusion coefficient
(Figure 4c). In line with the trends observed in Figure 3a,b,
the diffusion coefficient dropped after attachment of MV, in-
creased on CB[8] adhesion and reduced again in the presence
of increasing concentrations of Azo–Man. We tentatively
interpret these observations as follows. Positively charged
MV-lipids can possibly interact with negatively charged TR-
DHPE resulting in its mobility drop. Subsequently, the bind-
ing of CB[8] causes shielding of MV allowing TR-DHPE
to diffuse more freely in the bilayer. Further binding of in-
creasing amounts of Azo–Man to the MV–CB[8] complex
causes a drop in lateral mobility, probably since mannose,
being highly hydrated, causes a crowding effect at the sur-
face. This observed trend also seems to follow the binding
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Figure 4. Fluorescence-based analysis of the supramolecu-
lar SLBs. a) Drop in fluorescence intensity of TR-DHPE due to
the conjugation of MV–SH with PE-MCC lipids in the SLB. All
intensities have been normalized to the fluorescence due to
TR in the SLB before MV–SH conjugation. b) Change in the flu-
orescence intensities seen during assembly of the CB[8] and
Azo–Man. All Azo–Man solutions in the titration also contained
100 × 10−6 m CB[8]. Intensity values have been normalized
to the fluorescence due to TR in the SLB after MV–SH conjuga-
tion. c) FRAP analysis of the supramolecular assembly on the
surface. Inset plot represents diffusion coefficients. The colors
in the legend apply for both the fluorescence recovery curves
and the diffusion coefficient plot. Data presented as mean ±

STD, n = 2.

curve presented in Figure 3c. These results highlight the use
of TR-DHPE for in situ monitoring of the MV reaction and
assembly of the supramolecular host–guest complex.

2.3. Bacterial Capture and Release

2.3.1. Bacterial Adhesion and Controls

Confident that the supramolecular assembly of CB[8] and
Azo–Man is possible on liquid-state SLBs, we proceeded to
test bacterial adhesion onto these surfaces in microfluidic
channels. For this purpose, we chose to use the ORN178
and ORN208 bacterial strains.[50] ORN178 is an E. coli K12
derivative expressing a native version of the FimH receptor,
allowing it to specifically bind mannose. ORN208 has a genet-
ically modified FimH receptor with a single-point mutation
and is unable to bind mannose. Apart from this, both strains
are identical. When the supramolecular surface was exposed
to ORN178, bacterial cells were seen adhering to the surface
and did not dissociate even in the presence of strong flow (300
µL min−1) (Figure 5). To ensure that the bacterial cells had
adhered specifically to thesupramoelcularly mannose units
in the host–guest system, two control experiments were per-
formed. First, adhesion of ORN208 was tested and we ob-

Figure 5. Number of bacterial cells immobilized on
supramolecular SLBs. For ORN178 and ORN208 adhesion ex-
periments, 0.1 O.D.600nm of the bacteria along with 10 × 10−6

m CB[8] and 100 × 10−6 m Azo–Man in buffer was used. For the
adhesion test of ORN178 to supramolecular SLBs containing
CB[7], 0.1 O.D.600nm of the bacterial solution with 10 × 10−6 m
CB[7] and 100 × 10−6 m Azo–Man was used. Data presented
as mean ± STD, n = 6. Bacterial cells in the images have been
falsely colored black to improve visualization.

served that even at a lower flow speed (15 µL min−1), only
a negligible number of cells were visible at the surface (Fig-
ure 5). Similarly, when CB[7] was used instead of CB[8] only
MV was able to occupy the smaller cavity of CB[7] resulting
in almost no ORN178 cells (less than 5% compared to the
ternary complex) adhering to the surface (Figure 5). These
experiments confirmed that bacterial adhesion was specific to
the mannose presented in a supramolecular fashion using the
ternary host–guest complex on SLBs. We also confirmed that
CB[8] and Azo–Man do not affect bacterial viability by test-
ing their growth on agar plates after being mixed together
for an hour. The presence of CB[8] and Azo–Man did not
reduce the number of bacterial colonies seen compared to
the control (Figure S4, Supporting Information). In addition,
UV exposure for 5 min did not reduce the number of bacte-
rial colonies compared to the control (Figure S5, Supporting
Information).

2.3.2. Bacterial Release Due to Azo–Man Photoisomerization

Next, we tested whether the photoisomerization of Azo–Man
under UV irradiation could cause the dissociation of the bac-
terial cells from the surface. For this purpose, we first al-
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Figure 6. Plots representing results from bacterial release ex-
periments by irradiation of 360 nm UV light in the presence of
300 µL min−1 flow. a) Before UV irradiation, cell detachment
was not observed even in the presence of flow whereas 5 min
UV irradiation caused detachment of nearly 80% of the cells.
Error bars obtained from three individual release experiments.
b) Localized photorelease was performed by irradiating the
surface with UV light from the microscope lens using a field
diaphragm. The columns represent percentage of cells remain-
ing inside or outside the irradiated spot after 4 min irradiation.
Error bars were obtained from two experiments with localized
release done on three individual spots each. Inset represents
the detachment of bacterial cells inside (black line) and out-
side (gray line) the irradiated spot as a function of time.

lowed ORN178 cells to adhere to the supramolecular SLB
and then irradiated the surface with 360 nm UV light. At 300
µL min−1 in the presence of UV irradiation, we observed
rapid detachment of bacterial cells from the surface (Figure

6a). Interestingly, at flow speeds of 100 µL min−1 and 200 µL
min−1, rapid dissociation was not observed. This could pos-
sibly be explained by the fact that the photoisomerization of
azo-benzenes has only around 75%–80% efficiency.[19] Since
E. coli typically produces a few hundred FimH receptors,
stronger multivalent binding to several Azo–Man units is
expected. Therefore higher flow speeds are needed to over-
come the overall interaction strength of the remaining bound
FimH and Azo–Man bonds.

Furthermore, we tested whether it would be possible to se-
lectively release bacterial cells from a well-defined region by
localized UV irradiation. Local UV irradiation was achieved
by closing the field diaphragm and illuminating with 360 nm
UV light. At a flow of 300 µL min−1, bacterial cells were seen
detaching from the irradiated spot, while the vast majority
of cells outside this spot remained bound (Figure 6b). This
even occurred with simultaneous illumination with white
light. This enabled real-time imaging of the photorelease
as shown by the plot in the inset of Figure 6b (Video S1,
Supporting Information). The photorelease seemed to occur
rapidly within the irradiated spot while bacterial cells out-
side the spot seemed to stay immobilized during this period.
This confirmed that localized release of immobilized bacte-
rial cells can be easily achieved with this photoresponsive
supramolecular system.

3. Conclusion

We have successfully demonstrated for the first time the com-
bination of supramolecular host–guest chemistry and SLBs
to develop photoresponsive supramolecular SLBs. Compar-
isons with other similarly possible supramolecular surfaces
on SAMs and gel-state lipid bilayers indicated that liquid-
state lipid bilayers were the most suitable for specific bac-
terial adhesion. Each step in the molecular construction of
the system, including SLB formation, conjugation of the first
guest, supramolecular assembly of host–guest components
and photorelease have been carefully characterized using
QCM-D measurements, fluorescence, and bright-field mi-
croscopy. Using the photoisomerizable glycoconjugate, Azo–
Man, the system has been validated for bacterial binding and
release. Interesting aspects of the system including the ability
to quickly monitor supramolecular assembly through fluores-
cence intensity changes, requirement of a certain shear stress
provided by flow for bacterial photorelease and localized
photorelease have been investigated. The system can poten-
tially be used to develop reusable biosensor chips where the
detection of specific pathogenic strains in a sample can be per-
formed by capture to the surface followed by photorelease,
allowing for detection in a fresh sample to be performed.
Further, localized release would enable photo patterning or
photo guiding of cells on the surface enabling the study of
growth, migration, and intercellular interactions.

4. Experimental Section

Materials: All starting materials and chemicals were pur-
chased from Sigma–Aldrich, Fluka, Serva, Becton Dickinson,
Avanti Polar Lipids, Microchem, Thermo Fisher, Invitrogen,
and Acros organics, and they were used as received, unless
otherwise stated. MV–SH was synthesized as previously re-
ported in literature.[51] The Azo–Man glycoconjugate was
also synthesized as previously reported in literature.[19] Both
ORN178 and ORN208 bacterial strains were kindly provided
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by Prof. Luc Brunsveld, TU/e. MilliQ water with a resistivity
higher than 18 M� cm−1 was used in all experiments.

QCM-D: Thiolated ethyleneglycol-based SAMs bearing
maleimide groups were formed on gold QCM resonators
(Q-Sense) as described elsewhere.[36] SLBs were formed
on SiO2 QCM resonators (Q-Sense). Prior to use, the res-
onators were cleaned with ethanol, water, and with 30 min
UV-ozone treatment (UV/Ozone Procleaner plus, Bioforce
Nanosciences). After mounting the cleaned resonators in the
QCM-D holder, degassed 5 × 10−3

M PBS (Sigma–Aldrich,
pH 7.4) was initially flowed. After obtaining a stable baseline
(less than 1 0.5 Hz during 10 min), 0.5 mg mL−1 large unil-
amellar vesicles (LUVs) were flown through the device. The
1 mg mL−1 stock LUV solution in milliQ was diluted 1:1 with
10 × 10−3

M PBS (Sigma–Aldrich, pH 7.4) just before vesicle
addition. For liquid-state SLBs, these steps were performed
at 22 ◦C and for gel-state SLBs, the temperature was raised to
45 ◦C. All subsequent measurements were performed at 22
◦C. Subsequently, 50 × 10−3

M sodium phosphate buffer (pH
6.8) was passed through until a stable baseline was reached. A
freshly prepared 1 × 10−3

M MV–SH solution in 50 × 10−3
M

sodium phosphate buffer (pH 6.8) was flowed in the chamber
and allowed to react for 1 h. Assembly of the ternary com-
plex of CB[8] and Azo–Man was performed in MilliQ water
using concentrations mentioned in the main text. A 1 × 10−6

M Concanavalin A (ConA) solution in buffer (10 × 10−3
M

HEPES, 137 × 10−3
M NaCl, 1 × 10−3

M MnCl2, 1 × 10−3

M CaCl2, pH 7.0) was flown through the device to monitor
nonspecific and specific binding. All fluids were exchanged
continuously at 100 µL min−1 using a peristaltic pump.

PDMS Flow Channel: A silicon flow channel master was
produced by standard photolithography steps and deep re-
active ion etching. The polydimethylsiloxane (PDMS) flow
channels were prepared from a degassed mixture of 10:1 Syl-
gard 184 elastomer and curing agent (Dow Corning Corp),
which was casted onto the silicon master and cured at 80 ◦C
for 1 h. The flow channels were cut to size and inlets and out-
lets were punched using a 1 mm Ø punch (Harris Uni-core;
Sigma–Aldrich). The single straight channel had a width of
1.5 mm and a height of 50 µm.

PDMS Bonding: Standard glass microscope slides
(Menzel-Gläser) were rinsed and sonicated extensively with
acetone, ethanol, and MilliQ water, and dried prior to
UV-ozone exposure (UV/Ozone Procleaner plus, Bioforce
Nanosciences) for at least 20 min. After UV exposure, the
microscope slides were rinsed with ethanol, water, and dried
under a stream of nitrogen. Both cut-out PDMS flow chan-
nels and cleaned microscope slides were treated with oxygen
plasma for 30 s at 40 W (Plasma prep II, SPI supplies) after
which they were bonded immediately. The chips were placed
on a hot plate for 10 min at 70 ◦C to increase the binding
strength. Tygon tubing (VWR, 0.25 mm inner Ø and 0.76
mm outer Ø) was inserted into the PDMS. The assembled
µSLB flow channels were placed in an oven at 60 ◦C for 1
h. Leak-free operation was seen for flow rates up to 2 mL
min−1.

Vesicle Preparation: 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC, Avanti Polar Lipids) was stored as a
10 mg mL−1 stock solution in chloroform at −20 ◦C and used
as the main constituent in liquid-state SLBs. 1-Myristoyl-
2-palmitoyl-sn-glycero-3-phosphocholine (MPPC, Avanti
Polar Lipids) was stored as a 10 mg mL−1 stock in chloroform
at −20 ◦C and used as the major constituent for gel-state
SLBs. 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-[4-(p-maleimidomethyl)cyclohexane-carboxamide]
(PE-MCC, Avanti Polar Lipids) was stored as a 2 mg mL−1

stock in chloroform at −20 ◦C. The charged lipid–dye
conjugate, Texas Red-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (TR-DHPE, Invitrogen) was stored
as a 1 mg mL−1 stock solution in methanol at −20 ◦C. Desired
molar ratios of the DOPC/MPPC, PE-MCC, and TR-DHPE
were mixed and dried under a flow of nitrogen in a glass
vial, and subsequently placed under vacuum overnight. The
resulting lipid film was resuspended by vortexing in MilliQ
water to form multilamellar vesicles (MLVs) at 1 mg mL−1.
The MLV solution was extruded 11 times through a 100
nm polycarbonate membrane (Avanti Polar Lipids). The
resulting large unilamellar vesicles (LUVs) were kept at
room temperature and used within 2 weeks. For liquid-state
SLBs, all these steps were performed at room temperature
and for the gel-state SLBs, they were performed at 60 ◦C.

Supramolecular SLB Formation: SLB formation was
achieved by dilution of the LUV solution to 0.5 mg mL−1 in
10 × 10−3

M PBS pH 7.4 (Gibco, lacking MgCl2 and CaCl2).
Prior to LUV incubation, the channels were flushed briefly
with 10 × 10−3

M PBS. The channels were then incubated
with the vesicle suspension for at least 30 min to allow for
vesicle adsorption and rupture to occur. For gel-state SLBs,
this step was performed at 60 ◦C. Subsequently, the chips
were washed with an excess of MilliQ water (300 µL min−1).
From this point forth, care was taken to ensure that no air
bubbles entered the device. Coupling of MV–SH to the PE-
MCC units in the SLB was done by passing 300 µL of 1 ×

10−3
M MV–SH in 50 × 10−3

M sodium phosphate buffer (pH
6.8) at 300 µL min−1 through the channel and allowing it to
incubate for 1 h. Further assembly of CB[8] and Azo–Man
was performed by passing 200–300 µL of each solution, as
indicated in the main text, at 300 µL min−1 and allowing it to
incubate in the channel for 10 min unless stated otherwise.
Experiments were done by first assembling all components
and monitoring the adhesion and photorelease of bacteria
and subsequently the complete supramolecular SLB was re-
installed for a new experiment. We have not quantified how
often this process can be done.

Fluorescence Microscopy: An Olympus inverted IX71 epi-
fluorescence research microscope with a Xenon X-cite 120PC
as a light source and a digital Olympus DR70 camera for im-
age acquisition was used to acquire fluorescence micrographs
of the TR-DHPE in the SLBs. To this end, green excitation
(510 ≤ λex≤ 550 nm) and red emission (λem > 590 nm) was
filtered using the U-MWG2 Olympus filter cube. To image
the FRET gradient, UV excitation (325 ≤ λex≤ 375 nm) and
broad emission (λem > 420 nm) were filtered. Bacterial ad-
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hesion was imaged using top bright-field illumination. In all
instances, ISO200 camera settings were used to record high
quality, low noise images. In the case of fluorescence micro-
graphs, care was taken to ensure image acquisition that was
performed in the linear response regime. For photoisomer-
ization experiments, a filter cube with excitation of 350–360
nm was used with maximum illumination intensity. Local-
ized release experiments were performed by closing the field
diaphragm in the UV excitation path (epi). Brigth-field illu-
mination enabled real-time image acquisition.

Fluorescence Recovery After Photobleaching: FRAP mea-
surements were conducted using a Nikon A1 CSLM with
a 20× objective. To derive the diffusion coefficient, modi-
fied Bessel functions as described by Soumpasis et al. 1983
were used. Data were corrected for acquisition bleaching and
normalized. FRAP data were analyzed with FRAPAnalyser
(University of Luxembourg).

Bacterial Cell Culture: The bacterial strains ORN178 and
ORN208 were grown overnight in LB media using tetracy-
cline as the selective antibiotic. These were then spun down
at 5000 g for 10 min and the supernatant was discarded. The
bacteria were washed twice with 10 × 10−3

M HEPES, 137 ×

10−3
M NaCl, pH 7 buffer by centrifugation and resuspension.

Finally the bacteria were reconstituted in this buffer and their
optical density at 600 nm was measured.

Bacterial Adhesion: OD 0.1 solutions in buffer (10 × 10−3

M HEPES, 137 × 10−3
M NaCl, pH 7.0) were prepared of

ORN178 and ORN208. Prior to flowing, the bacteria through
the device, MnCl2 and CaCl2 were added at final concentra-
tions of 1 × 10−3

M each. 200 µL of bacterial solution was
flown through the chip at 300 µL min−1. The flow was stopped
and the cells were left to settle for 15 min. After the set in-
cubation period, flow was applied as indicated in the main
text.

Data Analysis: Image processing was performed using Im-
ageJ (NIH) and the obtained data were analyzed and plotted
using Origin (OriginLab) and Excel (Microsoft).

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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