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Bioassay of prostate-specific antigen (PSA)

using microcantilevers

Guanghua Wul, Ram H. Datar?, Karolyn M. Hansen?, Thomas Thundat?, Richard J. Cote?, and Arun Majumdar’*

Diagnosis and monitoring of complex diseases such as cancer require quantitative detection of multiple pro-
teins. Recent work has shown that when specific biomolecular binding occurs on one surface of a microcan-
tilever beam, intermolecular nanomechanics bend the cantilever, which can be optically detected. Although
this label-free technique readily lends itself to formation of microcantilever arrays, what has remained unclear
is the technologically critical issue of whether it is sufficiently specific and sensitive to detect disease-related
proteins at clinically relevant conditions and concentrations. As an example, we report here that microcan-
tilevers of different geometries have been used to detect two forms of prostate-specific antigen (PSA) over a
wide range of concentrations from 0.2 ng/ml to 60 pg/ml in a background of human serum albumin (HSA) and
human plasminogen (HP) at 1 mg/ml, making this a clinically relevant diagnostic technique for prostate can-
cer. Because cantilever motion originates from the free-energy change induced by specific biomolecular bind-
ing, this technique may offer a common platform for high-throughput label-free analysis of protein—protein

binding, DNA hybridization, and DNA—protein interactions, as well as drug discovery.

It is becoming increasingly evident that high-throughput identifica-
tion and quantitation of a large number of biological molecules is
important for generating a molecular profile that is critical in diag-
nosis, monitoring, and prognostic evaluation of complex diseases
such as cancerl2, For genetic analysis, commercially available nucleic
acid microarrays allow sensitive identification of thousands of DNA
sequences simultaneously. For protein analysis, which is directly rel-
evant for disease detection, high-throughput diagnostics has, howev-
er, remained a challenge. Multiplexed protein analysis techniques
currently used can be broadly divided into four different categories:
(1) radioactive, chemiluminescent, or fluorescent reporting of anti-
gen-antibody binding®5; (2) time-of-flight mass spectroscopys;
(3) electrophoretic separation’; and (4) detection of changes in sur-
face properties due to antigen—-antibody binding®15. Although they
all have their individual strengths, they currently suffer either from
the inability to identify or quantitate proteins’, or nonspecific bind-
ing of a serum analyte to the sensor surface8. Truly universal label-
free biosensors for sensitive and specific detection of protein analytes
in a high-throughput fashion are not yet a reality.

Recent papers have reported the observation that when specific
biomolecular interactions occur on one surface of a microcan-
tilever beam, the cantilever bendst’-20 (see Fig. 1). The recent dis-
covery of the origin of nanomechanical motion generated by DNA
hybridization and protein-ligand binding®® provided some insight
into the specificity of the technique. In addition, its use for
DNA-DNA hybridization  detection, including accurate
positive/negative detection of one—base pair mismatches, was also
reported’®2, Besides being label free, this technology readily lends
itself to formation of microarrays using well-known microfabrica-
tion techniques?, thereby offering the promising prospect of high-
throughput protein analysis. What has remained unclear, however,
is whether this technique has sufficient specificity and sensitivity to
be used for the detection of disease-related proteins at clinically

relevant conditions and concentrations. To address this technolog-
ically critical issue, we demonstrate in this paper the application of
this technique for sensitive and specific detection of PSA as an
example of both protein—protein binding in general and tumor
marker detection in particular.

Prostate cancer is currently the most prevalent form of cancer in
men and the second leading cause of male cancer death in the
United States. PSA that is detectable in serum has proved to be an
extremely useful marker for early detection of prostate cancer and
in monitoring patients for disease progression and the effects of
treatment. PSA is a 33-34 kDa glycoprotein with chymotrypsin-like
protease activity. This enzymatically active form of PSA forms com-
plexes with the serum protease inhibitor aj-antichymotrypsin
(ACT) to create the predominant form of PSA in serum. PSA also
forms a complex with a,-macroglobulin (A2M) and other serum
enzyme inhibitors, but to a much lesser degree?22, The PSA test is
limited by its relative lack of accuracy in men whose PSA levels fall
in the “diagnostic gray zone” of 4-10 ng/ml. The distinction
between complexed PSA (cPSA) and unbound or free PSA (fPSA),
however, has become recognized as a clinically relevant feature of
the PSA tests. Thus, although approximately 75-85% of PSA exists
as cPSA in benign prostatic hypertrophy (BPH), the proportion
increases to lie between 90 and 100% in prostate cancer; thus the
lower the fPSA in serum, the higher are the chances of malignancy.
Most newer diagnostic assays take this into account by incorporat-
ing dual labels for simultaneous and equimolar measurement of
fPSA and cPSA. Although there are controversies regarding the fre-
quency of screening, proponents of PSA-based prostate cancer
screening maintain that early detection is the closest thing currently
to a cure?’. Most of the current PSA assays are variations of enzyme-
linked immunosorbent assays (ELISA), differing in detection by
virtue of either enzymatic, fluorescent, or chemiluminescent labels,
which report on the specific formation of PSA immune complex.
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Generally, two distinct monoclonal antibodies directed against dif-
ferent PSA epitopes are used in a “sandwich assay” format for cap-
ture and detection, which enhances the specificity.

In this paper, we have used a polyclonal anti-PSA antibody as a
“ligand” covalently linked to the cantilever surface. The cantilever
deflection due to specific fPSA binding with this antibody allows us
to detect fPSA concentrations from 0.2 ng/ml to 60 pg/ml, which
includes the clinically relevant diagnostic PSA concentration range.
We have been able to detect fPSA even against the simulated back-
ground “noise” of unrelated human serum proteins such as HP and
HSA or nonhuman serum protein such as bovine serum albumin
(BSA), which were present at concentrations as high as 1 mg/ml. This
indicates that we have been able to largely alleviate the problem of
nonspecific binding and assay interference due to the nontarget ana-
lytes. We have also been able to attain similar specificity and range of
sensitivity with cPSA.

Results and discussion

Figure 2A shows the cantilever deflection as a function of time for
different concentrations of fPSA in a mixture with 1 mg/ml of BSA
as background. The cantilevers used (see Fig. 6) in this set of experi-
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Figure 1. Diagram of interactions between target and probe molecules

on cantilever beam. Specific biomolecular interactions between target and
probe molecules alter the intermolecular nanomechanical interactions
within a self-assembled monolayer on one side of a cantilever beam.

This can produce a sufficiently large force to bend the cantilever beam
and generate motion.

ments (Figs 2, 3) were made of silicon nitride (SiNy) with a thin coat-
ing of gold on one side and with a length of 200 um, thickness of
0.5 um, and each leg 20 um wide. The gold film was used to immobi-
lize the PSA antibody to the cantilever through thiol chemistry
(see Experimental Protocol). With PSA antibody immobilized on the
bottom gold surface of the cantilever, the cantilever was found
always to bend up as a result of antigen—antibody binding. This is
caused by the increased intermolecular repulsion between the
antigen—antibody complexes on the cantilever surface. It is evident
that over a time period of 3—4 h, the cantilever deflection increased
and then saturated to a steady-state value. The long detection time is
caused either by diffusion of molecules in the fluid cell or through
conformational relaxation of the antigen—antibody complex on the
cantilever surface?. The diffusion time scale, T = L%/2D, for a fluid
cell size of L = 0.1 cm and PSA diffusion coefficient D =
8.5 x 107 cm?/s (see Experimental Protocol), is on the order of
100 min, which is the time scale observed, making diffusion the like-
ly candidate for the long detection time. The diffusion can be signifi-
cantly enhanced by proper microfluidic design currently underway.
The steady-state deflection was found to be related to the fPSA con-
centration in the solution. To check whether the deflection was
caused by antigen—antibody specific binding, cantilevers containing
no PSA antibody were exposed to a mixture containing 60 pg/ml of
fPSA and 1 mg/ml of BSA, and the deflection was found to be negli-
gible (see Fig. 2A). On the other hand, when cantilevers functional-
ized with PSA antibody were exposed to 1 mg/ml of only BSA
without any fPSA, no significant cantilever deflection was observed,
also indicating the high specificity of this technique. Similarly, Figure
2B shows the cantilever deflection as a function of time for different
concentration of fPSA in a mixture of HSA and HP as background.
To check for specificity, we again exposed fPSA to a cantilever with-
out any PSA antibody and found negligible deflection. When a can-
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Figure 2. Detection of free PSA (fPSA). (A) Cantilever deflection versus time for fPSA detection sensitivity against a background of 1 mg/ml of BSA using
200-pm-long and 0.5-pm-thick silicon nitride microcantilevers. fPSA detection was feasible over a concentration range 6 ng/ml to 60 pg/ml using this
cantilever geometry. Note the lack of deflection in the absence of both the ligand (anti-PSA antibody) and the ligate (fPSA). The inset plots cantilever
deflection for a 0.4°C temperature change of the system and shows that the thermal stability is within the noise of the system. (B) Specificity of fPSA
detection against a high background of human serum proteins, namely, human serum albumin (HSA) and human plasminogen (HP), both at
concentrations of 1 mg/ml. The cantilevers used were 200 um long and 0.5 pm thick and made of silicon nitride.
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tilever functionalized with PSA antibody was exposed to HSA and
HP in the absence of fPSA, again no significant cantilever deflection
was observed. This indicated the high specificity between fPSA
antigen—antibody binding in the background of HSA and HP.

Figure 3 shows the cantilever deflection as a function of time for
different concentrations of cPSA with 1 mg/ml BSA as background.
The cantilever deflection increases with concentration of cPSA with-
in the range studied. The control experiment in which no cPSA was
used shows very small signal, indicating the high specificity of bind-
ing between cPSA and PSA antibody. The magnitude of the deflec-
tion is slightly larger for cPSA-PSA antibody binding than that for
fPSA-PSA antibody binding at the same concentration, indicating
slightly better sensitivity for cPSA.

The reason for this high specificity is that cantilever motion origi-
nates'? from the change in surface free energy of one surface of the
cantilever and not the other. Because specific binding between mol-
ecules leads to much higher free-energy change than for nonspecific
binding, cantilever deflections are a response to specific binding.
The value of the cantilever deflection, 4h, can be estimated from
Stoney’s formulal’

Ah =30(1-V)/E + (L/d)> )

where o is the change in surface free-energy density (or surface
stress) due to specific binding, E is the elastic modulus of the can-
tilever material (=1.8 x 10! N/m? for silicon nitride), vis its Poisson
ratio (=0.3 for silicon nitride), and L and d are the length and the
thickness of the cantilever, respectively. It is clear that longer and
thinner cantilevers would produce larger deflections for the same
value of surface stress. Figure 4 shows the steady-state cantilever
deflections as a function of PSA concentration in a BSA background
for different lengths, L, and thicknesses, d, of cantilevers. Using
200-pm-long and 0.5-pum-thick cantilevers, the lowest fPSA concen-

Figure 4. Steady-state cantilever deflections as a function of fPSA and
cPSA concentrations for three different cantilever geometries. Note that
longer cantilevers produce larger deflections for the same PSA
concentration, thereby providing higher sensitivity. Using 600-um-long and
0.65-pum-thick silicon nitride cantilevers, it was feasible to detect fPSA
concentration of 0.2 ng/ml. Every data point on this plot represents an
average of cantilever deflections obtained in multiple experiments done with
different cantilevers, whereas the range of deflections obtained from these
experiments is shown as the error bar. The only exception is the data for
fPSA detection using 200 pm cantilevers, where the data (green diamonds)
from multiple experiments at a given concentration is shown as a cluster
plot. The error bar in each of these data points represents the fluctuation of
the cantilever during the particular measurement.

858 nature biotechnology VOLUME 19

SEPTEMBER 2001

Figure 3. Detection of complex PSA (cPSA).Cantilever deflection versus
time for detection of cPSA in presence of 1 mg/ml of BSA using
200-pum-long and 0.5-pm-thick silicon nitride microcantilevers. The
microcantilever deflections for 6 ng/ml and 60 ng/ml of cPSA are

slightly larger than those for fPSA at the same concentrations.

tration that we could clearly detect above noise was 6 ng/ml.
However, when we used 600-pum-long and 0.65-um-thick SiNy can-
tilevers, fPSA concentration as low as 0.2 ng/ml was detectable. This
is close to the resolution required for PSA-based diagnosis of
prostate cancer?’. Also shown in Figure 4 is the steady-state can-
tilever deflection as a function of the cPSA concentration with
1 mg/ml BSA as background. At the same concentration, the slightly
larger magnitude of the deflection than that for fPSA suggests the
slightly better sensitivity for cPSA.

Because cantilever deflections depend on both the surface stress
and geometry, deflections alone cannot be used for PSA assay. One
must obtain a geometry-independent quantity, which depends only
on PSA concentration. Because the origin of cantilever deflection
lies in the generation of surface stress, c must be fundamentally
related to PSA antigen—antibody binding. Assuming that the num-
ber of PSA antigen—-antibody binding sites per unit surface area is
related to PSA concentration in the analyte solution, one would
expect g to be related to PSA concentration, regardless of the can-
tilever geometry. Using the formula in Eq. (1), we calculated o based
on the deflections in Figure 4 for different cantilever thicknesses and
lengths. Figure 5 plots o as a function of PSA concentration, which
clearly indicates that the data in Figure 4 from different cantilevers
collapses to a single curve, supporting our hypothesis that the sur-
face stress, g, is fundamentally related to PSA concentration in the
analyte. This now forms the foundation for a PSA assay based on
microcantilevers.

The high specificity and sensitivity of the nanomechanical bioas-
say demonstrated here, combined with the ability to create cantilever
arrays using low-cost semiconductor microfabrication processes?,
makes this technology an ideal platform for high-throughput and
label-free analysis of proteins. We describe here its clinical relevance
through sensitive detection and quantification of an important diag-
nostic biomolecule, PSA. PSA is currently detected using ELISAs,
which are sensitive and have a relatively low cost per test. However,
there are several important differences between ELISA and the
nanomechanical assay described here. ELISA reactions require mul-
tiple steps, each with separate reagents. Each ELISA analysis requires
a separate distinct reaction and, in addition, requires a label for
detection of the analyte. The nanomechanical assay described here
needs no label and can be performed in a single reaction without
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additional reagents. Moreover, an array of microcantilevers can be
used to perform multiple assays by, for example, coating each can-
tilever with a different antibody. The potential advantages of a label-
free assay that can measure multiple analytes in a single step without
addition of other reagents are enormous, and could ultimately trans-
late to a much lower cost per test. For example, this could increase
the general availability of multiple serum tumor marker screening,
which is currently cost prohibitive. The ability to vary the cantilever
length and thickness can enable both high resolution as well as a high
dynamic range, as exemplified in this study. We note here that
despite being able to detect PSA at the current limit of ELISA
(0.2 ng/ml), there is room for further improvement in sensitivity
either through controlling the roughness? of the gold surface or by
controlling the surface density of probe molecules?’. The label-free
option makes it particularly attractive for drug discovery, which
requires one to detect specific binding between small molecules with
proteins. The utility of this technique in detecting DNA hybridiza-
tion1"1920 makes it a common platform for detecting both DNA and
proteins, as well as DNA-protein interactions. We, in fact, suggest
that because cantilever motion is driven by free-energy change,
which is at the heart of all specific biomolecular binding, this tech-
nique is sufficiently general to detect many specific biomolecular
interactions without the need of labels.

Experimental protocol

Experimental setup. A diagram of the experimental setup is given in Figure 6.
A low-power He-Ne laser ((B mW power) is focused onto the tip of the can-
tilever. The laser beam reflected off the cantilever is directed into a
position-sensitive diode (PSD) that can detect the vertical position of a laser
beam. A fluid cell—commercially available from Digital Instruments
(DI; Santa Barbara, CA)—within which the cantilever is mounted, forms a
100 pl liquid cavity on a glass slide with a Teflon O-ring between them. The
200-pm-long, 40-um-wide, and 0.5-pm-thick V-shaped micromechanical sil-
icon nitride cantilevers (see Fig. 6) were purchased from DI, whereas

longer diving board—shaped cantilevers were microfabricated in the

Figure 5. Surface stress as a geometry-independent parameter for assaying
PSA. The data for cantilever deflections for different cantilever geometries
collapse onto a single curve for surface stress as a function of fPSA
concentration.

eliminate this effect, a thermoelectric cooler and a temperature controller are
used to control the temperature of the liquid cavity within £0.05°C. The inset
in Figure 2A shows the thermal stability of the system, where the cantilever
deflection is plotted for a controlled 0.4°C temperature change.

Reagents. Dithiobis(sulfosuccinimidylpropionate) (DTSSP), obtained from
Pierce Chemical Company (Rockford, IL), is a water-soluble, homobifunc-
tional N-hydroxysuccimide (NHS) ester. It is thiol-cleavable and widely used
for conjugating radiolabeled ligands to cell surface receptors?-%,

Rabbit Anti-Human Prostate-Specific Antigen (RAH-PSA) antibody was
procured from DAKO (Carpinteria, CA). fPSA and cPSA (>95% purity, puri-
fied by sodium dodecyl sulfate—polyacrylamide gel electrophoresis) were
obtained from CalBioChem (La Jolla, CA). Affinity-purified BSA was ordered
from Pierce Chemical Company. HSA and HP were bought from Academy
Biomedical (Houston, TX). Other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO).

Cantilever functionalization. Cleaning procedure. The original gold and
chromium coatings from the silicon nitride cantilevers were stripped off
using gold and chromium etchants. A fresh layer of 25-nm-thick gold film
was then evaporated on one side of the cantilever. To improve the adhesion of
gold tossilicon nitride, a 5-nm-thick chromium layer was evaporated onto the
cantilever surface first. The cantilever was sequentially cleaned in methanol,
acetone, and isopropanol-2 for 10 min each. This was followed by a quick
1 min“piranha dip” (H,02 H,SO, = 1:3) for each cantilever. Finally, each can-
tilever was rinsed with deionized water for 10 min. This process was done
immediately before the experiments. The fluid cell and glass slide were
cleaned using standard detergent for glassware and rinsed with large amounts
of deionized water for about 5 min.

Functionalizing cantilever with DTSSP. DTSSP was dissolved in 5 mM sodi-
um citrate buffer (pH = 5.0) at a concentration of 1.5 mM just before use
because DTSSP is moisture-sensitive. Cantilevers immersed in this solution
for about 2 h at room temperature results in strong adherence of DTSSP to
the gold surface by a disulfide linkage3L.

Immobilizing RAH-PSA. After derivatizing with DTSSP, the cantilevers
were rinsed with 20 mM sodium phosphate buffer, 0.15 M NaCl and pH 7.5
(PBS) for 5 min and then immersed in RAH-PSA solution for at least 5 h at
room temperature. RAH-PSA was purified using D-Salt Excellulose plastic
desalting columns (Pierce) to remove the vendor-added solvent and dissolved
in PBS to a concentration of 160 pg/ml.

Saturating with BSA (or HSA). Following the immobilization of RAH-PSA
onto the cantilever surface, the cantilever was washed by 1 mg/ml BSA solu-
tion in PBS (BSA/PBS) thrice for about 10 min and stored in BSA-PBS solu-
tion overnight at room temperature. This step is similar for the case of HSA
in which one substitutes HSA for BSA.

Test procedure. Free PSA was purified with the BSA-PBS (or HSA-PBS)
solution using D-Salt Excellulose desalting columns to remove the vendor-
added solvent. The final solution was aliquoted and diluted to concentra-
tions covering several orders of magnitude extending from 0.1 to
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60,000 ng/ml. The functionalized cantilever was mounted onto the fluid
cell and equilibrated in BSA-PBS solution until a stable baseline of
cantilever deflection was obtained (usually around 2 h). The control (such
as BSA-PBS, HSA-PBS, HP-PBS) or analyte (fPSA or cPSA) was then
injected into the fluid cell and cantilever deflection was monitored in situ.
All the experiments were carried out at controlled temperature of
28.0 + 0.05°C. Because there was no flow through the fluid chamber, the
reaction happened in a static environment by molecular diffusion to the
cantilever surface and then binding to the probes. The diffusion coefficient
of the solute molecules is D = kgT/f, where kg is the Boltzmann constant
(1.38 x 102 )/K), T is the absolute temperature, and f is the frictional coef-
ficient of the molecule given as f = 6 n(3V/4m)3. Here, ) is the viscosity
of the solvent (8.55 x 10 Ns/m?), Vi, = M(V, + &V1)/Ny is the volume of
the hydrated molecule; M is the molecular weight of the solute molecule
with the units g/mol; N is Avogadro’s number; &, is the hydration (grams
of H,0 bound per gram of solute, for protein, = 0.3); V is the partial spe-
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cific volume of H,0 (=1 cm¥/g); V, is the partial specific volume of the
solute (typical values for proteins: 0.69-0.75 cm3/g). For PSA, M = 34,000
g/mol, D=8.5 x 10 cm?/s.
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