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R
ecent advances in technologies for
sequencing and synthesizing carbo-
hydrates have revealed the enormous

complexity of the glycome,1,2 which is more
diverse than both the genome and pro-
teome. However, the glycome alone does
not offer insight into the biological func-
tions of carbohydrates. In order to under-
stand and exploit biological glycan
functions, glycan behaviors have to be ana-
lyzed in detail both biochemically and mi-
crobiologically. Central to the emerging
field of functional glycomics must be the
development of technologies to identify
specific carbohydrate binding partners. Car-
bohydrates are predominantly on the cell
surface of organisms and occur as glyco-
conjugates in the form of glycoproteins,
proteoglycans, and glycolipids.3 Such cell
surface glycans regulate interactions of the
cell with the extracellular environment.
Carbohydrate-protein interactions, in parti-
cular, are known to be crucial to most mam-
malian physiological processes as mediators
of cell adhesion and signal transduction, and
organizers of protein interactions.4-6

Furthermore, for eukaryotes, prokaryotes,
and viruses, glycans hold tremendous, yet
currently underexplored, potential as both
diagnostic and therapeutic targets.7,8 In
fact, the surfaces of bacteria, viruses, and
parasites are also decorated with carbohy-
drates, several of which are recognized by
the immune system. Interestingly, specific
glycans have been localized on the surface
of many infectious agents and also cancer
cells. While the functions of many of those
glycans are as yet unknown, it is notable
thatmany are unique, a fact that hints at the
possibility of undiscovered biological prop-
erties. In addition, these unusual glycans
show promise as a safe, fast, and reliable

means to screen for the presence of cancer
cells and pathogens.9

Pioneering glycobiologists have produced
sophisticated technologies to efficiently
measure carbohydrate-protein interactions,
such as glycan microarrays.10-14 Here, we
report the development of a simple system: a
carbohydrate-based cantilever microarray
biosensor. This novel tool provides new
opportunities for investigating protein-
carbohydrate interactions.
Using immobilized receptor molecules,

such as nucleic acids, proteins, and lipids,
as well as cells and microorganisms, can-
tilever arrays have been applied to a
variety of problems to detect molecular
interactions.15-30 Cantilevermicroarray bio-
sensors are robust and reliably detect inter-
molecular binding events in solution and in
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ABSTRACT Advances in carbohydrate sequencing technologies have revealed the tremendous

complexity of the glycome. This complexity reflects the structural and chemical diversity of

carbohydrates and is greater than that of proteins and oligonucleotides. The next step in

understanding the biological function of carbohydrates requires the identification and quantification

of carbohydrate interactions with other biomolecules, in particular, with proteins. To this end, we

have developed a cantilever array biosensor with a self-assembling carbohydrate-based sensing

layer that selectively and sensitively detects carbohydrate-protein binding interactions. Specifi-

cally, we examined binding of mannosides and the protein cyanovirin-N, which binds and blocks the

human immunodeficiency virus (HIV). Cyanovirin-N binding to immobilized oligomannosides on the

cantilever resulted in mechanical surface stress that is transduced into a mechanical force and

cantilever bending. The degree and duration of cantilever deflection correlates with the interaction's

strength, and comparative binding experiments reveal molecular binding preferences. This study

establishes that carbohydrate-based cantilever biosensors are a robust, label-free, and scalable

means to analyze carbohydrate-protein interactions and to detect picomolar concentrations of

carbohydrate-binding proteins.

KEYWORDS: cantilever array sensors . glycomics . nanomechanics . biosensors .
cyanovirin-N
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air. Furthermore, cantilever arrays are extremely sensi-
tive and can detect picomolar amounts of mRNA in a
complex background.15 The principle behind the can-
tilever sensing mechanism is the transduction of bio-
molecular interactions into a nanomechanical force.
Analyte binds to receptor molecules that are immobi-
lized on the surface of the cantilever, and this causes
changes in surface stress due to steric and/or electro-
static repulsion or attraction. This, in turn, generates a
nanomechanical force that bends the cantilever. An
optical laser, focused on the cantilever apex, is de-
flected as the cantilever bends, allowing for direct
measurement of receptor-analyte binding. Cantilever
arrays have advantages over other sensor techniques,
including the ability to measure binding interactions in
real time, and the capacity for multiple binding events
to be examined simultaneously in up to eight parallel
channels. In addition, the display of carbohydrates on
the cantilever surface mimics the presentation of
carbohydrates on the cell surface and allows for multi-
valent binding interactions that strengthen the often
weak individual carbohydrate binding event. A unique
cantilever feature is that, with a modified setup, mea-
surements can be conducted in air as well as in
solution, whichmay be particularly useful for detecting
microbes. Furthermore, in contrast to most compar-
able technologies, small amounts of receptor and
analyte are needed, and molecular labels are not
required.
The carbohydrate-based cantilever sensor reported

here was developed to detect biologically important
carbohydrate-protein interactions. To test our system,
we examined the clinically significant interaction be-
tween the antiviral protein cyanovirin-N (CV-N) and
oligomannosides. CV-N is an 11 kDa protein isolated
from cyanobacteria and has been shown to recognize
mannosides on gp120, the heavily glycosylated envel-
ope protein of the human immunodeficiency virus
(HIV).31,32 CV-N has been shown to have potent anti-
viral activity and works by irreversibly attaching to the
nonamannose arms decorating gp120 and preventing
the conformational changes necessary for HIV-cell
fusion.33 To measure the CV-N-oligomannoside bind-
ing interaction in real time, we created cantilevers with
an oligomannose-sensing layer poised to bind CV-N.
Our results demonstrate that this cantilever biosensor
can reliably recognize picomolar concentrations of
CV-N, while the sensor signal can be used to discrimi-
nate between oligomannosides. The sugar specificity
of binding was demonstrated by competition experi-
ments where free carbohydrate molecules were pre-
sent in the buffer solution. Our work exemplifies the
utility of carbohydrate-based cantilever biosensors as a
tool for screening clinically significant carbohydra-
te-protein interactions and paves the way toward
adapting this system to explore the glycome and to
detect pathogens.

RESULTS AND DISCUSSION

The cantilever array was prepared as a series of
individual cantilevers each functionalized with either
immobilized trimannose, nonamannose, or galactose
(Figures 1 and 2). The top surface of each cantileverwas
coated with gold to permit thiol-functionalized oligo-
mannosides to self-assemble and form a carbohydrate-
based sensing layer. Thiol-functionalized galactoside
was incorporated on further cantilevers as a control.
Since galactose closely resembles mannose structu-
rally, these galactose-functionalized cantilevers served
as a stringent internal control for nonspecific binding
events including (a) CV-N adsorption to the canti-
lever surface (front and backside), (b) nonspecific
CV-N adsorption to galactose or the linker, and (c) a
small number of binding events resulting from low-
affinity binding to galactose via the CV-N binding
pocket.
To guarantee comparable conditions among the

sensing and control cantilevers, pairs of cantilevers
within each array were functionalized with either
trimannose or galactose under identical conditions.
Each pair was incubatedwith the specific oligosacchar-
ide for different times to optimize the carbohydrate
densities on the surface in order to maximize the
possible detection signals. The upper range of incuba-
tion times resulted in a more dense coating, whereas
short incubation times producedmore sparsely coated
sensing layers (Figure 2).
Identifying the range of carbohydrate densities

that generated the largest signal in response to the
specific interaction between CV-N and oligoman-
nose (the optimal binding density) is a crucial step
in developing a high-quality sensor. In this study,
for CV-N, optimal binding density was observed
with cantilevers that were incubated from 9 to 15
min during functionalization. The strong binding
affinity of CV-N for the trimannose-functionalized
cantilevers used in this study indicates that CV-N
has optimal access to the carbohydrates on these
cantilever surfaces.
A significant advantage of cantilever biosensors over

other techniques is that binding can be measured in
real time. Time-dependent signal development pat-
terns for CV-N-oligomannose binding were observed
and are shown in Figure 3. After a period of system
equilibration, where buffer was pumped through the
measurement cell at a constant flow rate, CV-N was
introduced into the measurement cell at a concentra-
tion of 0.1 mg/mL (9.1 μM) (shaded area, Figure 3).
Specific and nonspecific CV-N binding induced initially
tensile, and overall, mostly compressive, surface stres-
ses that were relieved by the cantilever in turn bending
upward (positive) or downward (negative).
The response to CV-N is plotted as both averaged

and differential deflection signals. The averaged signal
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represents the combined (averaged) measurements for
each pair of identically functionalized cantilevers with-
in an array (Figure 3, upper panel). Both averaged

signals for CV-N binding to sparse or dense trimannose
(orange/red) and nonspecific averaged deflection sig-
nals for CV-N binding to sparse or dense galactose
(light/dark blue) were determined (Figure 3, upper
panel). The differential signal represents specific recog-
nition events between CV-N and trimannose and is

calculated by subtracting the averaged nonspecific
signal (as determined by binding to the respective
galactose-functionalized cantilevers) from the aver-

aged signal of the mannose-functionalized canti-
levers (Figure 3, lower panel). When calculating the
differential signal, cantilevers with the same carbohy-
drate density, dense or sparse (red/dark blue and
orange/light blue), were compared.
Both the more densely coated cantilevers (dark

green, Figure 3) and the sparsely coated cantilevers
(light green, Figure 3) produced strong differential

signals upon exposure to CV-N. The differential pattern
has notable differences from the averaged signal,
which can be explained by the influences of specific
and nonspecific molecular interactions on the cantile-
ver surface.
Initially, the averaged signal exhibited a barely no-

ticeable transient positive deflection for all cantilevers
(Figure 3, upper panel). This effect is caused by non-
specific interactions and adsorption of CV-N since it is
not evident in the differential signal (Figure 3, bottom
panel). It is likely that the CV-N proteins tend to cluster
on the cantilever surface due to hydrophobic interac-
tions causing tensile surface stress and a small positive
cantilever deflection (as reported for BSA elsewhere34).

Figure 3. Averaged/differential cantilever deflection as a
function of time during CV-N detection (0.1 mg/mL (9.09
μM), shaded area). Top: Upon injection of CV-N, trimannose
cantilevers (red and orange) show an about 3-4 times
larger deflection signal than the galactose cantilevers (dark
and light blue). The more sparsely functionalized triman-
nose layer (9 min, orange) shows a somewhat larger de-
flection than themore densely functionalized layer (14 min,
red). Each graph represents an average signal of two
identically functionalized cantilevers. Bottom: Correspond-
ing differential signals for two different incubation times
(9 min, light green and 14 min, dark green), calculated by
subtracting the nonspecific galactose signals from the
specific trimannose signals. The differential signal is
assumed to reflect specific binding events. At the return of
the running buffer, the differential signal recovers more
slowly than the averaged signal, indicating dissociation of
nonspecific binding.

Figure 1. Carbohydrate structures: Self-assembled mono-
layers of trimannoside (1), galactoside (2), and nonaman-
noside (3) that form the cantilever sensing layer for the
detection of specific and nonspecific CV-N binding.

Figure 2. Scheme of a cantilever array functionalized with
thiol-terminated carbohydrates: While cantilevers 3, 4, 7,
and 8 are coated with trimannose to detect CV-N, cantile-
vers 1, 2, 5, and 6 are coated with galactose as reference.
Carbohydrate densities were adjusted using two different
incubation times (1, 3, 5, 7 sparse and 2, 4, 6, 8 dense). Upon
contact between the sensor surface and CV-N, protein
bindingwill result in intermolecular interactions that induce
surface stress on the cantilever surface that in turn is
relieved by cantilever bending.
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The strong negative averaged and differential deflec-
tion observed approximately 50 s after CV-N arrival
(Figure 3, both panels) is attributed to the effects of
both specific and nonspecific CV-N adsorption. The
strong negative deflection signals observed for the
trimannose-functionalized cantilevers (orange/red,
Figure 3), which are 3-4 times larger than that of
galactose-functionalized cantilevers (light blue/dark
blue, Figure 3), are a consequence of the higher
binding affinity of CV-N for mannose. Compressive
surface stress is generated by a combination of various
processes taking place at the cantilever surface; elec-
trostatic and hydrophobic protein-protein interac-
tions due to charged protein side groups, as well as
protein-surface interactions, may play key roles, as
previously reported for IgG adsorption on gold-coated
cantilever arrays.34 For sparsely coated cantilevers,
nonspecific binding interactions are predominantly
contributing to a greater proportion of cantilever de-
flection and resulting in stronger averaged signals for
these cantilevers. Although the cantilever signal
quickly plateaus after protein injectionwhen the buffer
flow is stopped, inferring binding equilibrium, under
experimental conditions the signal curve for each
sample injection does not level due to the continuous
pull of the buffer flow.
When comparing the averaged and differential sig-

nals for all cantilevers (Figure 3, top and bottom), a
striking difference in the signal pattern is apparent at
the end of the CV-N flow, when the buffer flow
resumes. At this time, the averaged signal shows a
strong movement in a positive direction (Figure 3, top
panel, red/orange), suggesting removal of specifically
and nonspecifically bound protein from the cantilever.
A much weaker upward deflection is observed in the
differential signal (Figure 3 bottom panel, green), in-
dicating that specific binding is less affected by the
change to buffer alone. Throughout the period of
buffer flow, the differential signals continue to move
upward very slowly, indicating that CV-N has a very low
dissociation rate, presumably as a consequence of high
CV-N avidity for immobilized, multivalent trimannose,
rendering this interaction almost irreversible.33 Thus,
we did not extend the period of buffer flowbeyond the
standard washing time of 15 to 30 min between
consecutive injections to observe whether the canti-
levers completely return to the base levels observed
prior to protein injection.
Cantilever sensing layers are formed using alkane

thiol-modified carbohydrates that self-assemble on
gold.35,36 Experiments using octane thiol can indicate
accessible gold surfaces remaining on a carbohydrate-
functionalized cantilever, highlighting areas where
CV-N and other proteins could potentially adsorb.
Octane thiol blocking was employed to study the
densities of trimannose, nonamannose, and galactose
sensing layers since octane thiol would bind to the free

gold surfaces (see inset of Figure 4). Figure 4 shows that
as the carbohydrate size and complexity increase,
more free space is available on the cantilever surface
for octane thiol adsorption, presumably due to the
increased size of the headgroup. Nonspecific binding
events were also examined with BSA (bovine serum
albumin), a protein that does not bind either carbohy-
drate (see Figure 4) and therefore should not bind to
the cantilever in a specific manner. The deflection of
trimannose-, nonamannose-, and galactose-functiona-
lized cantilevers in response to BSA was tested. After
successful CV-N-detection experiments with these
functionalized cantilevers, alternating injections of
CV-N and BSA in equivalent concentrations were con-
ducted. In case BSA (6.31� 10-2mg/mL (0.95 μM)) was
introduced into the buffer flow (Figure 4), the averaged
and differential response of the trimannose and non-
amannose cantilevers to BSA was noisy, indicating that
only nonspecific and transient binding interactions
occurred. BSA has little effect on cantilever behavior
after exposure to CV-N (Figure 4), because any free
space available for nonspecific binding has been effec-
tively blocked by nonspecifically adsorbed CV-N. These
experiments prove that any differences in cantilever
surface coverage that arise due to the self-assembly
process and the distinct physical properties of the
various carbohydrates are counterbalanced effectively
by CV-N self-blocking. Since CV-N self-blocking does
not affect specific binding and can be eliminated from
the signal by calculating and considering the differen-
tial signal, we concluded that no additional steps were
required to mitigate nonspecific binding.
Since cantilever bending is produced by molecular

binding events on the cantilever surface, the magni-
tude of deflection is indicative of the strength and
specificity of the carbohydrate-protein binding

Figure 4. Differential deflection as a function of time upon
introduction of nonspecifically bound bovine serum albu-
min (BSA) after a series of CV-N measurements. The sensor
shows no specific response to BSA. Inset: A surface density
analysis of a freshly prepared cantilever (four nonaman-
nose, two trimannose, and two galactose cantilevers) with
an injection of an octanethiol block (0.1 mM). With in-
creasing carbohydrate complexity more surface area be-
comes available to the small blockmolecules. However, CV-
N self-blocking effectively quenches the available unspeci-
fic binding sites. This leads to a highly specific differential
sensor signal shown by the nonspecific response to BSA.
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interaction. To examine the effect of CV-N concentra-
tion on our system, a series of consecutive injections of
increasing concentration of CV-N was conducted. Fig-
ure 4 shows the differential signal in response to seven
such injections. Each injection took place without
intermediate cleaning steps, except for the return of
the running buffer. The trimannose cantilever array
sensor reproducibly and systematically detects higher
CV-N concentrations via larger differential deflection
signals, exhibiting concentration-dependent deflec-
tion (Figure 5). Testing six independent cantilever
arrays showed that 86% of compared injections were
reproducible in their signal size within a standard
deviation of 30%. The accuracy of the new sensor will
improve as more experience with the system is gained.
The concentration dependence is explained by the
increased number of specific oligomannose-CV-N
binding events that occur with increasing protein
concentration.
Since the degree of averaged and differential canti-

lever deflection continues to increase, even at high
protein concentrations, we can assume that the sensor
is operated far from the maximum binding concentra-
tion. Even when tested with very high concentrations
of CV-N (0.1 mg/mL) pumped at the lowest speed
(0.42 μL/s), the sensor signal increases. This finding
infers the robustness of the system and indicates that
CV-N-oligomannose binding is a process with com-
parable on and off rates. Furthermore, the sensor is
a physically robust tool that can be dried, stored at
-20 �C, and reused many times with comparable
performance.
In order to determine CV-N-oligomannose bind-

ing quantitatively, the maximum differential deflec-
tion signals were plotted as a function of protein

concentrations (inset, Figure 5). From these data, as-
suming that individual carbohydrate-protein binding
events on the cantilever surface are independent and
unaffected by neighboring binding events (1:1 binding
model), the dissociation constant (Kd) was determined
by Langmuir isotherm analysis. The Langmuir isotherm
states

maximum differential deflection ¼ a� c=(Kd þ c)

where c is the concentration and a is a proportionality
constant. Several series of measurements of protein
concentration versus binding yielded an average Kd
value of 1.06 ( 0.69 μM for the CV-N-trimannose
complex. The obtained Kd value agrees with a pub-
lished Kd value for CV-N binding to a comparable
dimannoside that has been measured as 1.5 μM.37

A biosensor must be able to detect nanomolar
concentrations of analyte in order to be useful for
clinically relevant analyses. Accordingly, we assessed
the capacity for the carbohydrate cantilever sensor to
detect CV-N at a low level under challenging circum-
stances. Very low concentrations of CV-N of 10-6

mg/mL (91 pM) were injected into the measurement
cell directly after very high concentrations of 10-2

mg/mL (0.9 μM) (Figure 6). Indeed, protein concentra-
tions as low as 10-6 mg/mL (91 pM) could be detected
even immediately following injections with high con-
centrations of protein. Generally, the magnitude of a
cantilever response to a protein is indicative of the
strength of the binding interaction. We observed it to
be reproducible and not influenced by any previous
injection, no matter whether the previous injection
was with a higher or lower concentration of protein.
Furthermore, time-consuming cleaning steps are not
required between injections. Due to these features,
this system fares well in comparison to other
cantilever-based array protein detection assays that
do not rely on carbohydrate-protein interactions, but

Figure 5. Differential deflection as a function of time for
sequential injections with increasing concentrations of CV-
N (shaded areas). Only the running buffer returns between
injections. The differential cantilever deflection increases
with increasing CV-N concentrations, indicating a higher
number of specific binding events. Inset: The maximum
differential deflection is plottedwith the concentration, and
a Langmuir isothermanalysis is performed to determine the
dissociation constant; see text.

Figure 6. The signal illustrates the sensitivity of the carbo-
hydrate sensor with two consecutive CV-N injections
plotted on top of each other for better comparison: After a
CV-N injection at high concentration (10-2 mg/mL (0.9 μM),
dark green), the sensor is able to detect picomolar con-
centrations of CV-N (10-6 mg/mL (90.9 pM), light green
curve). The inset displays the differential deflection of
picomolar injection on an enlarged y-axis indicating a low
signal noise.
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antigen-antibody26-28 or antigen-antibody-sand-
wich assays.29 Most importantly, our detection sen-
sitivity (91 pM) compares well to the best re-
ported sensitivities that range in the lower nanomolar
regime.27,28,38

To further analyze the sensitivity of our system, we
investigated whether the magnitude of the cantilever
response to CV-N binding varied in accordance with
the particular oligomannoside that made up the sen-
sing layer. If so, our carbohydrate sensor could distin-
guish between CV-N binding to galactose, trimannose,
and nonamannose. To this end, three sets of cantile-
vers were prepared with galactose, trimannose, or
nonamannose cantilever sensor layers, each with the
same oligosaccharide concentration. Figure 7 shows
the deflection signal of four nonamannose-, two tri-
mannose-, and two galactose-functionalized cantile-
vers. The degree of cantilever deflection correlates
with the amount of bound protein, which is dependent
on the protein concentration (discussed earlier), the
binding strength of the analyte (possibly influenced by
the position of the carbohydrate on the surface), and
the coupled carbohydrate (binding partner): the nona-
mannose-functionalized cantilevers exhibit a 20%
stronger deflection than trimannose-functionalized
cantilevers, underlining the stronger affinity of CV-N
for nonamannose due to its known multivalent and
multisite binding.33

To validate the general utility of the sensor, a second
carbohydrate binding protein was analyzed. Concana-
valinA (ConA) is a tetrameric protein consisting of four
identical subunits each bearing one high-affinity man-
nose binding site.39 Several cantilever arrays were
functionalized with trimannose and nonamannose as
sensor layers as well as with galactose as reference.
Averaged and differential deflection signals following
ConA injections (2 mg/mL (19.2 μM)) are depicted
in Figure 8. During a typical injection of a ConA
sample, negative deflection for all carbohydrate-coated

cantilevers was observed. The averaged and differential
response of the tri- and nonamannose-functionalized
cantilevers was significantly stronger than the re-
sponses of cantilevers covered with galactose. Indeed,
the deflection of nonamannoside-coated cantilevers
was significantly larger than that for trimannosides.
Proteins, bound to the anchored carbohydrate,

interact with the cantilever surface due to steric
and electrostatic forces between charged protein
side groups. The resulting compressive surface
stress leads in turn to the observed cantilever
bending. Nonamannose is more likely to bind
ConA in a multivalent fashion than trimannose,
and the observed differences in signal size are
attributed to these effects. Deflection of the galac-
tose reference cantilevers is attributed to nonspe-
cific binding to galactose, the thiol linker, and the
cantilever surface.
In addition to the averaged signals, the differential

deflection was calculated as before, by subtracting the
galactose signals from themannose signals. The result-
ing graphs represent the specific binding of the ConA
analyte to the sensor. Accordingly, the differential

deflection for the specific nonamannose signal is larger
than that of the specific trimannose signal (Figure 8,
lower panel).
As for CV-N, the concentration dependence, sensi-

tivity, and specificity of our sensor for ConA bind-
ing was tested. Again, the sensor signal increases
with increasing protein concentrations. The Langmuir
isotherm analysis yielded a Kd value of 15.3 μM, which

Figure 7. Time evolution of deflection of four nonaman-
noside-, two trimannoside-, and two galactoside-func-
tionalized cantilevers upon CV-N injection (0.1 mg/mL
(9.1 μM)). The nonamannoside deflection is roughly 20%
stronger than for trimannose. Hence, the sensor can suc-
cessfully discriminate between the two oligomannosides.

Figure 8. Average and differential ConA binding signals.
Upper panel: Following injection of ConA (2 mg/mL; 19.2
μM) the average deflection of tri- and nonamannose-coated
cantilevers was considerably larger than the average de-
flection of the galactose reference cantilevers. Multivalent
and multisite binding by nonamannose resulted in in-
creased deflection. The inset illustrates cantilever array
functionalization. Lower panel: The differential deflections
represent the specific binding of Con-A to trimannose and
nonamannose cantilevers after correction for the nonspe-
cific binding using the galactose reference cantilever.
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compares well to the literature.40 Nanomolar concentra-
tions of ConA (1 μg/mL (9.6 nM)) can be detected even
when immediately following a highly concentrated in-
jection of ConA (10 mg/mL (96.2 μM)). This sensitivity
compares well to standard surface-bound techniques
such as surface plasmon resonance (SPR), quartz crystal
microbalance (QCM), and glycan microarrays.41 To ap-
proximate more realistic, complex solutions, we finally
conducted measurements in the presence of back-
ground BSA (0.007 mg/mL; 0.1 μM). At ConA sample
concentrations of 2 mg/mL (19.2 μM) signal sizes of
55 nm compare well to the signals without BSA
(Figure 8). These results underscore the selectivity of
protein binding to the carbohydrates on the cantilever
array sensor.

Competitive inhibition assays demonstrate the
highly selective nature of the sensor. Free mannose
was added to the running buffer to compete with
bound immobilized oligomannose for CV-N. Figure 9
shows that the size of the differential signal strongly
decreases (by about two-thirds on average) in the
presence of free mannose in solution. Inhibition of
specific oligomannose-CV-N binding on the cantile-
ver surface is the result of CV-N binding to mannose in
solution with regard to the respective binding strength
of carbohydrates in solution and surface-bound carbo-
hydrates. CV-N is therefore unavailable to bind the
cantilever sensor. The reduced incidence of binding
events on the cantilever surface decreases the degree
of cantilever deflection. Competitive inhibition inde-
pendently confirms both the effectiveness and selec-
tivity of the cantilever array design and the high affinity
of CV-N and ConA for mannosides anchored on the
sensor surface.

CONCLUSION

We describe the development of a cantilever array
biosensor that is designed to detect clinically relevant
carbohydrate-protein interactions. This sensor can
detect picomolar amounts of CV-N, an oligomanno-
side-binding protein. Indeed, picomolar sensitivity
was achieved even after injections of high protein
concentrations. The sensor is reliable, sensitive, selec-
tive, readily prepared, and reusable. Our cantilever
array biosensor represents the first carbohydra-
te-protein detection tool in the rapidly expanding
field of glycomics that was developed using the inter-
action of the antiviral protein cyanovirin-N and oligo-
mannosides as example. Further development of this
assay will lead to quick, sensitive methods to study
other, medically relevant carbohydrate-protein
interactions.

MATERIALS AND METHODS

Analyte/Buffers. Thiol-terminated carbohydrate (nonamannose,
trimannose, andgalactose) derivateswere synthesized as described
elsewhere.42 Cynanovirin-N was purified as described elsewhere.31

ConA was purchased from Sigma. A running buffer consisting of a
solution of 10 mM Tris, pH 7.7, 100 mM NaCl, 1 mM CaCl2, and
0.005% Tween-20 was prepared.

Cantilever Sensor Surface Functionalization. Arrays consisting of
eight identical silicon cantilevers (500 μm� 100 μm� 1 μm) on
a support were coated on the top sidewith a 20 nm layer of gold
(Concentris GmbH, Switzerland). All cantilever arrays were
washed in ultrapure water and ethanol followed by a UV-ozone
cleaning cycle immediately prior to functionalization. Individual
cantilevers were functionalized in parallel by inserting them for
a time between 7 and 25 min into an array of liquid-filled
microcapillaries inside the functionalization unit (Concentris
GmbH, Switzerland). The functionalization solution contained
the respective carbohydrate derivate at a concentration of 40
μM in 10 mM Tris buffer, pH 7.7.

Instrument. The commercial Cantisens sensor platform
(Concentris GmbH, Switzerland) contains a measurement cell

of 5μL and is operated by an automated liquid handling system.
The integrated temperature control with extra preheating stage
for the injected sample offers a stability of 0.01 �C. The cantilever
array is mounted, via a sensor cartridge, inside the measure-
ment cell and kept under a continuous flow of running buffer.
For measurements, 100 μL of the sample solution is injected
into a sample loop and plugged into the buffer flow reaching
the measurement chamber at the desired time. The resulting
nanomechanical deflection of each cantilever is detected in real
time by sampling the deflection of a laser beamemitted from an
array of eight parallel VCSELs (vertical cavity surface emitting
lasers). LabView-based software allows for instrument control
and signal processing. The signal curves of all cantilevers were
corrected for constant drift. Where indicated, the signals of
identically functionalized cantilevers were averaged; differential
signals were calculated by subtracting the unspecific reference
signal from the specific recognition signal. The Langmuir ad-
sorption analysis was performed with GraphPad Prism version
5.03 for Windows, GraphPad Software, San Diego, CA, USA,
www.graphpad.com, using a minimal model that includes one
site-specific binding and assumes that the concentration of
bound protein is negligible in comparison to the total protein

Figure 9. Differential deflection of a cantilever without and
in the presence of mannose in the running buffer demon-
strating the selectivity of the sensor setup. Injection of 0.1
mg/mL (9.1 μM) CV-N leads to cantilever bending of 30 and
40 nm for trimannose and nonamannose cantilevers, re-
spectively. When free mannose (100 mM) is added to CV-N
(0.1mg/mL (9.1μM)), reduced cantilever bending (10 and15
nm, respectively) is observed. The mannose molecules
block CV-N binding pockets and compete with the manno-
side immobilized on the cantilever surface. The reduced
signal upon competitive inhibition confirms the high
selectivity of CV-N detection.
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concentration. Therefore concentration of nonbound protein
equals the concentration of the injected protein concentration
(cCV-N bound = cCV-N total) in our model.

Heat Test. Exposing cantilever arrays to a slight temperature
change is an ideal test for determining quality variations of the
individual cantilevers due to the fabrication and/or coating. A
change of the temperature (e.g., from 22 to 25 �C) in the
measurement chamber results in a deflection of each cantilever
that is caused by the bimetallic makeup of the silicon cantilevers
with their respective gold coating, reflecting possible differences
of the mechanical response. Due to the larger coefficient of
thermal expansion of the gold coating on top of the silicon
cantilevers, all cantilevers should bend downward when the
temperature rises and bend upwardwhen the temperature drops.
Thus, when all cantilevers behave in a comparable way, artifacts
caused by fabrication or functionalization procedures can be
excluded. Only cantilever arrays that displayed comparable de-
flections of the individual cantilevers in a heat testwere employed.

Carbohydrate-Protein Detection Experiments. After mounting an
array inside the measurement cell, a constant buffer flow of
0.42 μL/s and a constant temperature of 22 �Cwere established.
The array was equilibrated under these conditions for several
hours until a constant drift was achieved.16 CV-N and ConA
samples were taken up in running buffer and centrifuged prior
to injection.
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