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Nanoscale

Rapid and Sensitive Detection of Cardiac Troponin | using a Force
Enhanced Immunoassay with Nanoporous Membrane

Won-Suk Chang??, Peng Li¢, Sandeep Kakade?, Ying Xiong?, Hao Shang?, Yong Zhang*and Gil U Lee?*"

There is a need for point of care diagnostic technologies that are rapid, sensitive, easy to use, and relatively inexpensive. In
this article we describe an assay that uses an antibody functionalized nanoporous membrane and superparamagnetic beads
to capture and detect human cardiac troponin | (cTnl), which is an important biomarker for acute myocardial infarction
(AMI). The membrane assisted force differentiation assay (mFDA) is capable of detecting cTnl at a sensitivity of 0.1 pg/ml
in 15% serum in less than 16 minutes, which is a significant improvement in performance over conventional lateral flow
immuosorbant assays. The speed of this assay results from the rapid concentration of cTnl on the surface of the nanoporous
membrane and the use of the magnetic beads to react with with the analyte, which rapidly react with the immobilized cTnl.
The increased sensitivity of assay results from the the use of magnetically controlled forces that reduce the nonspecific
background and modify both the on-rate and off-rate. We believe that the improved performance and ease of application
of the mFDA will make it useful in the early identification of AMI as well as other diseases based on the detection of 1 pg/ml
variations in the concentrations cTnl in blood.

Introduction

Highly specific biomarkers are becoming available for the diagnosis
of diseases as a result of improved proteomic and genomic screening
technologies and have the potential to significantly improve the
quality of healthcare. Animportant example is troponin, a 23,876 Da
protein, that plays an important role in the regulation of skeletal and
cardiac muscle contraction?. Elevated levels of cTnl can be detected
in a patient’s blood 3-6 hours after the onset of chest pain, reaching
a peak level within 16—-30 hours. The European Society and American
College of Cardiology now defines AMI based on measuring the levels
of cTnl in the blood of patients presenting with symptoms of acute
coronary syndrome?. There is a need for rapid, specific, and sensitive
diagnostic devices for the identification of biomarkers, such as cTnl,
in a point of care (POC) setting. Lateral flow immunoassays (LFIA) are
the most commonly used form of diagnostic technology employed in
a POC setting and is typically applied to detect analytes at the pug/ml
level in 10-15 minutes3. Second generation POC technologies are
now able to detect cTnl with sensitivities of < 40 ng/ml resulting in
the diagnostics sensitivities of > 60%*%. The background level of cTnl
in healthy individuals is 10 pg/ml thus higher sensitivity cTnl POC
tests would be very useful for more sensitive detection of AMI.

Troponin has also been identified as an important tool for risk
stratification, as elevated cTnl levels correlates with the clinical
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severity of several important diseases and life expectancy®. CTnl’s
used as a clinical biomarker has been extended to include
pathologies characterized by cardiac injury, including, unstable
angina, left ventricular hypertrophy, congestive heart failure,
pulmonary embolism, blunt trauma, sepsis, moderate renal disease,
renal failure, diabetes mellitus, and cardiotoxicity associated with
anticancer drugs and sympathomimetics. These diseases are not
always associated with high levels of cTnl but with variations in the
endogenous level. Thus, there appears to be a need for higher
sensitivity cTnl POC tests to make it possible to rapidly identify
cardiac injury associated with a number of diseases.

The development of single molecule biophysical techniques has
made it possible to directly measure forces between and within
individual macromolecules, and a number of these techniques have
been applied to develop novel bioanalytical diagnostics'®'3. The
magnetic tweezers technique lends itself to biosensing because
superparamagnetic (SPM) beads are commonly used for the
separation of complex media and piconewton forces can be
simultaneously transduced to many hundreds of thousands of
beads'*1°. In a force differentiation assay (FDA) the analyte is
captured on a substrate based on the reaction with an immobilized
receptor and detected through the binding of an antibody
functionalized bead to the surface?® 2!, The state of the SPM beads
can be detected using optical® 2123, chemical?*, or magnetic signals®
13, 2527 These techniques provide significant advance in the
capability of bioanalytical systems, yet wider application of SPM
beads is currently limited by three factors. First, some assays take an
extended period of time to execute due to the multiple reaction and
washing steps that require proteins to diffuse and react at a surface.
Other assays have sensitivities limited to one to two orders of
magnitude higher than conventional techniques, such as, ELISA,
imposed by antigen-antibody equilibration. Third, some of the
amplification and sensing techniques can be relatively expensive to
implement due to the cost of reagents or manufacture of highly
sensitive solid-state MEMs devices.



Nanoscale

Figure 1A presents a schematic of the membrane assisted force
differentiation assay (mFDA) that we have demonstrated for cTnl. In
this assay the SPM beads (labelled 1) bind to the analyte immobilized
on the active surface of the membrane (labelled 4) in a sandwich
configuration. These membranes are produced by anodically etching
aluminium and have a thin, dense layer of nanometer size pores on
their active surface supported by a microporous layer?® 2°, These
membranes are easily integrated into lab on a chip devices due to
their mechanical strength and chemical inertness3C. Figure 1B
presents a scheme of the surface chemistry that was used to
specifically capture cTnl. The membrane and beads were
functionalized with a dense monolayer of polyethylene glycol to
minimize nonspecific protein adhesion due to the high concentration
of blood proteins present in plasma (labelled 9)?8. The cTnl (5) was
identified with monoclonal antibodies (labelled 6, 7, and 8) that were
covalently grafted to the poly (ethylene glycol) polymer (PEG)
monolayers.
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Figure 1. Schematic of membrane assisted force differentiation
assay. A. Cross-sectional schematic of the mFDA with 1 um diameter
superparamagnetic bead (1) coated with antibody-PEG monolayer
(2) reacted with an antibody (4) coated nanoporous alumina
membrane (3). A controlled force can be applied to the beads with
an external magnetic field (B) and gradient (dB/dz). B. Schematic of
the point of contact of the bead with the membrane where the the
cTnl (5) is concentrated on the membrane and detected with a
magnetic bead (1). Monoclonal antibodies against cTnl (6,7, and 8)
are covalently grafted to the beads and membranes using a
monolayer of PEG (9).

Results

Membrane Pore Structure

Figure 2 presents SEM micrographs of the active side of commercial
20 and 100 nm nominal pore size membranes that have been cleaned
with HCl and NH40H:H,0,. Vigorous cleaning (etching) was found to
be necessary to remove the significant amount of carbon-based
membranes to enable
reproducible functionalised membranes. Figure 2A shows that the

contamination present on commercial
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pores on the active surface of the 20 nm membranes have an average
size of 27 nm and were largely polygonal in shape with 3 to 6 sides.
There were also structures on the active surface of the membrane
that appear to result from the fusion of the network of smaller pores
that occurs when the membranes are cleaned. The shape of the
supporting membrane under the active surface can also be seen in
these micrographs and it has pores of between 100 and 200 nm
diameter. Cross-sectional images of the membranes confirmed that
the smaller pores of the active surface span only approximately 100
nm of the membrane while large 100-200 nm diameter pores
transverse most of the 60 um of the membrane. This is consistent
with the asymmetric design of these membranes aimed to maximize
permeability?® 31, Figure 2B shows the pores of the active surface of
the 100 nm membrane, which have a complex shape and average
diameter of 156 nm. The shape of the active pores appears to be
dominated by thin walls that span the supporting membrane.
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Fig. 2. Field emission SEM micrographs of the nanoporous alumina
membranes after cleaning and coating with 20 nm of Pt. A. Top
view of a typical 20 nm membrane after cleaning. B. Top view of
100 nm membrane after cleaning.

Table 1 summarizes the mean pore diameter, weighted average pore
diameter, pore density, and pore area fraction of the active surface
of the membranes measured from the SEM images. The weighted
pore diameter and pore density were calculated to determine
and the local

theoretical permeabilities of the membranes,

hydrodynamic conditions in the pores.

Table 1. Summary of the structure of 20 nm and 100 nm Anodisc®
membrane. The pore diameter (D) is determined from the area (A)

of the pore D = ’ﬂ and the weighted average pore diameter is
T

This journal is © The Royal Society of Chemistry 20xx
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determined from the distribution of pore sizes <DW> =

where D, is the pore diameter and N is the total number of pores.
Likewise, pore density and pore area fraction are calculated by
counting the number of pores and porous area over a series of
images.

Nominal | Mean Pore | Weighted | Pore Pore
Pore diameter Average Density Area
Size (nm) Pore (pores fraction
(nm) Diameter | m?)

(nm)
20 35+7.8 37 5.4x10% | 0.37
100 147 + 27 156 3.3x108 | 041

Surface Properties of the PEG Films

X-ray photoelectron spectroscopy (XPS) surveys and high-
resolution spectra were collected on the active sapphire
surfaces before and after each of the reaction steps. XPS
analysis of the untreated sapphire surface indicated a clean
surface while the nanoporous membranes had significant
amounts carbon contamination and trace amounts of
phosphorous and fluorine (data not shown). Analysis indicated
that the surface contamination was largely removed from the
commercial membranes by treatment with the HCl and
NH4OH:H,0, solution.

Table 2 summarizes the chemical composition of a sapphire
surface after functionalization with M-PEG, Boc-PEG, and a 1:4
mixed Boc:M-PEG-silane measured from high resolution XPS
scans. The binding energies and relative amounts of the Al 2p,
Si 2p, C 1s, N 1s, and O 1s peaks have been presented for bare
sapphire and each of the chemistries. The peak measured at 285
eV was assigned to C 1s, while the carbon peak at 286.5 eV was
attributed to PEG. The O 1s peaks measured at 528.5 eV and
530 eV were associated with the Al,0; and PEG, respectively.
The Si 2p peak at 103.3 eV was associated with the silane. The
N 1s peak at 399.1 eV was associated with BOC-PEG and surface
contamination. Three observations can be made regarding the
composition of the PEG films in Table 2. First, the aluminium and
oxygen stoichiometry of the sapphire surfaces was consistent
with an Al,03 surface chemistry. Second, the aluminium signal
decreases after the membrane was reacted with silane-PEG, but
never drops below 30%. This behaviour was consistent with
formation of a monolayer film of silane-PEG formed on
membrane surfaces?!. Third, the amount of silicon, C-O carbon,
and oxygen, associated with the PEG surface chemistries were
also consistent with a thin monolayer film. The fact that the
aluminium signal in the M-PEG monolayer was lower than the
BOC-PEG monolayer suggests it formed a denser film. This was
confirmed by ellipsometry. It also appears that both the M-PEG
and BOC-PEG films are denser than the mixed BOC:M-PEG
monolayer.

This journal is © The Royal Society of Chemistry 20xx
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Coating thickness and refractive index were measured using a
variable spectroscopic ellipsometer, and the Cauchy model was
used to determine the thickness and optical constants of the
PEG film on sapphire surfaces. Measurements were carried out
at multiple angles of incidence (65-75° by 5° increments). The
M-PEG, Boc-PEG, and the mixed M-PEG and Boc-PEG (4:1) film
thickness were 1.66 nm (n=1.366), 0.88 nm (n=1.340), and 1.11
nm (n=1.375), respectively.

Table 2. Relative atomic composition and binding energy of
specific elements determined by XPS on the unmodified, M-PEG
modified, Boc-PEG modified, and mixed PEG modified sapphire
surfaces

Unmodified M-PEG BOC-PEG Mixed BOC-
Surfaces Modified Modified PEG: M-PEG
Surface  Surface
Al 2p 35.6 % 30.0 % 342 % 34.8%
sapphire
Si2p 0.1% 1% 0.8% 1.4%
Cls: CC,CH 113 % 8.15% 9.1% 7.7 %
C1s:C-0 0.0% 11.2 % 6.9% 5.6 %
N 1s 0.3% 1.6% 1.8% 1.6%
O 1s -sapphire 52.5 % 31.7% 29.1% 27.9%
01sC-O0 0% 16.4% 18.1% 10.2 %

Permeability of the Membranes

The permeability of the liquid solutions through the unmodified
and methoxy-PEG-modified membranes was measured to
determine if the PEG monolayers influenced the transport
behaviour. Figure 3 presents the results of permeability
measurements through the silane-PEG-modified membranes.
The flow of PBST through the 20 and 100 nm membranes was
found to be a linear function of pressure and the measured
permeability of the membranes was 1.5x10 and 3.8 x10° mPa-
151, respectively. These permeabilities were characteristic of
transport dominated by the laminar flow of the PBST through
the smallest diameter pores31.

The transport of the 1% (v/v) fetal calf serum (FCS) solution
through the 20 and 100 nm PEG-membrane was found to be a
nonlinear function of pressure, i.e., it was observed to steadily
decrease in value as the pressure of filtration increased. This
behaviour is consistent with measurements of protein filtration
through nanoporous membranes, and the decreased rate of
flux of protein solution through the membrane, with pressure,
has been attributed to the formation of a thin film of proteins
on the surface of the membrane32. According to this model
increased filtration pressure produces a thicker (or denser)

Nanoscale, 2020, 00, 1-3 | 3
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protein film resulting in a higher hydrodynamic resistance and
lower permeability.

At higher concentrations of FCS the permeability of the
membrane was not only a function of pressure but was highly
dependent on the total amount of solution that was filtered.
Figure 4 presents the flow-time behaviour of PBST and several
concentrations of FCS through a 100 nm PEG modified
membrane at 10 PSIG (or 68.95 kPa). The flow rate through this
membrane can be seen to decrease with time and as the
concentration of FCS increased. Interestingly there was a
significant decrease in flow rate after just 10 seconds of
filtration for 10% serum. At serum concentrations above 20% it
appears that the flow of solution effectively ceases after
approximately 10 seconds. Permeability measurements of FCS
on unmodified alumina membranes produce similar nonlinear
behaviour but the permeability was observed to decrease much
more rapidly (see Supplementary Section).

0.25

0.20

0.15

0.10

Flow rate (ml/min)

0.05

Pressure(psi)

Fig. 3. Flow rate of PBST and 1% FCS in PBST through nanoporous
alumina membranes that were modified with a PEG monolayer as a
function of pressure. Four measurements are presented: ll 100
nm membrane with PBST, [ 100 nm membrane with 1% Fcs, @
20 nm membrane with PBST, andO20 nm membrane with 1% FCS.
Lines present data used to calculate permeabilities, which are
presented in mPa-1s-1. All measurement were carried out over a 5
minute period.
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Fig. 4. Flow of FCS-PBST solutions across 100 nm PEG modified
membranes 10 mm2 in size at 10 PSIG. Seven measurements are

presented: @ rure pasT, B 10% FCS in PBST, A 15% FCS in PBST,
O 20% Fcs in PBST, O 50% FCs in PBST, and A 100% FCS.
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Fig. 5. Force differentiation response curves for cTnl assay for solid
and nanoporous membrane substates. A. Sapphire surface
(background 9+1). B. Nanoporous membranes l 100 nm
(background 12+0.8) and ’ 20 nm (background 10+2.4). Inset
figures provide detailed information about the response of the assay
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at fg/ml cTnl concentrations. These results were acquired using at
least 3 sets of devices and include at least 6 devices.

cTnl Force Differentiation Assays in PBST

Force differentiation assays were conducted on PEG silane
monolayers assembled on sapphire surfaces and nanoporous
membranes to compare the sensitivity and response time of the
membrane enhanced assay with an ELISA. Figure 5A presents the
results of the FDA assays conducted on a sapphire surface and have
the typically sigmoidal response curve expected from ELISA. This
assay was conducted over a 90 minute period in which the sample
was incubated with surface for 70 min, the surface was rinsed, the
magnetic beads were added to the surface for 5 min, and the
magnetic force was added for 1 min. For the purposes of this article
we define sensitivity of an assay as the concentration at which the
binding is two times the background of the assay. The background
was measured to be 9£1% bound beads. The sensitivity of the assay
was <1 pg/ml which is more than 3 orders of magnitude higher than
that reported of conventional ELISAs using identical antibodies.

Figure 5B presents the results of mFDA cTnl assay on the nanoporous
membranes in PBST. The sensitivity of the mFDA was found to be 0.1
pg/ml, which was similar to that on the sapphire surfaces. It also
appears that the sensitivity of the mFDA was indistinguishable for the
20 and 100 nm membranes, indicating that the assay sensitivity was
not highly dependent on the pore size of the membrane under these
conditions. The mFDA were conducted over a 16 minute period in
which the sample was added to the membrane for 10 minutes, the
magnetic beads were added to the surface for 5 minutes, and the
magnetic force was added for 1 minute.

cTnl Force Differentiation Assays in FCS

Figure 6A presents the result of a study of the sensitivity of the mFDA
cTnl assay in 10% FCS as a function of the PEG surface chemistries.
The ratio of BOC-PEG:M-PEG silane was varied from 1:1 to 1:9 in
order to determine how the density of antibodies on the membrane
influenced the nonspecific interaction of the beads with the
membrane and the sensitivity of the FDA assay. High concentrations
of BOC-PEG produced the highest senisitivity but also produced a
background in excess of 30%. A background as low as 10% was
achieved with surface chemistry of 1:9 BOC-PEG but there also was
a decrease of the number of beads bound to the membranes after
force differentiation at lower concentrations of cTnl. A 1:4 BOC:M-
PEG was found to provided a reasonable level of bead binding while
maintaining a the background below 11%.

Figure 6B presents the result of the cTnl assay run on the 1:4 BOC:M-
PEG functionalized 100 nm membranes at four concentrations of
FCS, i.e, 1, 10, 15, and 20%. The sensitivity sensitivities of the assays

Particles Bound (%)

0 20 40 60 80 100
cTnl concentration (pg/ml)
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were similar except for the assays run in 20% FCS, which showed a
significantly lower level of bead binding. The background of the
assay also inceased at FCS concentrations greated greater than 15%.
These resutls suggest that the mFDA assay works best in solutions of
<15% FCS in PBST. The senstivity of the mFDA assay was 0.1 pg/ml in
15% FCS, which would be equivalent to a sensitiivity to 0.6 pg/ml of
whole serum.

A
B

Fig. 6. Membrane enhanced force differentation assays for cTnl on
100 nm nanoporous membranes. A. Modification of surface
chemistryA 1:9 BOC:M-PEG (background 1020.4), B 1:4 BOC:M-
PEG (background 11+1.8), and @ 1:1 BOC:M-PEG (background
39+5). B. Nanoporous membrane functionalized 1:4 BOC:M-PEG: |
20% FCS (background 17+3.5), 4 15% FCS (background 10+2.6), <
10% FCS (background 10+0.6) and O 1% Fcs (background 11+1.8).
Inset figures provide detailed information abou the response of the
assay at fg/ml cTnl concentrations.

DISCUSSION
Membrane filtration

Our motivation for using a membrane in the mFDA was to
increase the rate of reaction of cTnl with the substrate. Initial
reflection on the filtration processes suggested that the amount

80

80

40

Particles Bound (%)

20

0 20 40 60 80 100
cTnl concentration {pg/ml)

of analyte bound to a membrane, and thus the sensitivity of the
assay, should be limited by the volume of sample filtered and
the selectivity of the membrane. It was found that the
sensitivity and specificity of the membrane assay was also
highly dependent on the composition of the filtrate, surface
In this
section we consider the transport behaviour of the membrane

chemistry of membrane, and pressure of filtration.

to provide a rationale for the speed and sensitivity of the mFDA.

Figure 3 presents the flow rate of a protein free solution
through the membranes as a function of pressure. The flow rate
of the PBST measured through the membranes was a linear
function of pressure, and the permeability of the 20 and 100 nm
pore membranes was found to be 3.8x10° and 1.5x10°® m/Paes,
respectively. These permeabilities were consistent with the
values previously measured on alumina membranes that had
been modified with PEG-silane monolayers?t. The flow rate of

Nanoscale, 2020, 00, 1-3 | 5
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a solvent through a parallel array of uniform, cylindrical pores
under laminar conditions can be derived from Hagan-

Poiseuille’s’ law

r?2

8udmd’

where r is the pore radius, u is viscosity, 6, is the effective
membrane thickness, and ¢ is the pore fraction, if one assumes
pores pass directly through the membrane with the mean pore
diameters. A theoretical permeability of 20 and 100 nm
membranes can be calculated to be 1.5x10° and 2.0 x10°
m/Paes, respectively, if one uses the pore area fractions
presented in Table 1. The theoretical permeabilities were
somewhat smaller than the measured values, which we
attribute to the asymmetric structure of the membrane. These
results were quite encouraging in light of the fact that non-
conformal polymer coatings have led to significantly decreased
permeabilities3?.

Measurements of the flow rate of protein solution as a function
of pressure illustrated that the transport was a nonlinear
function of pressure, dependent on the fraction of FCS in
solution, pressure, and time of filtration, as shown in Figure 3.
Previous studies of ultrafiltration properties of dilute protein
solutions have demonstrated that model proteins will rapidly
pass through membranes if the ratio of protein-pore radius is
less than 0.1.33-35 Larger protein-to-pore size ratios will result in
a rapid decrease in transport rates and proteins will be
effectively retained on the membrane at ratios greater than 0.5.
cTnl has a molecular weight of approximately 24 kDa and thus
should readily pass through both the 20 and 100 nm pore
membranes. Plasma is a complex media composed of
approximately 92% water, 6-8% protein, 0.8 % salt, 0.6% lipids,
and 0.1% (v/v) glucose. Each of these components will readily
pass through the 100 nm membranes. Most of the protein
components of serum will also readily pass through the 20 nm
membranes with the exception of immunoglobins, which have
an extended structure and molecular weights that range
between 150-190 kDa. Theoretical considerations suggest that
cTnl and plasma will pass through the 20 and 100 nm
nanoporous membranes. It should be noted that protein
aggregation of proteins, such as, albumin, in the serum must be
minimized as it will lead to a significant decrease in filtration
rates.

The FCS permeability measurements presented in Figure 4
clearly indicated that a factor other than simple pressure driven
sieving determined the permeability rates. The accumulation of
a protein rich layer at the membrane surface has previously
been observed to influence the transport behaviour the
membranes32. The properties of the protein layer is highly
dependent on the filtration conditions, but it is clear that it will
decrease permeability through at least three mechanismes, i.e.,
at low pressures the protein film will produce an osmotic
pressure that counteracts pressure driven flow, and as the
pressure increases the proteins will form a film on the
membrane that would produce a hydrodynamic barrier to resist
flow and ultimately irreversibly adsorb on the membrane
resulting in membrane fouling. The measurement of the

6 | Nanoscale, 2020, 00, 1-3

transport of 1% FCS through the membranes revealed two
trends. First, at low pressures, i.e., approximately 2 PSIG, the
rate of transport through both membranes was significantly
lower than a PBST solution although it was still a linear function
of pressure. At higher pressures the rate of flow became
increasingly decoupled from the filtration pressure and was
observed to decrease at pressure greater than 3 PSIG. This
behaviour appears to be consistent with a change in transport
behaviour due to the formation of a protein film on the
membrane.

Figure 4 presents the filtration profile of a series of FCS solutions
through the 100 nm membranes as a function of time at a
pressure of 10 PSIG. A rapid decrease of total volume filtered is
clearly observed between 15 and 50% FCS under this pressure.
It was found empirically that 15% FCS produced a reasonable
level of filtration, high specific bead binding, and low
nonspecific bead binding. This suggests a dense, irreversibly
adsorbed protein film does not form under these conditions.
This sampling condition appears to be acceptable for both the
20 and 100 nm membranes, but it was found to be sensitive to
the membrane surface chemistry, as described below.

We found that it was essential to avoid the formation of dense
protein films on the nanoporous membranes in mFDA as they
inhibit the binding of the antibody functionalized magnetic
beads to the immobilized cTnl and also appear to increase the
nonspecific interactions between the beads and surface. This is
consistent with a model in which the protein becomes
irreversibly bound to the membrane surface thus blocking the
reaction of the antibodies on the magnetic beads with the
surface. Thus, the formation of the protein films on the
membrane influenced the performance of the mFDA in several
ways, i.e., the sensitivity, background, and total amount of
sample that could be filtered was determined by the
composition of the filtrate, surface chemistry of the membrane,
and pressure of filtration.

Speed and Sensitivity of cTnl Assays

mFDA detects cTnl through a series of antibody-analyte
reactions that have been illustrated in Figure 1. The
nanoporous membrane was functionalized with a 1:1 mixture
of 16A11 and 19C7 monoclonal antibodies that target epitopes
at residues 87-92 and 41-49 of cTnl, respectively. A third
monoclonal, SDI, was covalently bound to the SPM microbeads
and binds to residues 24-40 of cTnl. These monoclonal
antibodies were chosen for their low propensity to cross-react
with serum and the fact that the regions they bind to cTnl were
not susceptible to enzymatic modification. ELISA was carried
out using the same set of antibodies and had a sensitivity of
approximately 1 ng/ml, which is consistent with previously
published results®. The sensitivity of the mFDA was 0.1 pg/ml in
PBST, which was four orders of magnitude higher than the ELISA.
The increased sensitivity and speed of the mFDA presented in
Figure 5 appears to be determined by the rate of mass transport
of cTnl to the membrane surface and the reaction of the
antibody bound to the SPM beads with the cTnl bound to the
membrane.

This journal is © The Royal Society of Chemistry 20xx
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The FDA response in Figure 5 illustrated that a larger fraction of
magnetic beads bind to the nanoporous membranes than the
sapphire surfaces, despite the fact that the incubation time of
the sample with the membranes and sapphire was 300 sec and
4200 sec, respectively. We attribute the increased speed of the
membrane assays to the rapid concentration of cTnl on the
membrane surface. Transport of the sample through the
membranes can be understood in terms of the Peclet number

Pe = ng ’

where Vis the flow rate through the membrane, u,, the critical
dimension, and D is the diffusion coefficient of the analyte. The
Pe of cTnl was found to vary between 100 and 500 for the 100
and 20 nm nanoporous membranes, respectively, indicating
that the flux of protein through the membranes was dominated
by convection. Itis noteworthy that the fraction of beads bound
to the membranes was slightly higher for the 100 nm
membrane, as shown in Figure 5B, across the range of cTnl
concentrations. This result suggests the mFDA sensitivity does
not result from selective sieving but rather the flow conditions
and reaction at the membrane surface. These results confirm
that a significant fraction of cTnl binds to the interface of both
the 20 nm and 100 nm membranes that is readily accessible to
the SPM beads.

The selection of the membrane pore size had a significant
influence on the mFDA performance in samples containing FCS.
It was found that the permeability of the 20 nm membranes
rapidly decreased in FCS, severely limiting the amount of
sample that can filtered and producing very low levels of bead
binding. This was attributed to rapid formation of a protein film
on the 20 nm pore membranes. This led us to perform the
mFDA assays with FCS using 100 nm membranes that were able
to reproducibly filter samples containing up to 15% FCS. The
total amount of sample filtered through these membranes was
self-limiting at approximately 0.15 ml/mm?.

The specific and nonspecific adhesion of the SPM microbeads to
the PEG surfaces in the FDA was found to be highly sensitive to
the surface chemistry of the membranes, as shown in Figure 6A.
The higher ratios of BOC-PEG:M-PEG produced higher fractions
of beads bound to the surface of the membranes. However,
increased antibody coverage also led to an increase in the
number of beads non-specifically bound to the surfaces, i.e., the
background of the mFDA increases from 11 to 39% as the BOC-
PEG:M-PEG ratio increases from 1:4 to 1:1, respectively. It
appears that the 1:4 BOC:M-PEG ratio produced the best
binding to background performance for the mFDA as surfaces
formed at a 1:10 BOC:M-PEG ratio resulted in lower bound bead
fractions. The improved mFDA sensitivity at high antibody
coverage is consistent with polyvalent binding of cTnl to
membrane, while the nonspecific binding appears to be
associated with nonspecific protein interactions of the
antibodies on the PEG monolayer.

The sensitivity of the mFDA was ultimately determined by the
affinity of the antibody-analyte reactions used to capture and
detect cTnl. Two monoclonal antibodies were used to
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simultaneously capture cTnl on the membranes to increase the
avidity of the capture reaction. Thus, the sensitivity of the mFDA
assay was limited by the reaction of the SDI monoclonal
antibody on the magnetic beads (Figure 1B, 6) with cTnl (5)
bound to the membrane. In a conventional ELISA the on-rate
rate (k,,) is limited by the rate of diffusion of the cTnl to the
antibodies on the surface, and the off-rate (kog) is determined
by the antibody-antigen energy of the cTnl-antibody interaction
and the rate of diffusion of the reactant. Measurements of k,,
and kqg of antibody-protein interactions with surface plasmon
resonance (SPR) indicates these parameters vary between 10°-
10% M1s1 and 1073 -10* s, respectively. The sensitivity of the
resulting assay would thus be of the order of magnitude of 10”7
to 10° M (or 10°® to10° gm/ml of cTnl), which is consistent with
our cTnl ELISA results.

The immobilization of the antibody on the magnetic beads in
the mFDA changed the reaction kinetics of the antibody-antigen
interactions. A unique feature of FDA is that the beads were in
continuous contact with the membrane surface due to the 6
femtoNewton force produced by their buoyant weight.
Experimental measurements of k,,* for single molecule
interactions of molecules immobilized on surfaces have been
made with atomic force microscope and found to have the form

1
ko
on — TCeff ’

where t is the characteristic interaction time and Cgy is the
effective concentration of antibody, which is inversely
proportional to the volume of the PEG linker3®. The k,,* for
antibodies immobilized on AFM probes thorough 2 kDa PEG
linkers was measured to be 10%-10° M-1s1, and was consistent
with SPR measurements. The k,,* for specific molecular
interactions taking place between 200 nm diameter SPM beads
have also been measured using light scattering?®. The on-rate
for this aggregation assay was found to be 103-10* M1s'? and to
be highly dependent on the steric mobility of the receptor and
size of the magnetic particles, which strongly influenced the
rotational diffusion rate of the beads. The properties of the
SPM beads and antibody immobilization chemistries have been
optimized in this study to maintain high levels of k,,* resulting
in rapid binding of the beads to cTnl on the membrane.

Magnetic tweezers have previously been used to study the
interactions formed between an antibody functionalized bead
and protein A coated surface across a range of concentrations.?°
At high concentrations of cTnl the tight binding of the SPM
beads suggested they were immobilized through polyvalent
interactions, which is consistent with the antibody-protein A
studies. As the concentration of cTnl was decreased to 0.1
pg/ml the maximum density of cTnl that could be immobilized
on the membrane decreased to approximately 450
molecules/um?, which is the range in which single protein A-
antibody interactions that form for a 1 um SPM bead. Thus, it
appears that mFDA detects beads in which multivalent bead-
surface interactions are formed.

Nanoscale, 2020, 00, 1-3 | 7



Nanoscale

This can be understood in terms of the rate of bond rupture that
takes place due to magnetic force, i.e., Bell’s law can be used to
determine the dissociation rate of single antibody-antigen bond
(N) under an applied force (F) is

N= QXP( —t- konexp(F/f))

where f is a scaling force and t is time. Single cTnl-antibody
bonds can be predicted to rupture in tens of seconds under the
picoNewton forces used in this assay, which is too fast to be
detected with the force differentiation protocol used in this
study, while multiple bonds have a significantly lower
dissociation rate.?° Thus, mFDA’s increased sensitivity appears
to result from the increased number of antibody-antigen bonds
formed between the SPM beads and surface. The sensitivity of
the mFDA can be varied by changing steric mobility of the
antibodies on the beads or size of the magnetic beads, which
influence the number of antibody-antigen interactions, the
contact area of the bead with the surface, and rate of rotation
of the bead. Higher sensitivities may be achieved if a detection
system were used that required a shorter time to characterize
the binding state of the SPM beads.

Conclusions

An immunoassay for cTnl has been demonstrated in which the
analyte was captured on an antibody functionalized nanoporous
membrane and detected with an antibody functionalized SPM bead.
The membranes allow the analyte to be rapidly concentrated on a
surface, decreasing the reaction time from hours to minutes. The
sensitivity of the cTnl assay in 15% fetal calf serum was 0.1 pg/ml and
the assay can be completed in <16 minutes. Studies of membrane
permeability indicated that the assay performance was highly
dependent on protein concentration in the sample and filtration
pressure. It was found that high concentrations of serum and high
filtration pressures led to fouling of the membrane that blocked the
bead-surface reaction. Optimum performance was achieved at 15%
serum on a 100 nm membrane when filtration was driven through
simple adsorption into a nitrocellulose membrane. The four orders
of magnitude increase in sensitivity of this assay resulted from the
increased number of antibody interactions on the magnetic bead
with the surface bond cTnl analyte. The significantly improved
performance of the assay and ease of fluid handling in this assay
suggests it may be a good candidate for implementation in a point of
care diagnostics in which femtogram/ml sensitivities need to be
achieved.*

Methods

Materials

a a
| step 1 I
¥—PEG—OH + CI—C—0; NO; —= X—PEG—0—L—0- NO

=M orBoc}

o o
| step 2 1 o .
¥—PEG—0—L—0 ND 5 = NHy—(CH )y —Si(DM ), — e 36—PEE —0—L—piH —(CHo) —Sil0Mek

N-methoxyl poly (ethylene glycol)-3-(N-hydroxylsuccinimidyl
carboxylate) propionamide (M-PEG-NHS, 2000 g/mol), N-t-butyl
carbamate poly (ethylene glycol)-3-(N-hydroxylsuccinimidyl
carboxylate) propionamide (Boc-PEG-NHS, 3000 g/mol), a-methoxyl-
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w-hydroxyl poly (ethylene glycol) (M-PEG-OH, 2000 g/mol), a -t-butyl
carbamate- w -hydroxyl poly (ethylene glycol) (Boc-PEG-OH, 3000
g/mol) were obtained from Rapp Polymers (Tibingen, Germany).
The 4-nitrophenyl chloroformate, dichloromethane (DCM),
triethylamine (TEA), diethyl ether (anhydrous), benzene, toluene, 3-
aminopropyl trimethoxy silane (3-APTMS), trifluoroacetic acid (TFA),
hydrochloric acid (HCI), ammonium hydroxide (NH;OH), hydrogen
peroxide (H,0,), sodium phosphate buffer (NaH,PO4; and NaHPO4),
sodium carbonate buffer (Na,CO3 and NaHCO;),
ethylenediaminetetraacetic acid (EDTA), polysorbate-20, and fetal
calf serum (FCS) were obtained from Sigma-Aldrich Chemicals (St.
Louis, MO). Succinimidyl 4-[N-maleimidomethyl]-cyclohexane-1-
carboxylate (SMCC) and N-succinimidyl-S-acetylthioacetate (SATA)
were sourced from Pierce (Rockford, IL). The polyethylene imine (PEI,
Polymin SNA, BASF, Rensseler, NY) was a gift from BASF. The 20 and
100 nm pore size Anodisc® filters were obtained from Whatman
(Midstone, Kent, UK), glass pre-filtration filters were obtained from
PALL® (Ann Arbor, Ml), and the sapphire substrates were obtained
from University Wafer (Boston, MA). The human cardiac troponin |
(cTnl) was obtained from the National Institute of Standards and
Technology (Gathersburg, MD). Two monoclonal anti-cTnl
antibodies were obtained from HyTest (Turku, Finland) and will be
referred to a 16A11 and 19C7, respectively. A third monoclonal anti-
cTnl antibody (SDI) was obtained from Strategic Diagnostic
(B9085MA06, Newark, DE). The superparamagnetic microbeads
were obtained from MagSense Life Sciences (West Lafayette, IN).

Preparation of polyethylene glycol silane

The PEG-Si(OCH3); compounds were synthesized by a two-step
process, as shown in Scheme 1, with either a methoxyl (M) or t-butyl
carbamate (Boc) end group. To synthesize M-PEG-silane, the 4-
nitrophenyl poly (ethylene glycol) formate (4-NPEG) precursor was
first produced by reacting 5.0 g (2.5 mmol) of M-PEG-OH and 2.01 g
(10 mmol) of 4-nitrophenyl chloroformate in 30 mL DCM with 2.5 mL
(17.5 mmol) of TEA at room temperature for 20 hrs in a nitrogen
environment. The resulting hydrochloric acid triethylamine salt
(HCI:TEA salt) was separated on filter paper and the product was
precipitated three times with cold diethyl ether. The precipitate was
dissolved in benzene, filtered, and precipitated again in diethyl ether.
The precipitate was dried under vacuum for 3 days at room
temperature resulting in a yield of approximately 85%. The M-PEG-
Si(OCH3)3 compound was synthesized by reacting 1.2 g (0.55 mmol)
of the 4-NPEG precursor with 0.15 mL (0.83 mmol) of 3-APTMS in 10
mL DCM and 0.39 mL (2.8 mmol) of TEA at room temperature for 72
hrs in a nitrogen environment. The product was purified by
crystallization in cold diethyl ether and drying as described above
resulting in a yield of approximately 95%.

The Boc-PEG-Si(OCH3); compound was synthesized using a similar
approach described for the M-PEG-silane with a final yield of
approximately 75 %. All the products were characterized with 1H-
NMR and the results are presented in the Supplemental Materials
Section.

Scheme 1. Reaction scheme of PEG silane compound

Surface chemistry

This journal is © The Royal Society of Chemistry 20xx
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The commercial nanoporous alumina membranes and sapphire
surfaces were cleaned with concentrated HCI (37.5 %) for 5 min and
were then treated with concentrated NH,OH:H,0, (3 : 1 (v/v)) at 80°C
for 30 min. The surfaces were thoroughly rinsed with water, dried in
a nitrogen stream, and then dried in a stainless-steel oven at 80°C for
at least 2 hrs. The membrane silanization was carried out by reacting
25 mg of Boc-PEG-Si(OCH3)3; and 100 mg of M-PEG-Si(OCH3); with five
membranes in 40ml of dry toluene and 2ml of TEA for 4hrs 17. Excess
silane was removed from the membranes by refluxing the surfaces
with 40ml toluene for 30 min. The sapphire surfaces were prepared
using a similar procedure except lower quantities of silane were
used, i.e., 1 mg of Boc-PEG-Si(OCH3); and 4 mg of M-PEG-Si(OCH3)3
per cm? of sapphire of silane per 40 ml of toluene.

The resulting PEG films were covalently functionalized with
antibodies via the primary amine groups of the Boc-PEG-Si(OCHs);
similar to that described previously?!. The primary amine was
deprotected by reacting the films with TFA for 5 min at room
temperature followed by thorough rinsing with water. The amine
was then reacted with SMCC in a phosphate buffer (PB: 100mM
phosphate buffer) at pH 7.2 for 30min. The SDI and 19C7 anti-cTnl
antibodies were modified with sulfhydryl groups using SATA ata 1:10
molar ratio, respectively, in phosphate buffer saline (PBS: PB with
150mM NaCl) and 10mM EDTA at pH 7.2. The sulfhydryl groups were
activated with a deacetylation buffer of 50mM hydroxylamine-HCl,
2.5mM EDTA, and 62.5mM Na,HPO4-NaH,PO,4 at pH7.5 for 2 h. This
buffer was replaced on an excellulose desalting column with 50mM
Na,HPO4-NaH,PO4 and 1mM EDTA at pH7.2. The active surface of
the membrane and sapphire substrate were then reacted with the
antibodies. Approximately 3 ml of antibody (conc. 2 mg/ml) was
added to an equal volume of PBS solution and reacted with a
substrate for 2hr at room temp. Then the surfaces were washed with
PBST (PBS with 0.05% Tween-20) and stored until use in the same
buffer.

Surface Characterization

Measurements of the chemical properties of the membranes were
conducted using an imaging x-photoelectron spectrometer (Axis
ULTRA, Kratos, Chestnut Ridge, NY) equipped with a charge
neutralization  system. Data were collected wusing a
monochromatized Al Ka source (15kV, 300W) at a take-off angle of
60° with respect to the surface. High-resolution spectra were
acquired using a pass energy of 40 eV, producing an energy
resolution of 0.2 eV. For charge neutralization, the low hybrid mode
was used with a 200 mm aperture size and 150 W X-ray power.
Typical operating pressures were 10 torr.

Permeability measurements

The permeability of nanoporous membranes was measured using a
technique that has been described previously?8. Briefly, membranes
were placed in a filter holder of defined size and 2ml of solution was
filtered through the membrane under a defined pressure. The mass
flow rate of PBST, and 10, 15, 20, or 50% FCS in PBST was measured
as a function of pressure and time. Each of the FCS solution was pre-
filtered with a glass filter to remove any large beads or aggregates in
the serum during storage.

Magnetic bead antibody functionalization The superparamagnetic
microbeads were functionalized with anti-cTnl monoclonal antibody

This journal is © The Royal Society of Chemistry 20xx
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through a PEG monolayer using the technique similar to that
described previously.?> 2! The beads were first coated with a
monolayer of primary amines by physically adsorbing PEI on the
negatively charged beads in a sodium carbonate buffer at pH 8.2. The
surfaces were then functionalized with a mixed M-PEG-NHS and Boc-
PEG-NHS (4:1 wt. ratio) monolayer by reacting the w-N-
hydroxysuccinimidyl ester (NHS) of the PEGs with the primary amine
of the PEIl coated beads. The PEG modified magnetic beads were
subsequently treated with TFA for 5 min to deprotect the primary
amine group of the Boc-PEG. The superparamagnetic beads were
reacted with 10 mg/ml SMCC in PB, pH 7.2 at a concentration of
2x107 beads per ml. After rinsing in PB the beads were reacted with
2 mg/ml of thiolated 16A11 antibody for 30 min (the anti-cTnl
antibody was modified with sulfhydryl groups using SATA as
described above).

Force differentiation and bead tracking assays

The FDA was executed using an approach similar to that describe
previously.?> 21 The samples were prepared by spiking 0, 0.1, 1, 5,
10, and 100pg/ml cTnl into 0, 10, 15, and 20% FCS diluted into PBST.
These cTnl solutions were prefiltered with the glass filters and then
added to either the sapphire or nanoporous alumina membrane
surfaces for 5 minutes. Filtration through the membranes took place
spontaneously when a piece of filter paper was placed behind the
membrane. The magnetic beads were prepared at 3x107 beads/ml
concentration in the PBST buffer. These beads were added to the
sapphire and membrane surfaces for 5 min. A cover glass placed over
the surfaces and a magnetic field of 3000 G and field gradient of 250
G/cm were applied to the membrane surface for 30 sec. The bead
distribution on the surfaces was measured using an inverted
transmission optical microscope with digital image acquisition
(TE300, Nikon, Melville, NY). The microscope made it possible to
track the beads and measure their diffusion coefficient.
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TOC Figure. Schematic of the loading of superparamagnetic beads (red spheres) into a nanoporous membrane (orange membrane) in a lab
on a chip device with window (on top) for the rapid and ultrasensitive detection of cardiac troponin I.
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