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Detection of Folate Binding Protein with Enhanced
Sensitivity Using a Functionalized Quartz Crystal

Microbalance Sensor

Walter A. Henne,! Derek D. Doorneweerd,! Joonhyung Lee,* Philip S. Low,! and Cagri Savran*-$

Department of Chemistry, School of Chemical Engineering, and School of Mechanical Engineering and
Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907

In this report, we describe the development of a quartz
crystal microbalance biosensor for detection of folate
binding protein (FBP). Using a simple folate—BSA con-
jugate adsorbed onto a Au-coated quartz sensor, a detec-
tion limit of 30 nM was achieved. Binding of FBP to the
sensor surface could be blocked at concentrations as high
as 1 uM with a 100-fold excess of folic acid, indicating
the specificity of the folate—FBP interaction and the
absence of nonspecific binding to the functionalized
surface. Moreover, capture could be achieved in the
presence of blood serum, making the assay amenable to
the analysis of bodily fluids. Further signal enhancement
based on an anti-FBP antibody and protein-A-coated gold
nanosphere sandwich assay extended the detection limit
to 50 pM (~3 orders-of-magnitude improvement). Given
the overexpression of FBP in certain malignancies and
inflammatory disorders, we expect the methodology de-
scribed here to be useful to detect FBP as a possible
biomarker for disease diagnosis.

The folate receptor (FR), also known as folate binding protein
(FBP), is associated with numerous malignancies, including
myelogenous leukemias; ovarian, lung, kidney, and breast cancers;
and activated immune cells present in chronic inflammatory
conditions.} 8 Interest in the exploitation of FBP as species for
targeted therapy has led to a rapid increase in the development
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of folate-targeted drugs, imaging agents, proteins, and systems
for the treatment and diagnosis of the above disorders.47.9-16

FBP exists as a family of proteins (FR-a, FR3, and FR-y)
encoded by three unique genes, which are related by ~70%
sequence identity. FR-o and FR-f are attached to cell surfaces by
a glycosylphosphatidylinositol (GPI) anchor, whereas FR-y is
thought to be a secretory protein.}’~2¢ Disengagement from the
cell surface, in the case of FR-a and FR{3, can occur via
phospholipase cleavage of the GPI anchor or by proteolytic
activity.2223 Although folate (Figure 1C) binds with high affinity
(K3 = 1079 =107 M)% in a 1:1 stoichiometry to its cognate
receptor, most cells obtain folate using other low-affinity pathways
(e.g., reduced folate carrier); accordingly, very little FBP is present
in normal tissues.617:26

FBP has been isolated from bodily fluids, including blood,
urine, milk, ascitic fluid, and amniotic fluid, and from the culture
media of folate-receptor-positive tumor cell lines, indicating an
association between the presence of free folate binding protein
and certain malignant cell types.61826-30 Furthermore, levels of
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Figure 1. Schematic illustration of sensor surface functionalization and assay procedure for the detection of folate binding protein. (a) Folate
BSA (BSA containing ~10 folates (0.2 mg/mL)) is adsorbed on the QCM gold sensor surface and used as a receptor to capture FBP. (b) Signal
enhancement is obtained by addition of anti-FBP antibody, followed by subsequent protein-A-coated gold nanospheres. Additional mass from
the binding of the anti-FBP and protein-A-coated gold nanoparticles to FBP enabled a detection limit of 50 pM of FBP. (c) Structure of folic acid.

FBP in metastatic disease can increase to 650 pg/mL (22 pM).%
Given that normal serum is virtually free of FBP, elevated FBP
levels may serve as a useful clinical biomarker for specific disease
states.!”26 However, the use of ultrasensitive, real-time analytical
systems for detection of FBP remains limited.

Current serum FBP detection strategies consist primarily of
radioimmunoassays, given that low levels of FBP are present in
both normal and metastatic disease; however, these methods
involve long analysis times and the use of hazardous radioactive
labels.263031 Alternatively, a quartz crystal microbalance (QCM)
is a useful analytical method to assess surface layer phenomena,
such as self-assembled monolayers, antigen—antibody recognition,
and whole bacteria and viral cell capture.32-38 Moreover, the
methodology is simple and robust, allows real-time detection, and
does not require the use of harmful chemicals, such as radiola-
beled ligands or expensive chromophoric substrates.
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Basic QCM operation is described by the Sauerbrey relation
(eq 1) where a mass change (Am) of the crystal results in a
subsequent change in its resonance frequency (Af). Here Cycm
(17.7 ng cm~2 Hz™!) is the mass sensitivity constant, and # (= 1,
3, ...) is the overtone number.

AmQCM = _(CQCM/n)Af (1)

Therefore, a mass change of the crystal resulting from the
association or dissociation of a protein (i.e., FBP) to the quartz
sensor surface results in a frequency decrease or increase,
respectively.

Selective capture of an analyte by a functionalized crystal
surface increases the effective surface mass, and the ensuing
decrease in resonance frequency allows measurement of the
binding event. Inherent in the nature of quartz crystal microbal-
ance analyses, however, are limitations imposed by surface
coverage of the capture ligand and the molecular weight of the
analyte of interest. Thus, the use of secondary ligands (e.g.,
functionalized gold or iron particles) that can bind or “piggyback”
onto the already captured analyte can add effective mass to the
surface and increase sensitivity by orders of magnitude.?

Here, we report a new approach for rapid, simple detection of
folate binding protein, a potential cancer marker, in liquid using
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quartz crystal microbalance analysis. Our experimental process
involved the immobilization of folic acid on a gold-coated QCM
sensor surface using bovine serum albumin (BSA) as a spacer/
chemiabsorption species. This method avoided the need to
develop complex self-assembled monolayers, thus allowing straight-
forward, complete surface functionalization in a relatively short
period of time. Furthermore, preparation of the capture ligand
was simple and inexpensive. To confirm selectivity and to enhance
signal, a “piggyback” strategy was developed using antibodies
against folate binding protein (anti-FBP) and protein-A-coated gold
nanospheres. In this fashion, we significantly increased the
sensitivity of the assay by lowering the FBP detection limit to 50
pM (~3 orders-of-magnitude improvement).

EXPERIMENTAL SECTION
Chemicals and Materials. Folic acid, bovine serum albumin

(BSA), and concentrated phosphate buffered saline were pur-
chased from Sigma-Aldrich (Saint Louis, MO). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and the
Bicinchoninic Acid (BCA) Protein Assay kit were purchased from
Pierce Biotechnology, Inc. (Rockford, IL). Folate binding protein
was purchased from Scripps Research Institute (La Jolla, CA) and
was used as supplied. A polyclonal rabbit anti-human folate
receptor alpha (anti-FRa) was obtained from Endocyte Inc. (West
Lafayette, IN). Protein-A-coated gold nanospheres (20 nm) were
purchased from BB International (Cardiff, UK). Molecular weight
cutoff spin filters (10 Kd) were purchased from Millipore Corpora-
tion (Belliceria, MA). Fresh mouse serum, derived from pelleted
whole blood, was obtained via a periorbital bleed from an 8-week-
old Balb/C mouse in accordance with Purdue animal care
guidelines.

Equipment. The D300 QCM unit (including a temperature
controlled fluidic chamber and a data acquisition board/com-
puter), 5MHz AT-cut optically polished gold-coated quartz crystals
i.e., sensor chips, and a UV/ozone chamber were purchased from
Q-sense (Vistra Frolunda, Sweden) and used according to the
manufacturer’s instructions without modifications. Data acquisition
and analysis were performed using Q-Soft and Q-Tools software
packages.

Conjugation of Folic Acid to Bovine Serum Albumin. Folic
acid (2.5 mg, 5.6 umol) was dissolved in 250 uL of PBS, and the
pH was adjusted to 7 by careful addition of 1 M NaOH. To this
solution, EDC (1.1 mg, 5.6 umol) was added and stirred in the
dark for 30 min. After 30 min, BSA (25 mg, 0.4 umol) was
dissolved in 750 uL of PBS (pH 7.4), added to the activated folic
acid solution, and stirred for 2 h at room temperature. The BSA
conjugate was separated from all low molecular weight materials
with a 10-kD molecular weight cutoff spin filter with multiple
washes of PBS per the manufacture’s instructions. Protein
concentration was determined using a BCA assay and diluted with
PBS to a concentration of 10 mg/mL. The number of folate
molecules conjugated to each molecule of BSA was assessed by
determining the absorbance of the folate conjugate at 363 nm (folic
acid: € = 6500 cm™! M~! at pH 7.0).

General QCM Setup. New gold-coated sensor chips were
sequentially rinsed with Nanopure water and absolute ethanol and
then dried under a nitrogen stream. The chips were next placed
in a UV/ozone chamber for ~20 min, rinsed with Nanopure water,
and again dried under a nitrogen stream. Repeated experiments
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with sensors cleaned in this fashion showed similar folate BSA
coating patterns without any loss in reproducibility or sensitivity.
A freshly cleaned chip was mounted into the QCM chamber
according to the manufacture’s instructions and allowed to
equilibrate in PBS (pH ~ 7.4) until a stable third overtone
frequency (as suggested by the manufacturer) was observed (&1
Hz over 10 min). This procedure was typically accomplished in
20—30 min. Folate—BSA (0.2 mg/mlL) was then allowed to flow
into the measurement chamber via gravity-induced smooth flow
with multiple additions until the frequency stabilized (-1 Hz over
10 min). The sensor surface was then rinsed with PBS to remove
free and loosely bound folate—BSA.

Capture and Analysis of Folate Binding Protein. Folate
binding protein was assayed by introduction of the respective FBP
(1-1000 nM) solution into the flow chamber containing the
folate—BSA functionalized sensor. Upon signal leveling, the sensor
was rinsed with PBS, and the signal was monitored for any
changes associated with loosely adsorbed material. FBP specificity
was determined using a competitive assay. FBP was preincubated
(offline) in the presence of a 100-fold excess of folic acid in PBS
(pH = 7.4) and allowed to incubate for 30 min. This folate-
competed FBP control was analyzed prior to the introduction of
the free FBP, and PBS rinse steps were used between the
introduction of each respective test analyte. Further identification
and signal enhancement using antibodies against folate binding
protein (anti-FBP) was performed using 30 nM anti-FBP antibody
and protein-A-coated gold nanospheres diluted 100x from the
manufacturer’s stock solution (stock solution: approximate con-
centration of protein A was 10 ug/mlL, approximate number of
gold nanospheres was 2 x 102/mL, and approximate number of
protein A moieties per gold nanospheres was 64).

RESULTS AND DISCUSSION
Detection and Specificity of Folate Binding Protein Cap-

ture. Figure 1a and b illustrate QCM surface functionalization,
the assay procedures of FBP capture, and the subsequent antibody
and gold nanosphere signal enhancement strategies. Owing to
free gamma and alpha terminal carboxylic acid moieties (Figure
1¢), folic acid can readily be conjugated to a free amine, forming
a stable amide linkage. Accordingly, folate-conjugated bovine
serum albumin (folate—BSA) was synthesized using standard
carbodiimide coupling chemistry (~10 folate residues per BSA
molecule) and purified by size-exclusion spin filters. The gold-
coated QCM sensor was functionalized with folate—BSA (0.2 mg/
mlL) using successive additions until a stable baseline was
observed and no additional frequency change was noted with
further folate—BSA additions. We have found that this function-
alization strategy can be performed rapidly (~20 min), yielding a
surface characterized by minimal nonspecific binding, as evi-
denced by the absence of FBP binding in the presence of excess
free folic acid. Moreover, we have witnessed no significant
desorption of the folate- BSA coating over and above the time
course of this relatively short assay. QCM surfaces functionalized
in this fashion in advance or stored for longer periods of time,
however, may require covalent attachment of ligands to the gold
surface to enhance long term stability. In Figure 2, a frequency
vs time plot demonstrating the initial surface functionalization with
folate—BSA is shown. In step 1, immobilization of folate BSA (0.2
mg/mL) in PBS occurs rapidly and irreversibly, as evidenced by
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Figure 2. Sensor response indicating FBP binding to folate—BSA.
Frequency decrease represents an increase in effective mass of the
sensor crystal. Specificity of the capture event was demonstrated by
analyzing folate binding protein (1 «M) in the presence of excess folic
acid (100 xM). Only a negligible change in signal (~1.5 Hz before
and ~0 Hz after PBS wash) of the competed as compared to
noncompeted FBP (~150 Hz) indicated specific capture and detection
of FBP.

200
[ ]
[ ]

150 1
N
L 100 *
w
<

[ ]
50 1
[ ]
0 TM‘M“T_J_L“&“
1 10 100 1000 10000

Concentration (nM)

Figure 3. Binding of FBP to folate BSA on QCM surface at varying
FBP concentrations (7.5 nM to 2 uM).

a 155 Hz signal change (914.5 ng/cm? according to eq 1 with » =
3), followed by a minor response after a PBS buffer wash. This
latter change is attributed to loosely adsorbed folate BSA on the
functionalized surface, which is readily removed by the PBS rinse,
whereas the initial signal change is indicative of added mass on
the sensor surface following the adsorption of folate—BSA to the
gold surface. Sequential folate BSA additions provided no ad-
ditional effective mass change indicated by the absence of a
frequency response; thus, the surface was considered completely
coated at this stage.

In step 2 (Figure 2), a control was used to assess nonspecific
binding of FPB to the folate—BSA-functionalized surface and to
demonstrate FBP capture specificity. Given that FBP binds to folic
acid in a 1:1 stoichiometry with high affinity, preincubation of FBP
with a large excess of free folic acid is expected to block all free
receptor sites and, hence, lead to complete abrogation of FBP
binding. Folate binding protein was mixed with a 100-fold excess
of free folic acid and analyzed for binding to the folate BSA
functionalized sensor. A very minor (~1.5 Hz) frequency shift
(Figure 2) was detected at an FBP concentration of 1 uM (at an
excess folic acid concentration of 100 M), which was restored
after a buffer wash. Because 1 uM FBP approaches our maximal
limit of detection due to complete folate ligand saturation (as
evidenced by a concentration dependence plot, see Figure 3), the
ability to demonstrate complete competition at this high concen-
tration (10 000-fold higher than concentrations of interest) con-
firmed that interference from nonspecific binding of FBP to the
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Figure 4. FBP detection in the presence of serum. Competed FBP
injection (1000 nM FBP in the presence of 100-fold excess free folic
acid) revealed an ~30-Hz signal due to nonspecific binding, whereas
addition of noncompeted FBP (1000 nM) led to a signal change of
120 Hz.

sensor surface was insignificant. After a PBS rinse step, a 1 uM
solution of folate binding protein (step 3) was analyzed, revealing
a frequency response of ~150 Hz (885.0 ng/cm?). Together, these
results indicate specific recognition and capture of folate binding
protein by the folate—BSA-functionalized QCM sensor with
negligible nonspecific binding.

Concentration Dependence of Sensor Response. Figure
3 demonstrates the variation of binding response versus FBP
concentration. The response is similar to a Langmuir isotherm,
indicating a possible surface saturation above 2000 nM. The lowest
detectable FBP concentration without additional signal enhance-
ment was 30 nM. The binding affinity appeared to be lower than
the binding affinity in solution. This is expected, since the binding
event occurs on a surface where the ligands are not able to move
freely to assume optimal positions/orientations for target capture.

Detection of Folate Binding Protein in the Presence of
Serum. A major concern inherent in protein detection assays is
the possibility of background interference from other chemical
species. Given that folate binding protein can slough off from folate
receptor positive cancer cells into the blood stream, it was
important to assess the impact serum proteins would have in this
FBP detection strategy (Figure 4). To this end, mouse serum
(diluted 10-fold with PBS) was spiked with FBP (FBP = 1000 nM
final concentration) and assayed as outlined above. Upon addition
of competed FBP (1000 nM FBP plus 100-fold excess free folic
acid) in step 1, we noted a much greater signal change than with
FBP in the absence of serum (~30 vs 1.5 Hz). This change was
attributed to some nonspecific binding of proteins present in the
mouse serum. Addition of noncompeted FBP (1000 nM) to the
system produced (step 2) a signal of ~120 Hz (708.0 ng/cm?).
These data demonstrate the feasibility of detecting FBP in the
presence of serum; however, further steps to minimize serum
protein interference are necessary.

Signal Enhancement with Anti-FBP Antibody and Protein-
A-Coated Gold Nanospheres. Although the above initial experi-
ments were performed to explore the capability for capture and
detection of FBP without additional amplification, further studies
were explored to improve detection sensitivity. For this purpose,
we developed a “piggyback” assay based on the use of an antibody
against FBP (anti-FBP) with subsequent addition of protein-A-
coated gold nanospheres. In Figure 5a, FBP was first captured
(step 1) on the folate-derivatized sensor surface (30 nM), after
which anti-FBP antibody (30 nM concentration) was added to the
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Figure 5. Folate binding protein signal amplification using antibodies
against FBP (anti-FBP) and protein-A-coated gold nanospheres. (a)
FBP (30 nM) was added to the system, followed by subsequent
additions of anti-FBP antibody and protein A nanospheres. PBS
washes were performed between steps. (b) Detection of 50 pM FBP
using antibody/protein A nanosphere signal enhancement.

system (step 2). As a control, anti-FBP antibody (30 nM) and
protein A nanospheres were analyzed prior to addition of FBP,
with no signal change noted (data not shown).

Upon addition of folate binding protein to the sensor chamber,
a 1.5-Hz (8.85 ng/cm?) frequency shift was noted at a concentra-
tion of 30 nM (step 1). After a PBS rinse and subsequent addition
of anti-FBP, a frequency shift of ~13 Hz (76.7ng/cm?) was
apparent, indicating an additional increase in crystal mass (step
2). Further signal enhancement was achieved by introduction of
protein-A-coated gold nanospheres. Protein A binds to the Fc
portion of antibodies; therefore, in addition to the added weight
of the protein A component, the attached gold nanosphere greatly

4884 Analytical Chemistry, Vol. 78, No. 14, July 15, 2006

amplifies the mass present on the sensor surface. The addition
of FBP, followed by the anti-FBP antibody, and subsequent protein-
A-coated nanospheres (50 uL./5000 «L) led to total signal change
of 45 Hz (265.5 ng/cm?) (step 3). Using the anti-FBP/protein A
nanosphere signal enhancement, we were able to effectively
reduce the level of detection from 30 nM (FPB alone) to 50 pM
(Figure 5b), which approached clinically relevant concentrations.

CONCLUSIONS
Given the therapeutic potential for folate-targeted drugs and

imaging agents, rapid diagnostic systems capable of detecting
folate binding protein are necessary for diagnosis, staging, and
monitoring of therapies associated with folate delivery.”.9-11.14-16
In tandem with selective delivery of folate conjugates, new test
systems will undoubtedly be needed to establish whether specific
cancers express the level of folate receptor necessary for treatment
with the established folate-targeted treatment modalities. Since
folate binding protein may serve as a useful biomarker for
appropriate drug selection, assessment of metastasis, and general
detection of cancer and inflammatory diseases, we have devised
a quartz crystal microbalance sensing platform for simple, fast
detection of this important protein. Here, we describe for the first
time the use of QCM sensors for the direct capture and detection
of folate binding protein using a folate-functionalized sensor.
Folate-derivatized BSA provided a simple capture ligand, which
could be rapidly and efficiently immobilized on the gold surface
of the QCM biosensor. Furthermore, specificity and signal
improvement were achieved using an antibody against FBP
followed by addition of protein-A-coated gold nanospheres. Using
this “piggyback” strategy, we anticipate the application of our
methodology to numerous sensor surfaces, including nanome-
chanical cantilever sensors and arrays. Thus, future work will
explore these systems to expand and enhance detection capabili-
ties.
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