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The effective diagnosis and prognosis of many diseases
depends on the ability to quantitatively measure protein
biomarkers from clinical samples at low concentrations.!"! For
example, fluctuations in serum concentrations of cytokines,
such as platelet-derived growth factor-BB (PDGF-BB), can
serve as indicators of tumor angiogenesis,”! whereas levels of
virus-related proteins such as hemagglutinin can indicate
progression of an infection.! Accurate detection of diagnos-
tic biomarkers in blood is often challenging because of its
complex composition comprising thousands of proteins with
concentrations ranging over 12 orders of magnitude.*”
Albumin, for example, constitutes approximately half of the
total serum protein (30-50 mgmL '), while many important
disease-related biomarkers exist at concentrations as low as
1 pgmL~.[3

Enzyme-linked immunosorbent assay (ELISA) is a stan-
dard approach to detect protein biomarkers directly from
blood. Unfortunately, this assay can suffer from a lengthy
development period for specific antibodies,”” insufficient
sensitivity,”) limited dynamic range,®®° and long assay
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times involving multiple washing steps,'”! thereby limiting
its usefulness and making it impractical to implement at the
point of care. Several groups have developed innovative
approaches to improve the sensitivity and dynamic range of
ELISAs by combining antibody-based molecular recognition
with nucleic acid amplification-based detection, such as
proximity ligation,"! immuno-PCR,!'*'¥ and bio-barcode
detection.™ However, because interferents in blood can
inhibit many amplification reactions,'*'" there is a critical
need for universal sample preparation systems that allow
amplification-based detection of protein biomarkers from
complex samples in a monolithic, disposable, and automated
format.

Herein, we report the micromagnetic aptamer PCR
(MAP) detection system, which integrates high-gradient
magnetic field sample preparation in a microfluidic device
with aptamer-based real-time PCR readout, to achieve highly
sensitive and quantitative detection of protein targets directly
from complex samples. As a model, we demonstrate the
capability to quantitatively detect the cancer biomarker
PDGF-BB over a wide dynamic range (62 fM to 1 nm) in a
complex background of serum with clearly discernable and
reproducible PCR amplification signals.

The detection assay starts with the incubation of a serum
sample containing PDGF-BB target protein with magnetic
beads coated with capture antibody and anti-PDGF PCR
aptamers, which incorporate flanking PCR primer sequences
(Figure 1A). As with ELISA® the use of dual-affinity
reagents significantly increases the specificity of detection.
After the incubation step, the sample was loaded into a
micromagnetic separation (MMS) chip, in which magnetically
labeled antibody-target—aptamer complexes were trapped by
the high local magnetic field gradients generated by micro-
fabricated ferromagnetic structures (MFSs) patterned within
the microchannel.”?2l Meanwhile, nontarget serum proteins,
unused reagents, and PCR contaminants were continuously
washed out during separation (Figure 1B). After washing the
trapped beads, the external magnetic field was removed,
which demagnetized the MFSs thereby allowing magnetic
target complexes to be eluted with phosphate-buffered saline
containing 0.25 mm MgCl, (PBSM; Figure 1C). The entire
separation and purification process (trapping, washing, and
bead release) required about 30 min. One microliter of
collected eluent was directly subjected to real-time PCR
analysis, which yielded a signal proportional to the concen-
tration of target protein in the serum sample (Figure 1D).
Note that real-time PCR calibration curves with and without
magnetic beads verified that the presence of 1 x 10* antibody-
coated magnetic beads per PCR reaction volume did not
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Figure 1. MAP assay protocol. A) Biotinylated anti-PDGF antibodies
(green “Y” symbol) are immobilized on the surfaces of magnetic
beads (MB). The target protein (PDGF-BB) is shown as two blue
circles. The protein-binding site of the anti-PDGF PCR aptamer is
shown in gray, and the primer sites are indicated in red and blue. The
light orange background in the tube represents serum. B) The bead-
bound target complexes are captured by the high magnetic field
gradients within the MMS device, while unbound aptamers and serum
proteins are continuously eluted. The light blue streams in the device
represent washing buffer. C) Target complexes are eluted from the
device by removal of the external magnetic field. The light blue
background indicates elution buffer. D) Real-time PCR is performed on
eluted samples.

interfere with the PCR amplification efficiency (see the
Supporting Information, Figure S1).

To generate sufficient magnetophoretic force (I_fm) to
efficiently trap target complexes without loss and allow
stringent washing, large magnetic field gradients (VB) are
necessary.”!! To generate such a gradient in a controlled and
reproducible manner, we created patterned ferromagnetic
structures within the microchannel consisting of nickel films
200 nm in thickness® (Figure 2A and B). As we have
previously described,” ! the application of an external
magnetic field to the MMS device automatically generates a
large localized VB with magnitude of approximately
10° Tm™" within 1 um of the nickel grid lines, because of the
significantly higher magnetic permeability of nickel relative
to serum (U, yicket =200, L, serum = 1; see the Supporting Infor-
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Figure 2. MMS device architecture and characterization. A) A multi-
layer process allows reproducible fabrication of microchannels and
embedded ferromagnetic structures.” B) Photograph of the device
displaying the channel design, embedded MFSs, and fluidic path. The
device dimensions are 64x15.7x1.5 mm?® (Lx Wx H) and the micro-
fluidic channel has a height of 30 um and a width of 12 mm. C) Bright-
field and fluorescence micrographs demonstrate that the magnetic
beads are trapped at the edges of the MFS patterns where the
magnetic field gradients are the largest.

mation, Figure S2). Assuming a saturation magnetization ()
of 2.3x107* Am? for the magnetic beads, we estimate the
lower bound of the magnetophoretic trapping force on the
magnetic target complexes (Fm = mVB) to be about 2 nN. On
the other hand, the fluidic drag force (F,) on a spherical
magnetic bead can be approximated by the Stokes drag
equation F“d = 6mnry;, where 7 is the fluid viscosity, r is the
radius of the bead, and #%; is the velocity of the fluid. Under
typical MMS operation conditions, the maximum volumetric
throughput is about 14 mLh™' (during the washing step),
which would exert an upper bound of F,~0.14nN, thus
confirming that the condition Fm > F’d is satisfied. This
capability provides a reproducible mechanism to stringently
wash away the PCR inhibitors and unbound aptamer reagents
in the sample, while retaining the target complexes virtually
without loss (Figure 2C). Notably, most of the magnetic
target complexes were trapped at the edges of the MFS
patterns, where the magnetic field gradient is the strongest.*"

To determine the sensitivity of the assay, we performed
calibration experiments in triplicate with PDGF-BB in both
PBSM and fetal bovine serum (FBS) over a target concen-
tration range of 10 fM to 1 nMm (Figure 3). Following amplifi-
cation, a dissociation analysis was performed to verify that
only expected target sequences were amplified (see the
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Figure 3. MAP assay sensitivity. A) Amplification results from different
PDGF-BB concentrations in 20% FBS. The 100 fm PDGF-BB amplifica-
tion plot is clearly distinguishable from that for the negative control.
B) Threshold cycle values are plotted as a function of the log;, PDGF-
BB concentration in fM. Negative (no protein) control values are
shown to the left of the 10 fm concentrations.

Supporting Information, Figure S3), an essential step when
using nonspecific double-stranded DNA (dsDNA) binding
dyes such as SYBR Green in real-time PCR. This process is
rapid and facile, as amplification and specificity analysis were
completed in less than one hour. As expected, the threshold
cycle values decreased monotonically with increasing protein
concentration, which indicates that the target protein con-
centration is directly proportional to the aptamer copy
number. The results were reproducible and the magnitudes
of the signals were large, spanning nearly 14 cycles (equiv-
alent to an approximately 10000-fold change in the aptamer
copy number) from 10 fM to 1 nm of target concentration.

The MAP assay shows a sigmoidal response as a function
of target concentration (Figure 3B), as expected from sand-
wich assays such as ELISAP® and immuno-PCR.*" To
determine the limit of detection, we first obtained the
standard deviation of the signals from the negative control
samples. Next, we fitted the calibration data in Figure 3 B with
a third-order polynomial® and obtained a high correlation
coefficient of regression within our operating range (R*>
0.99). Finally, the standard deviation value was multiplied
by 3 and subtracted from the mean negative control
reaction signal to arrive at limits of detection (LODs) of 72
and 62 fm in buffer and 20 % serum, respectively.

The specificity of the MAP assay was evaluated by
analysis of 100 py PDGF-BB, PDGF-AB, or PDGF-AA in
PBSM buffer containing 0.37% bovine serum albumin
(BSA). We also tested human serum albumin (HSA) at a
concentration of 0.005% (750nM) in PBSM buffer with
0.37% BSA. Experiments were also conducted without
magnetic beads or using magnetic beads with a polyethylene
glycol (PEG) coating but no capture antibody. We used ACy
to quantify the signals as it directly relates to the relative
difference in the nucleic acid template copy number between
two samples,***!! with AC; defined here as the difference in
threshold cycle value between a particular sample and the
negative control. The negative control reactions contain
antibody-coated beads and anti-PDGF PCR aptamers with-
out the target protein.

The MAP assay demonstrates remarkable specificity
(Figure 4); for example, AC; between the negative control
and the HSA sample was 0.1, which indicates that HSA does
not yield a false-positive signal in our system. In addition, a
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Figure 4. Assay specificity as measured by the change in PCR thresh-
old cycles. The samples tested were: 100 pm PDGF-BB, 100 pm PDGF-
AB, PEG-coated beads with 100 pm PDGF-BB, 100 pm PDGF-BB with
no beads, 100 pm PDGF-AA, 0.005% HSA, and a negative control
containing no protein.

ACy value of less than 1 was observed between the negative
control and a PDGF-AA sample, thus indicating that our
system is specific to PDGF-BB and does not bind PDGF-AA,
in agreement with literature reports of negligible binding to
PDGF-AA.P* The signals from the samples containing
PDGF-BB and PDGF-AB proteins were remarkably similar
in magnitude (ACr=14.27); this result is consistent with the
facts that the dissociation constants (K,) of the aptamer are
nearly identical for both isoforms"®! and the capture
antibody can be used for the detection of either isoform.
We measured AC; values of 5.03 and 4.96 for PEG-coated
beads and the sample without beads, respectively. Though
significant, the two signals are approximately 500-fold smaller
than the signal from a test sample containing 100 pm of
PDGF-BB target, based on aptamer copy number. We believe
these small signals originate from proteins and aptamers that
are nonspecifically bound to the beads and the chamber of the
MMS device during the separation step.

We have demonstrated the capability to quantitatively
detect low-femtomolar concentrations of target proteins
directly in serum samples using a microfluidic sample
preparation system with DNA aptamers containing PCR
primer sequences. The chip-based, high-gradient magnetic
separation system facilitated efficient elimination of unused
reagents and PCR inhibitors from the serum sample, thus
enabling quantitative real-time PCR readout. By using an
aptamer as an affinity and amplification reagent, the complex
conjugation steps required in related methods such as
immuno-PCR were avoided. Based on experiments, we
believe that aptamers with K, values in the low-nanomolar
range are sufficient for our method to work reliably. For
example, the PDGF aptamer used has a K, of approximately
0.1 nM as reported by Green et al.”]

Aptamers are well suited for real-time PCR because of
their small size (<100 nucleotides), which results in high-
efficiency amplification, and the capacity to modify their 3’
and 5" ends with user-defined sequences allows for the design
of highly target-specific primers, ultimately leading to a
significant increase in assay sensitivity and multiplexing
capability. As with most dual-recognition approaches, we
suspect that the aptamer and antibody must have non-
overlapping binding sites for the method to work effectively.
We obtained a LOD of 62 fm for PDGF-BB in FBS, with a
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large dynamic range that spanned approximately five orders
of magnitude (62 fmM to 1 nm). The sensitivity of our assay
compares favorably with previous efforts using the same
PDGF-BB-binding aptamer; for example, a light-switching
excimer probe offered a detection limit of 2.5 nm in 10 % cell
media,®® while an electrochemical approach yielded a
detection limit of 50 pm in 50 % serum.? By using a detection
scheme that incorporates real-time PCR, Yang and Ellington
detected PDGF-BB with a LOD of 12.8 pM in the presence of
1 ugmL~! fibroblast cell lysate,*"! and low-femtomolar detec-
tion limits were obtained with a proximity ligation assay®"
and a rolling-circle amplification-based method using an
antibody-aptamer pair."’!

Microfluidics technology is well suited for integrated
sample preparation because it allows for precise and repro-
ducible control of magnetic and fluidic forces in a disposable
chip format.®®! In our system, we designed the device such
that the magnetic force on the target complex is always larger
than the fluidic drag force, thus allowing high stringency and
continuous washing with minimal loss of magnetic beads. This
is important because continuous washing (that is, material
removal) seems to be significantly more efficient than fixed-
volume washing (that is, dilution) in removing nonspecifically
bound contaminants.”™ For example, our approach obtained a
LOD that is approximately two orders of magnitude lower
than that for a similar system that used fixed-volume
washing Y We hypothesize that the higher washing efficiency
originates from the fluidic shear forces, as well as the
elimination of rebinding of contaminants, which would
otherwise occur in a fixed-volume wash. In addition, the
capability to reproducibly generate remarkably high magnetic
field gradients (> 10° Tm™") enables high volumetric through-
puts (14mLh™! per microchannel) that can be readily
increased through parallel operation.

Finally, the MAP system can be readily expanded for
multiplexed detection of other protein biomarkers as well as
other types of targets (e.g., small molecules, viruses, and
bacteria) through appropriate design of the aptamers. We
believe such advancements will represent a significant step
toward care diagnostics and personalized medicine at the
point of care.
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