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Quantitative time-resolved measurement of
membrane protein-ligand interactions using
microcantilever array sensors

Thomas Braun'’, Murali Krishna Ghatkesar?’, Natalija Backmann3, Wilfried Grange’,
Pascale Boulanger?, Lucienne Letellier*, Hans-Peter Lang?, Alex Bietsch3, Christoph Gerber?
and Martin Hegner'™

Membrane proteins are central to many biological processes, and the interactions between transmembrane protein
receptors and their ligands are of fundamental importance in medical research. However, measuring and characterizing
these interactions is challenging. Here we report that sensors based on arrays of resonating microcantilevers can measure
such interactions under physiological conditions. A protein receptor—the FhuA receptor of Escherichia coli—is crystallized
in liposomes, and the proteoliposomes then immobilized on the chemically activated gold-coated surface of the sensor by
ink-jet spotting in a humid environment, thus keeping the receptors functional. Quantitative mass-binding measurements
of the bacterial virus T5 at subpicomolar concentrations are performed. These experiments demonstrate the potential of
resonating microcantilevers for the specific, label-free and time-resolved detection of membrane protein-ligand

interactions in a micro-array format.

processes, including the transport of matter, energy

conversion, communication and the interaction of cells
with their environment. Indeed, membrane proteins are the most
important target for present-day drug discovery programmes,
with half of all marketed drugs affecting membrane proteins
called G-protein-coupled receptors (GPCRs)'.

Unfortunately, the special architecture of transmembrane pro-
teins (which is a result of the amphiphilic nature of most biological
(lipid) membranes) makes it challenging to work with them?
and makes it difficult to obtain structural and functional data.
However, given their medical importance, there is a need to find
new ways to study membrane proteins under physiological con-
ditions, preferably methods that are label-free and enable real-time
measurements in a ‘functional micro-array’ format®.

Recently, new sensor technologies based on microcantilevers have
been developed*®. Two changes occur when analyte molecules bind to
immobilized receptors on the surface of a cantilever: first, a surface
stress-induced bending of the cantilever (static mode) occurs, and
second, there is a change in the resonance frequency of the cantilever
caused by the change in mass (dynamic mode).

Static mode detection has been established to be a sensitive label-
free method for real-time detection of biomolecular interactions in
air and liquid®-'%. It also represents a new method for monitoring
conformational changes of immobilized molecules upon binding
of analytes'>!3.

Dynamic mode measurements performed in vacuum or humid
air have enabled the mass detection of a single virus particle!* and
a bacterium cell'®, as well as the monitoring of the growth of micro-
organisms on cantilever surfaces in humid air'®”. However, real-
time dynamic detection of biological ligands binding to receptors

I\/\ embrane proteins have an important role in many biological

is more challenging because it happens in a liquid physiological
environment. The binding of biotinylated beads to streptavidin
receptors has been detected in proof-of-concept experiments!'®®.
The experiments of Burg and colleagues! are an excellent demon-
stration of the miniaturization of sensors (with the sample flowing
through channels inside the cantilever as it vibrates in a vacuum),
although they were not performed in an array format (and did
not, therefore, permit differential sensing). This technique enabled
measurements of the binding of antibodies to antigens or weighing
the mass of individual bacteria or gold particles with high sensi-
tivity. However, real-time sensing of bio-ligands binding to mem-
branes on cantilever arrays in liquid using the dynamic mode has
not yet been established.

The detection of viruses present in biological samples such as
serum is of high importance in medical diagnostics. Common in-
direct assay procedures include the detection and amplification of
their genetic material with real-time polymerase chain reactions.
An assay that directly detects viral binding to membranes is still
not available?*2!, In the present study, we demonstrate the appli-
cation of the dynamic mode method for virus detection in liquid
using the model system of the complete E. coli outer transmembrane
protein FhuA (M, = 78.9 kDa)*.

Besides its physiological function as a specific membrane trans-
porter of the siderophore (iron-chelating molecule) ferrichrome,
FhuA is used as a receptor by numerous other effectors, which are
mostly harmful to bacteria. Among them is the bacteriophage virus
T5, which is a lytic phage. The binding site of the phage is different
from that of ferrichrome?*?* and is accompanied by large energetic
and structural changes, leading to cell penetration by a needle and
subsequent DNA injection®. Subsequently, T5 phages break up the
infected cells after replication of their virus particles.
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Figure 1 | Preparation of FhuA receptors for cantilever functionalization.

a, TEM image of reconstituted FhuA- proteoliposomes. b, Coomassie-stained
SDS-PAGE of reconstituted FhuA-protein (right lane), with molecular mass
markers shown in the left lane. ¢, Binding of T5 phages to FhuA-containing
vesicles (V) in solution (TEM). The background (carbon film) is labelled B.
d, Magnification of the region indicated in c. The arrow indicates the empty
head of a phage, which has most probably already injected the DNA into a
vesicle. e, Binding of T5 phage to FhuA-containing proteoliposomes
immobilized on a gold interface by means of a di-thio-bis-succinimidyl-
undecanoate (DSU) crosslinker (scanning electron microscopy, SEM, image):
gold-coated cantilevers were pre-functionalized with a self-assembled
monolayer of DSU by immersion in T mM DSU solution in dioxan.

f, Binding of T5 phages to FhuA-containing vesicles physisorbed on gold
cantilever interfaces (SEM): experiments were performed as described in e,
but without the pre-functionalization with the DSU layer. The immobilization
of FhuA-proteoliposomes in e and f was performed in batch and not by
ink-jet spotting.

FhuA - protein was reconstituted into liposomes and attached
in a functional form to the gold-coated side of cantilevers using
thiol crosslinking chemistry. The specific binding of T5 virus

particles (estimated M, =7 x 107 Da)®*® on FhuA -protein was
measured. All experiments were performed in a functional micro-
array format, allowing differential measurements of the sensing
(FhuA-functionalized and casein-blocked) and reference (casein-
functionalized only) cantilevers, in parallel, under the same physio-
logical conditions. This allowed the sensitivity of the measurements
to be improved when temperature drifts or non-specific binding
were likely. (See Supplementary Information, Fig. S1, for an over-
view of the complete experimental workflow.)

Receptor preparation, stabilization and functionality test
FhuA -protein, solubilized and purified in the detergent
n-octyl-B-p-glucopyranoside?, was reconstituted in E. coli-derived
lipids by dialysis?”?%. Figure la shows a transmission electron
microscopy (TEM) image of the reconstituted material.
Depending on the value of the lipid to protein weight/weight
ratio (LPR), we observed small vesicles with a diameter of
<200nm (LPR >0.5) or large vesicles with a diameter of
>200 nm (LPR < 0.5). With a LPR of about 0.1, sheets of vesicles
were instead obtained (these reconstitutions were not used for
sensor functionalization). Depending on the LPR and the reconsti-
tution experiment, the vesicles revealed partial (1 to 2 diffraction
orders) crystallinity, or high crystallinity in the case of sheets, in
the power spectra (data not shown). Figure 1b shows a sodium
dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-PAGE)
of the reconstituted material. The strong band at ~70 kDa corre-
sponds to the nominal molecular weight of FhuA, indicating that
the protein was inserted into the vesicles. Further binding exper-
iments were performed with FhuA reconstituted in pure vesicles
rather than in sheets.

Before using the FhuA-containing proteoliposomes for cantilever
measurements, we tested their ability to bind T5 phages in solution.
The results were visualized using TEM. The phage-binding assay
revealed a specific interaction between the virus particles and FhuA -
protein-containing vesicles (Fig. 1c)*, whereas only a few unbound
viruses were observed in the background. The more detailed Fig. 1d
shows the binding of the phage baseplate and the ample flexibility of
the phage tail (see also Supplementary Information). Some phages,
like the one indicated by an arrow in Fig. 1d, injected the DNA
into the vesicle as demonstrated previously?’. Thus, these images
confirmed the functionality of the reconstituted FhuA - proteins.

Measurements of biomolecular interactions with sensors require
the ability to control the stability and activity of immobilized recep-
tor molecules on the sensor interface. We tested the attachment and
functionality of FhuA - proteoliposomes immobilized on gold-coated
cantilever arrays using T5 phages as reporters. These bacterial
viruses are sensitive to the general architecture of the protein®.
As such, these viruses not only provide evidence for the presence
of the membrane proteins (as would antibodies), but also directly
test their functionality. To this end, FhuA-containing proteo-
liposomes were either physisorbed directly on gold surfaces or
attached to them covalently using a crosslinking monolayer of
di-thio-bis-succinimidyl-undecanoate (DSU)*! molecules. After
subsequent in-batch incubation of cantilevers in a T5 phage suspen-
sion, the results were visualized by scanning electron microscopy
(SEM). We detected octahedral structures with the size of T5
heads only on the gold surface pre-functionalized with the DSU
monolayer (Fig. le). When the proteoliposomes were adsorbed
directly on the gold support, we observed only vesicle-like structures
but no viral capsids (Fig. 1f). This suggests that direct adsorption
of the proteoliposomes on the gold surface inactivates FhuA. In
contrast, the protecting DSU layer between the gold and the proteo-
liposomes maintains the ability of membrane-incorporated FhuA -
protein to bind phages. However, the in-batch functionalization of
sensors was inefficient in two ways: it consumed a lot of biological
material, and only a small portion of the interface revealed FhuA
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Figure 2 | Humidity chamber for functionalization of cantilevers with membrane proteins. The cantilever array is placed on a temperature-controlled
(peltier) cantilever holder. The ink-jet spotter nozzle is used to spot droplets (~0.1 nl) on the cantilever surface and can be moved in all directions.

The functionalization procedure is monitored by a charge-coupled device (CCD) camera through magnifying optics. To prevent drying of the biological
functionalization layer, small water droplets are generated by a piezoelement-driven membrane placed in a water bath. The water of the bath is continuously
exchanged by pumping from a cooled storage bath. The vapour generated above the humidifying bath is transported in a regulated air stream through

a connection tube to the functionalization chamber with the cantilever array. The inset shows the nozzle N and a cantilever array as seen after
functionalization through the camera. An arrow marks the hinge of the cantilever beam. The small water droplets on the base of the cantilever array B are
generated in the humidity chamber. Every second cantilever is membrane protein functionalized (large drops). Note that the spotter nozzle N wets the upper
interface selectively. The asterisks mark the protection bars at the side of the cantilevers. The profile of the chip body is indicated by a dotted line.

Scale bar, 500 um.

vesicles. To overcome these limitations, we have used an ink-jet
spotter to directly functionalize the cantilevers (see below).

Cantilever functionalization by ink-jet spotting

The functionalization of the upper side of the DSU-prefunctionalized
cantilevers was performed using an ink-jet spotter dispensing
ten droplets (0.1 nl; distance between droplets, 50 wm) of
proteoliposome-containing buffer on every second cantilever. To
prevent drying of the spotted droplets (which could lead to a dena-
turation of proteins), we designed a humidity chamber to keep the
cantilever surfaces wet for at least 30 min at a relative humidity of
>95% (Fig. 2). In order to inhibit condensation of the humidity
at the spotter nozzle, the setup was temperature-controlled at two
points, at the water bath with the mist generator and at the cantilever
holder itself. With additional control of the air stream, the
conditions in the functionalization chamber could be precisely regu-
lated, allowing excellent control of the wetting of the cantilever
surface. In this way, the upper surface of the cantilever may be selec-
tively functionalized with native biomolecules, allowing incubation
times of up to 1 h.

After immobilization of FhuA - proteoliposomes (Fig. 3a), the
complete array (positive and reference cantilevers) was immersed
in a casein solution to block the remaining unspecific binding
sites. Casein is widely used to prevent unspecific binding in molecu-
lar biological applications and does not block receptor ligand inter-
action®. This functionalization procedure therefore resulted in an
array containing four sensing cantilevers covered with FhuA -pro-
teoliposomes and four reference cantilevers, covered with casein
only. Note that the positive control differs from the negative
control only by the additionally adsorbed FhuA vesicles. This pro-
cedure ensures that the differential signal between the positive and
negative controls is due to specific interactions between the
ligands and the FhuA receptors, because vesicles containing non-
active FhuA proteins do not bind T5 particles (Fig. 1f).

We verified the coverage of the upper cantilever surface using
tapping-mode scanning probe microscopy (atomic force
microscopy, AFM). To this end, cantilevers were prepared as
described for the binding experiments, and were then washed in
water and dried. Figure 3b shows a topography image recorded
from a cantilever surface in the centre of the cantilever bar. The
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Figure 3 | Functionalization of the upper cantilever surface with FhuA-
proteoliposomes. a, Schematic of the cantilever functionalization: the gold
interface of the cantilever is pre-functionalized with a self-assembling DSU
crosslinker, which binds to the gold via a thiol group and reacts by a
succimidyl group with primary amines of FhuA-protein reconstituted in lipid
vesicles. b, Tapping-mode AFM image of the cantilever surface in the middle
of the cantilever bar. The line indicates the position of the recorded height
profile shown in the lower panel. FhuA-containing proteoliposomes are
clearly visible, similar to the one in Fig. 1a.

measurement reveals typical shapes for FhuA - proteoliposomes, as
observed in the TEM images of Fig. la. The corresponding AFM
height profile along the line indicated in Fig. 3b exhibits height
steps of 5 nm, consistent with the thickness of a protein-containing
membrane bilayer®®. The ink-jet spotting enabled coverage of the
cantilever interface with proteoliposome of at least 64% as estimated
by height threshold and particle analysis. Note that a cantilever
covered with just casein is able to block unspecific binding (see
Supplementary Information, Fig. S5).

Binding mass measurements in dynamic mode

The dynamic mode method is based on measurements of cantilever
frequency shifts caused by mass adsorption on the cantilever surface
(Fig. 4; see also Methods). The setup enables maximal readout of
eight cantilevers in the array in a time-multiplexed manner, which
in turn allows a parallel monitoring of the sensing and reference
cantilevers in the array. To overcome the large damping of the canti-
lever movement by the liquid, we performed measurements at
higher harmonics, thus improving quality factors® and sensitivity.
We also modelled the amplitude response spectra of the cantilever,
not only taking the immediate resonance frequency into account,

We expect turbulent liquid flow for these frequencies**, also

providing a good mixing of the injected solution. The functionalized
cantilever array was placed into a liquid cell, with the volume of 5 pl
filled with binding buffer. All measurements were performed in
steady flow at a rate of 10 pl min~! and at a constant temperature
of 22 °C.

Figure 5a shows the results of an experiment with T5 virus par-
ticles injected for 1h at a concentration of 3 pM (at a rate of
10 pl min1). Positive control cantilevers (coated with FhuA - pro-
teoliposomes) show evidence of a mass uptake of about 8 ng. These
changes are observed within minutes, a performance of the micro-
cantilever sensors suited to real-time quantitative bio-applications.
In contrast, negative control cantilevers (coated with casein only)
show no detectable mass uptake. This observation demonstrates
the high specificity of the sensing (FhuA) cantilever for detecting
T5 phages, as well as the capability of the casein layer on the refer-
ence cantilever to efficiently block unspecific interactions (see
Supplementary Information). An additional, independent exper-
iment performed with a solution of T5 virus particles at 1.5 pM
shows a mass uptake of about 4 ng (for a 600 wl solution of T5
phages), illustrating the typical reproducibility of our measurements
(Fig. 5b). The adsorbed mass remained constant after rinsing the
chamber with buffer (similar behaviour was observed at 3 pM), in
agreement with previous studies, which have reported an irrevers-
ible binding of the T5 virus particles on FhuA?*3,

Finally, in Fig. 5¢ we present a measurement in which the
concentration of T5 virus particles was gradually increased
from 30 fM to 3 pM. Here, 600 pl of solution was injected at each
concentration. With a typical noise level of +0.5 ng, the sensitivity
of the instrument was found to be a few hundreds of fM for
T5 phages.

Measured bound mass values for T5 bacteriophages are about
8 ng for a 600 wl (3 pM) solution (Fig. 5). This mass uptake was
found to be reproducible for independent measurements, correlat-
ing with the high quality of the functionalization process (for a
total of six independent experiments—using different arrays—at
different concentrations, data not shown). Previous studies have
shown that T5 phages irreversibly bind to FhuA in a 1:1 molar
ratio®”. For a 600 pl solution at 3 pM, the total mass of T5 phages
(M, ~7 x 107 Da) is ~130 ng. This means that every ~16th
virus particle injected was bound to the sensor interface and that
13% of the accessible FhuA receptors on the cantilever surface
were occupied at the end of the experiment (see Supplementary
Information; note also that these numbers are roughly calculated
from estimated T5 masses and concentrations (plaque-forming
units, PFU)). Despite the high efficiency of phage binding, sterical
hindrance due to the large virus heads could limit the capacity of
the sensor to bind even more particles. The measured mass of the
specifically bound phages to the membrane protein receptors is 16
times higher than that calculated for an unspecific binding of hex-
agonal packed phage heads on the FhuA-functionalized area of
the cantilever (64%, Fig. 3b). The phage particles specifically bind,
by means of their long and thin tails, to FhuA (Fig. 1d), enabling
a three-dimensional arrangement of the phage head. Indeed, TEM
studies of phage binding to FhuA -proteoliposomes in solution
reveal that the ample tail of the phage enables binding of many
more particles on a certain area than the head size allows (see
Supplementary Information, Figs S3a, 4). These findings are
further proof of the specific binding of the virus particles to their
natural receptor in situ on the sensor surface.

Conclusions
We have used micro-cantilever arrays to specifically and quanti-
tatively detect bacterial virus particles (T5) interacting with their

but also the complete peak region (see Supplementary transmembrane receptors (FhuA) reconstituted in a native state
Information, Fig. S2). in proteoliposomes. A few reports have demonstrated label-free
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Figure 4 | Schematic of the dynamic-mode measurement setup. A frequency generator sweeps the frequency by exciting a piezoelectric actuator located
beneath the base of the microcantilever array. The response of the cantilever is optically detected with a laser using a position-sensitive detector (PSD). The
frequency analyser compares the cantilever response with a reference signal from the frequency generator to determine the phase. The amplitude spectrum
is recorded with the corresponding phase values. The raw data are analysed by a post-processing software called NOSEtools, which allows the time evolution

of the adsorbed mass to be directly determined from the spectrum.

detection using transmembrane proteins®®*, but this is the first time
that such studies have been reported in a micro-array format®. This
manuscript also presents a novel method (not only applicable to
cantilever-based techniques) for functionalization of sensor inter-
faces with transmembrane proteins.

We used T5 virus particles to validate every step during the
sensor preparation with functional membrane proteins (FhuA).
The advantage of using reconstituted proteoliposomes is that the
transmembrane protein can be stabilized in a native environment
directly after purification with a high density of receptor molecules.
Furthermore, these vesicles are relatively easy to handle and can be
stored. Our data show that the proteoliposomes bind in a native
manner to the underlying self-assembled monolayer (DSU crosslin-
ker), either as single membranes or as intact vesicles (see Fig. 3),
maintaining the function of the embedded transmembrane
protein. The additional protective SAM layer is needed for func-
tional membrane protein receptor immobilization and prevents
the membrane proteins from denaturation (Fig. 1e,f).

The measurement technique reported here has not yet been
developed to its limits. To increase the sensitivity, we have measured
at high modes (modes 10-15)!%344041 and fit the amplitude versus
frequency spectra using an advanced modelling approach, directly
evaluating the mass'®. As we have already demonstrated, this
approach is less sensitive to noise than indirectly estimating the
mass from the eigenfrequency values'. Measuring at even higher
frequencies and using a quality factor enhancer®? could further
improve the signal-to-noise ratio. The noise level was found to be
to +0.5 ng in most of our experiments (using cantilevers of dimen-
sions 500 pm X 100 pm X 1 wm, see Methods), but much smaller
noise levels were also sometimes observed. As shown in Fig. 5a,
two cantilevers of the same array measured under the same con-
ditions can show variability in measurement noise. This behaviour
could be attributed to the current readout system (a vertical-cavity
surface-emitting laser composed of eight, non-steerable, lasers!®).
Implementing a two-dimensional scanning laser system would
allow greater flexibility for choosing optimal positions (such as
best reflection, resonance) on each of the cantilevers!!. Finally, the
ink-jet spotting can also be extended to functionalize both sides
of the cantilever, further increasing the concentration sensitivity.

To conclude, microcantilever-based sensors meet the key
requirements of a microarray technique: they are small size, they
only consume tiny amounts of immobilized material and analyte,
and they are capable of multiplexed detection. In the future these
sensors might also enable parallel detection of multiple aspects of
a binding event, such as mass adsorption (dynamic mode) and con-
formational changes (static mode). Finally, recent advances
in sensor fabrication®® and deposition techniques®® should
contribute to the future development of massive parallel
cantilever sensors as a tool for label-free and real-time functional
microarray analysis®.

Methods

Reconstitution of FhuA in liposomes. FhuA protein overproduced in E. coli was
solubilized and purified in the detergent n-octyl-B-p-glucopyranoside®®. FhuA was
then complemented with E. coli lipid mixture (Avanti polar lipids, product
number 100600) using varying lipid-to-protein weight/weight ratios (LPR).

The protein -lipid - detergent mixture was dialysed against Tris-buffer (20 mM Tris,
100 mM NaCl, 0,03% NaN,, pH 8.0) using a continuous flow dialysing device*”?.
The proteoliposomes were washed by repeated sedimentation at 12,000 g for 20 min
at +4 °C and finally resuspended in functionalization buffer (10 mM KH,PO,,

50 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, pH 8.2).

Phage binding assay in solution. FhuA (3 ug) reconstituted in liposomes was
resuspended in 10 pl of binding buffer (20 mM Tris, 100 mM NaCl, 5 mM MgCl,,
5 mM CaCl,, pH 8.0), sedimented for 20 min at 12,000 g and 4 °C, and resuspended
in 15.5 pl binding buffer containing 0.5 g DNAse I and 0.8 x 10° PFU of prepared
T5 phages®®. After incubation for 2 h at room temperature, unbound phage particles
were separated from proteoliposome-phage complexes by repeated sedimentation.
Phage T5 binding was evaluated by TEM using negative stain.

Phage binding assay on surfaces. Gold-coated cantilever arrays (see below) were
immersed in 1 mM solution of di-thio-bis-succinimidyl-undecanoate (DSU,
Dojindo)*! in water-free dioxan (Fluka) for 1 h, rinsed three times with ethanol, and
dried under argon. This step was left out for the negative control without DSU layers.
The cantilever arrays were incubated in a proteoliposomes suspension (200 pg ml~!
protein in functionalization buffer, see above) and incubated for 1 h at room
temperature. After rinsing with the buffer, the plates were incubated in 225 pl
binding buffer (see above) containing 8 x 10° PFU of T5 phages for 2 h, rinsed in
the buffer and quickly in water, and dried under argon. Platinum (5 nm) was
sputtered and the arrays were imaged by SEM.

Functionalization of the cantilever surface. Microfabricated arrays of eight silicon
cantilevers (length, 500 pwm; width, 100 wm; thickness, 1 wm; spring constant,
0.03 N m™!) from IBM Zurich Research Laboratory were used in all experiments.

NATURE NANOTECHNOLOGY | VOL 4 | MARCH 2009 | www.nature.com/naturenanotechnology 183
© 2009 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nnano.2008.398
www.nature.com/naturenanotechnology

ARTICLES

NATURE NANOTECHNOLOGY pol: 10.1038/NNAN0O.2008.398

Buffer T5 virus

3pM

o 81
N ]
7 ¢ 5 N .
E 47 - TR
1 P 4
c ”, .
3 27 N T .
o :Tv - 's ‘b%ﬂ: ., v f@%&“;}w 37777 o
0] RN B w W0 o L e
| RS e B T TS
—
0 20 40 60 80 100 120
Time (min)
b E 686.2
5 J Buffer T5virus & Buffer |
] 15pM L e - 686.0
4 7 L NN &
Eo ] o ﬂ#ﬁ}ﬁt . X .h‘.' .'( N ;685.8 3
2 39 iy - I - 6856 &
LR ona S
ERIPIE AL S . - 685.4 2
o 4 ;-.. et [ =
o0 ] +hy L T
1 - W s [ OO1E
] s |8S o e w T
1T - & ‘J-I e + & C 685.0
O~  EEEE T
0 20 40 60 80 100 120
Time (min)
c 12
Buffer ~ T5virus T5virus T5 virus Buffer
10 30fM  300fM  3pM .
&,
8 ¥

o\h’.z%

Bound mass (ng)
N
T T T I I ANV ANV A AN T

0 50 100 150 200 250

Time (min)

Figure 5 | Docking of T5 phages to FhuA-functionalized cantilevers.

a, AT5 phage solution (3 pM) was injected for 1h at a rate of 10 wl min~".
The uptake mass was measured simultaneously on four different cantilevers
on one array: two positive controls (FhuA-coated cantilevers, blue squares
and red triangles), two negative controls (casein-coated cantilevers, black
open circles and green open triangles). Upon the second injection of buffer
(after ~80 min), the mass uptake remains constant, demonstrating the
irreversible binding of T5 phages on FhuA. b, The time evolution of the
eigenfrequency (14th eigenmode) of the cantilever (the point for which the
phase spectrum has its steepest slope) measured for a FhuA-functionalized
cantilever ([T5 phages] = 1.5 pM, injected at a rate of 10 ul min~", black
crosses). Also shown is the corresponding adsorbed mass (red circles).
Both the mass and eigenfrequencies are evaluated from a fit of the
measured amplitude versus frequency spectra (see Supplementary
Information and also ref. 50). The increase in the noise level (at t = 80 min)
is most probably due to a small air bubble passing in the measurement
chamber scattering the laser light. In the inset is shown the response
(adsorbed mass) of a negative control cantilever (casein-coated, open
circles). ¢, A concentration series experiment, showing the typical
sensitivity of the instrument. Red circles and black open triangles

indicate the response of the positive (FhuA-coated) and negative
(casein-coated) control cantilevers, respectively. At each concentration,

a total of 600 pl solution (containing the T5 phages) was injected.

For all three independent experiments shown here, different arrays were
used. (The baseline of the shown experiments here has been adjusted
according to ref. 50.).

The arrays were cleaned in Piranha solution (96% H,SO, in 30% H,0,, 1:2) for
10 min, immersed in 30% NH; (5 min), rinsed twice with water, and dried in air.
The upper sides of the cantilevers were coated with a 2-nm titanium layer (99.99%,
Johnson Matthey), followed by a 20-nm gold layer (99.999%, Goodfellow) using an
Edwards FL400 electron-beam evaporator (BOC Edwards) at evaporation rates of
0.033 nm s~ ! (titanium) and 0.07 nm s~ (gold). The gold-coated side of each
cantilever was functionalized with a self-assembled monolayer of DSU as described
above. FhuA - proteoliposomes (1 mg ml ") reconstituted in functionalization
buffer were dispensed on the pre-functionalized cantilever surface using a modified
ink-jet spotting system MDP705L (Microdrop). A humidity chamber maintained
the relative humidity at >95%, preventing the sample from drying (Fig. 2). Ten
droplets (~0.1 nl; nozzle size, 70 m) were applied on every second cantilever (spot
distance, 50 pm) and incubated for 15 min at 22 °C. The array was subsequently
rinsed several times with functionalization buffer and incubated for 5 min in

1 mg ml~! of freshly prepared casein solution at room temperature. To dissolve the
casein, the protein was agitated at 37 °C for at least 2 h before filtering with a 0.2-pm
Watson filter. Note that proper preparation of the casein solution is crucial for
efficient blocking of the cantilever (see Supplementary Information). Finally, the
array was stored in Tris-containing binding buffer (see above) at 44 °C. To
characterize the functionalization quality, the cantilevers were washed in water and
air-dried. Tapping-mode AFM (Nanoscope, Multimode 3a, Veeco) was applied to
visualize the FhuA - proteoliposome coverage directly on the cantilever. Imaging
cantilevers for tapping mode were purchased from Nanosensors (k =40 Nm™?).
These cantilevers were not used for binding measurements. The image processing
and analysis were carried out using Image SXM.

Dynamic-mode mass measurements. A schematic of the setup is shown in Fig. 4.
The functionalized cantilever array was installed in the measurement chamber

(5 pl), filled with binding buffer. A frequency generator was used to periodically
excite the piezoelectric actuator placed beneath the cantilever array chip body. The
cantilever response was read out using a beam-deflection technique as described in
previous work!#3440, The mechanical response of the cantilever was continuously
compared with the excitation wave by a network analyser (Hewlett Packard, 4589A,
sweep time of 1 s) that recorded amplitude and the phase spectrum. To increase the
sensitivity, we measured at higher modes (modes 10-15)!8344_ Depending on the
number of cantilevers used, a spectrum was recorded every 23 s ( for one cantilever)
or at least every 3 min for consecutive measurement of all eight cantilevers. During
the preparation process, it is possible that some cantilevers are pre-bent and
therefore have to be excluded from the measurements. A constant fluid flow rate of
10 ul min~! in the cell was maintained using a pressure-driven pump system as
described previously*”. T5 phage solutions were suspended at specific concentrations
in binding buffer. Note that we ignore potential stiffening of the cantilever by
adsorbed T5 phages. This has been reported for experiments using dried bacteria
suspensions in air*®. However, the current setup is very different from those
experiments, and we did not observe significant stiffening effects in experiments

with gold layers of precisely controlled thickness*.

Data analysis. All data-processing algorithms were implemented in IGOR Pro
(www.wavemetrics.com) in a package called NOSEtools**° (see Supplementary
Information).

Data recorded between the 10th and 15th modes were evaluated
(post-processing, Fig. 4). For the experiments presented here, the total mass
(cantilever, co-moving mass and mass load; see Supplementary Information,
equation (3)) was estimated from a fit of the amplitude versus frequency spectra
using established theoretical models'® (see Supplementary Information, equations
(5) and (6)). The eigenfrequency (defined as the point at which the phase has its
steepest slope) was determined from the total mass (see Supplementary Information,
equation (4)). During buffer injection at the beginning of the experiment, the virtual
mass co-moving with the cantilever sensor was determined and kept constant for the
rest of the experiment. This allowed the mass uptake (induced by binding of the
ligands to the cantilevers) to be determined (see Supplementary Information,
equation (3)). For all experiments, only one mode was chosen to estimate the
mass uptake.

Received 1 September 2008; accepted 3 December 2008;
published online 18 January 2009
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