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ABSTRACT For the purpose of immunoassay, electrospun membranes can be thought as the threadlike self-assembling of nano/
microbeads. Nonwoven membranes of electrospun poly(e-caprolactone) (PCL) fibers display excellent tenacity, flexibility and suitable
surface energy. These PCL membranes exhibit easy handling in air, fast spreading, and wetting in aqueous solution, and rapid
adsorption of protein molecules by hydrophobic interaction. After a fold-and-press process, the membrane porosity was reduced
from ~75% to less than 10 %, whereas the thickness increased from 5.3 to 280 um. The resulting fluorescence signal from adsorbed
protein increased >120x. With anti-HSA and HSA-FITC as an immunoassay model, a linear detection range from 500 ng/mL down
to 1 ng/mL is obtained, with a detection of limit (LOD) of ~0.08 ng/mL. By comparison, conventional nitrocellulose and a 24.3 um
PCL fiber electrospun membrane displayed a much higher LOD of ~100 ng/mL. Immunoassay on free-standing electrospun membrane
successfully combines the low-cost and simplicity of conventional membrane immunoassay, with the fast reaction speed and high

sensitivity characteristic of magnetic nano/microbeads bioassays.
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INTRODUCTION
mmunoassay is the dominant method to probe target

protein in biofluids using the selective recognition and

strong binding between antibody and antigen. Hetero-
geneous immunoassay is the most widely used format based
on various solid substrates. Nitrocellulose (NC), poly(vi-
nylidene fluoride) (PVDF), and other conventional, com-
mercial membranes have been widely used as bioassay
substrates for DNA (Southern blotting) (1), protein (Western
blotting) (2), lateral flow immunochromatographic assays,
and common immunoassays (3). After ~ 30 years of usage
and development, these membranes have been thoroughly
optimized for easy, direct application, and without need for
special instrumentation. Membranes of large thickness (~150
um) are designed for high binding capacity (~100 ug/cm?)
and free-standing application. However, a consequence of
this large volume is that the duration of certain steps (such
as antibody immobilization, surface blocking, nonspecific
rinsing), is significantly extended (>4 h). Furthermore, ana-
lyte residues are inevitable, leading to high background
signal and limited analysis sensitivity (4).

Magnetic beads have been used as new immunoassay
substrates in recent years (5, 6). With their small individual
size and complete dispersion, the overall large surface area
resulted in immuno-reactions that can be completed faster
(<30 min) than using conventional membrane-based tech-
niques. Magnetic bead immunoassays can achieve a very
high sensitivity of approximately picomolar to to approxi-
mately attomolar using signal amplification methods, such
as immune-PCR (7), biobarcode assay (BCA) (6), or surface-
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enhanced Raman scattering (SERS) (8). However, special
tools and/or process steps are required to obtain these high
signal gains, such as PCR equipment, controllable nanopar-
ticle fabrication, and special surface functionalization.

In this paper, we report an approach for achieving direct,
fast and sensitive immunoassay on thin electrospun mem-
branes. Electrospinning is an efficient and simple tool to
spray micro/nano polymer fibers from viscous polymer
solutions or melting polymers (9). Nonwoven membranes
formed by the aggregation of electrospun fibers have been
successfully investigated as scaffolds for cell and tissue
culture taking advantage of their large surface area, tunable
surface properties, and biodegradability (10). By electro-
spinning from mixtures of polymers and selected precursors,
electrospun fibers have also been widely studied as inorganic
nanomaterial carriers for effective dispersion. These inor-
ganic nanoparticle membranes have shown excellent mag-
netic, optical, and electrical characteristics (9). Coaxial
electrospinning of polycaprolactone/Teflon core—sheath fi-
bers has resulted in superhydrophobic membranes (11).
Electrospun PVDF and PAN (poly(acrylonitrile)) membranes
were also reported (12) to form good matrices for electrodes
in fuel cells.

Electrospun membranes have also been tested as sensor
and immunoassay substrates. Electrospun fibers with fluo-
rescent indicators have been reported for metal ions (Fe>*
or Hg?") and 2, 4-dinitrotoluene detection (13). PANI (polya-
niline)/PEO (polyethylene oxide) nanofibers have been used
directly as NHs sensors (14). Electrospun polycarbonate (PC)
membranes used as immunoassay substrates in microfluidic
devices demonstrated (15) 10x stronger signal than that
from nanoporous PC films, which is widely utilized for
molecule filtration and concentration (16). Electrospun NC
and nylon membranes were also used for protein blotting
(17). Carboxyl and amine functionalized poly(vinyl chloride)

Www.acsami.org

Published on Web 12/08/2009



polymer solution under SEM

syringe pump

electrospun membrane

appearance

FIGURE 1. Schematic of the electrospinning process. A single syringe
pump is used for single polymer solution electrospinning, a dual
pump system is used for coaxial electrospinning.

electrospun membranes were used for covalent antibody
immobilization (18), and ELISA bioassay of staphylococcal
enterotoxin B (SEB) of 1—100 ng/mL using chemilumines-
cence detection.

In this work, very thin (5.3 um) electrospun PCL mem-
branes have been used as immunoassay substrates. The
membrane can be manipulated freely in air and it spreads
out easily in solution. Proteins can adsorb on the electrospun
membrane directly from phosphate solution. Similar to the
threadlike continuous assembling of nano/microbeads, the
original porous, large thin film can be converted to a dense,
small, thick bulk by a fold-and-press method. The ac-
companying immunoassay fluorescence signal increases
several hundred times. The final immunoassay performance
has been demonstrated by direct detection of anti-HSA
adsorbed on membranes using HSA-FITC and compared
with the original thin electrospun membranes and common
NC membranes.

EXPERIMENTAL SECTION

Chemicals. Fluorescein isothiocyanate labeled human serum
albumin (HSA-FITC), goat antihuman albumin (anti-HSA), albu-
min from bovine serum (BSA), poly(caprolactone) (PCL) (MW
= 80 kDa), poly(methyl methacrylate) (PMMA) (MW = 120
kDa), sodium azide, and Tween-20 were obtained from Sigma-
Aldrich (St. Louis, MO). Nitrocellulose (pore size 0.45 um) was
obtained from Sterlitech (Kent, WA). Amorphous fluoropolymer
Teflon AF 2400 1 wt % in FC-75 solvent 400-S1-100-1 was
purchased from Dupont (Wilmington, DE). 2,2,2-Trifluoroetha-
nol (TFE, 99.8 % purity) purchased from Acros Organics (Geel,
Belgium). All of these materials were used as received. Aqueous
solutions were prepared with deionized water.

Immunoassay Solutions. Antigen: HSA-FITC, 1 mg/mL stock
solution was prepared with phosphate buffer (10 mM phosphate
acid, titrated with 1 M NaOH to pH 7.4, and NaN; added to
0.02 % (w/v)). Antibody: antialbumin antibody produced in goat
was diluted to 1 mg/mL with phosphate buffer. Blocking solu-
tion: 5% BSA was prepared in phosphate buffer. Rinsing
solution: phosphate buffer with 0.2 % Tween-20 added.

Electrospinning Method. As illustrated in Figure 1, the
electrospinning setup consisted of a Glassman PS/EL30R01.5
high voltage supply, a NE-1000 syringe pump from New Era
Pump Systems and a conductive substrate. The electrospinning
process and its ambient conditions were monitored using a
Motic 2300 USA camera and a Fisher Scientific digital thermom-
eter, respectively. PCL solution prepared by dissolving 1.5 g of
PCLinto 13.5 g of TFE solvent was continuously fed at 1.5 mL/h
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FIGURE 2. Schematic of immunoassay on electrospun membrane
with a fold-and-press process. Fluorescence from a 5.3 um electro-
spun PCL membrane (25 mm x 40 mm) after 15 min 1 ug/mL anti-
HSA adsorption, 15 min 5% BSA blocking, 15 min 2 ug/mL HSA-
FITC coloration (top), and from a fold-and-press membrane (bottom).

to the syringe. High voltage of 12 kV was applied between the
syringe tip and the collector within a gap of 25 cm. Electrospun
PCL fibers were collected on a 5 x 5 cm? metal substrate. The
final membrane thickness was controlled by the solution amount
dispersed.

Protein Adsorption. Membranes peeled from the Al elec-
trode were cut into 25 mm x 40 mm coupons, and transferred
into HSA-FITC solution of 1 ug/mL in 10 mM phosphate buffer
only or into buffer with 200 mM Na,SO,. The membrane was
spread thoroughly by mild shaking for 2 min. The initial
fluorescence intensity (4o) and its change with time (A, in the
solution were monitored with a NanoDrop 3300 Fluorospec-
trometer (Thermo Scientific). The percentage of protein ad-
sorbed on membrane was calculated as (4o — Ap/Ay.

Signal Enhancement by Fold-and-Press. As shown in the
schematic diagram in Figure 2, the membrane was folded and
sandwiched between two 1 mm thick rubber layers. Pressure
was applied with combination pliers, with a force of ~ 300 N.
A fluorescence microscope (Labophot-2, Nikon) coupled with
Moticam 5000 cooled CCD camera (Causeway Bay, HK) was
used to record the fluorescence intensity from the initial mem-
brane (Fy) and the processed membrane (F;). This process was
repeated several times until no further folding could be ac-
complished. Final area of ~2 x 2 mm? could be obtained for
PCL membranes with initial thickness of 5.3, 11.7, and 24.3 um.
For thicker membranes for 80 and 163 um, and area of ~ 4 x
4 mm? was obtained. The fluorescence enhancement from each
fold-and-press cycle (g;) was calculated as F; /F;—.

Immunoassay on Membrane. The initial membrane was cut
into 25 x 40 mm? pieces and transferred into antibody solution
of phosphate buffer with 200 mM Na,SO,. The membrane was
spread out in solution by mild shaking for 2 min. The antibody
was adsorbed and immobilized by keeping the membrane in
solution for 15 min at 25 °C. The membrane was then removed
from the solution tube by needle tweezers, and residual solution
on the membrane was thoroughly blotted with TechniCloth
wipes. The membrane was next transferred into blocking buffer
solution, and kept in solution for 15 min at 25 °C. After
blocking, the membrane was removed, blotted, and rinsed in
PBS buffer for 1 min and blotted dry again. Finally, the
membrane was transferred into 2 ug/mL HSA-FITC solution to
complete the antibody—antigen reaction for 15 min at 25 °C.
After the immunoassay, the membrane was removed from
solution, blotted, rinsed in buffer for 1 min and blotted dry. After
several fold-and-press steps to reach the final ~2 x 2 mm? size,
the fluorescence was recorded. For the 24.3 um thick PCL and
the commercial nitrocellulose membranes, the same immu-
noassay procedure was performed except for the fold-and-press
process and compared with the folded 5.3 um PCL membrane.
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FIGURE 3. Photographs of 5.3 um thick electrospun PCL membrane (25 mm x 40 mm) on a glass slide surface (A), against color paper (B),
free-standing in air (C), dispersed in water (D), and converted to a 2 x 2 mm? dense block after fold-and-press process.

RESULTS AND DISCUSSION

Free-Standing Electrospun PCL Membrane. Sur-
prisingly, the 5.3 um thick PCL membrane can be removed
from the substrate electrode easily. It is semitransparent
(Figure 3B), free-standing in air (Figure 3C), and displays no
self-aggregation. The membrane completely spreads out in
solution leading to thorough protein contact and short
reaction time on the membrane surface. PCL membranes
are stretchable and flexible, and rarely become damaged
during manipulation. PCL itself is an FDA-approved implant-
able biomedical material and widely investigated as a scaf-
fold for drug encapsulation and tissue repair, as it is a
polyester from e-caprolactone and degradable in physiologi-
cal condition. PCL is amorphous at room temperature
because of its low glass-transition point (Ty) of =60 °C. The
tensile strength of electrospun PCL membrane is also very
high (3.1 MPa) (11) compared with other membranes. By
comparison, the Ty of PMMA is about 120 and 150 °C for
PC and 50 °C for nitrocellulose (depending on the degree of
esterification) (19). All these polymers are semicrystalline,
stiff, and glassy, and the corresponding electrospun mem-
branes are brittle and cannot be manipulated freely.

The poor mechanical strength of NC in both dry and wet
state is an intractable challenge for its conventional applica-
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tion, so extreme care and abundant skill are necessary
during immunoblotting. NC electrospun membranes from
acetone solution can be removed in relatively intact form,
but similarly to commercial NC membranes, they are also
easily broken when wetted in water. Electrospun PMMA and
PC membranes are also very brittle and easily break into
powder-like pieces.

The PCL electrospun membrane is not naturally wettable,
with a water contact angle (WCA) of ~125°, although PCL
bulk film is moderately wettable (11), with a WCA of ~69°.
Interestingly, when immersed and shaken in water, the 5.3
um thick PCL membrane becomes completely wetted within
several minutes (Figure 3D). Much longer time is needed for
thicker membranes: ~15 min for the 11.7 um membrane,
and ~1 h for the 24.3 um membrane. Thicker (80, 163 um)
membranes cannot be wetted completely, even after 2 days
in water.

Two kinds of fibers are found within PCL electrospun
membranes. Most are microfibers of ~ 1—2 um diameter,
and the rest are nanofibers of ~100—200 nm diameter
(Figure 4A). These fibers are fairly homogeneously distrib-
uted within a membrane and do not vary significantly from
batch to batch. Due to very high roughness and the re-
entrant structure provided by fibers, PCL electrospun mem-
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FIGURE 4. SEM micrographs of (A) the initial electrospun PCL
membrane surface, (B) the fold-and-press PCL membrane surface,
and (C) its cross-section. Before fold-and-press, the PCL membrane
(25 mm x 40 mm x 5.3 um) had been subjected to 1 ug/mL anti-
HSA adsorption in 1 mL, 10 mM PBS and 200 mM Na,SO,, 5% BSA
blocking, 2 ug/mL HSA-FITC reaction, rinsing in 10 mM PBS, and
thorough blotting with TechniCloth paper.

branes have a metastable Cassie—Baxter state which pro-
vides high WCA. However, under external forces, such as
water pressure and shaking, the membrane-water interface
can switch to the Wenzel state and become fully wetted
(11, 20). Coaxial PCL/Teflon membranes are also mechani-
cally strong enough, but shrink and spontaneously aggregate
closely when peeled from the Al electrode because of their
superhydrophobic surface, and cannot be spread out in
solution.

Protein Adsorption on Electrospun PCL
Membrane. When a 40 mm x 25 mm x 5.3 um PCL
membrane was immersed into 1 ug/mL HSA-FITC solution
of 10 mM pH 7.4 phosphate, protein was adsorbed on
membrane spontaneously and reached the highest amount
of 35% (of initial amount in solution as determined by
fluorescence measurements) in 40 min, without need of
constant shaking (Figure 5A). After this point, the protein
adsorption and desorption rates are roughly equal, with no
significant additional protein being adsorbed from solution
at longer times. Generally, protein can be adsorbed on
membranes through several mechanisms, such as hydro-
phobic, electrostatic, and hydrogen-bond interactions. The
PCL electrospun membrane surface in its native state is
slightly hydrophobic, and protein can be adsorbed and
immobilized onthe surface directly viahydrophobicinteraction.

The protein adsorption rate and maximum both in-
creased significantly when 200 mM Na,SO, was added into

www.acsami.org

(A) electrospun PCL membrane

5

10 mM, pH 7.4 phosphate
& 200 mM Nazso4

(4]
o

&
™

30 A i :
i 10 mM, pH 7.4 phosphate
20 s’
/
[
1
10 pH

Protein Adsorption Percentage (%)

)]
o

(4]
o

8

10 mM, pH 7.4 phosphate - s

& 200 mM NaZSO4

LI A i e

- -xl i i }
10 mM, pH 7.4 phosphate

N
o

Protein Adsorption Percentage (%)
w
o

-
o

0

|
0 20 40 60 80 100 120 140
Time (min)

FIGURE 5. Effect of salt addition on protein adsorption on: (A) 1.5
mg electrospun free-standing PCL membrane (40 mm x 25 mm x
5 um); (B) 1.5 mg commercial nitrocellulose membrane. Membrane
was immersed in 1 mL, 1 ug /mL HSA-FITC protein solution, with
gentle agitation for nitrocellulose.

the solution (Figure 5A). The addition of the salt increased
the protein adsorption maximum amount from 35 to 52 % .
The adsorption rate prior to saturation (i.e., for short dura-
tion) increased from ~1.25%/min to ~2.5% /min. Higher
ionic strength is thought to increase the surface hydrophobic
interaction between proteins and hydrophobic surface (21).

A NC membrane of the same weight (1.5 mg) as the PCL
membrane was also used for protein adsorption test (Figure
5B). In this case, a maximum protein adsorption of ~ 24 %
is reached within 20 min without Na,SO,4, and ~31 % in ~15
min with Na,SO.. The effect of salt on protein adsorption is
not as significant for NC membranes, because most protein
is adsorbed on the surface via mixed electrostatic and
hydrophobic interactions (22).

The protein adsorption per unit area of the membrane
can be calculated. From the SEM photograph (Figure 4A) of
the PCL membrane, the fiber diameter (d) is estimated to
have an average value of ~1 um. The weight (w) of this PCL
membrane is 1.5 mg and the density (p) of PCL is 1.145
glcm®. The total surface area (S) of PCL fiber in the mem-
brane can be calculated as S = 4w/(dp), equal to ~52 cm?.
For 52 % maximum adsorption of the initial protein amount
(Figure 5A), the protein density on fiber surface is ~10 ng/
cm?. The maximum protein density that can be obtained on
a single-layer surface is ~200 ng/cm? (23).
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Several factors can affect the adsorbed protein amount.
First are the properties of the protein molecule itself and its
FITC tags. Approximately 10 FITC molecules are attached
to one HSA molecule (Sigma product information), making
this protein more negatively charged than the original posi-
tive (or neutral) amino groups, and changing the molecule
size and shape. Second, tiny air bubbles can be trapped into
PCL fibers. These reduce the effective surface area available
for protein adsorption. The third factor has to do with the
kinetics of protein adsorption. The equilibrium constant (K)
of HSA-FITC on electrospun PCL membrane is given by

K= ‘Dbond — Pbond
Pfreecfree (Pmax - Pbond)cfree

where Pyong is the density of surface sites bonded with
protein (10 ng/cmz), Pmax is the density of maximum avail-
able surface sites (200 ng/cm?), Py is the density of free
surface locations (190 ng/cm?), and Ci.. is the free protein
concentration in solution. For the initial protein concentra-
tion of 15 nM of which 52 % is adsorbed on the membrane,
Ciree IS @bout 7.5 nM. K is then calculated to be ~7 x 10°
M~!. This binding constant between electrospun PCL mem-
brane and HSA-FITC is consistent with other binding con-
stants of proteins on hydrophobic surfaces (24). This con-
firms that electrospun PCL membranes surface are suitable
forantibody immobilization viadirecthydrophobicadsorption.

Covalent antibody immobilization methods on electro-
spinning membranes have also been reported. This includes
click chemistry of azidized-antibody to electrospun mem-
brane of propargyl-containing polymer for immunoassay of
testis-specific protease (25), electrospinning of carboxyl or
amino functional polymers for chemical derivation to anti-
body coupling (18), and molecular imprinting to generate
molecule recognition sites on electrospun fibers for 2,4-
dichlorophenoxyacetic acid detection (26). Compared with
these previously reported covalent methods, the direct
protein adsorption presented here is much faster and sim-
pler with acceptable efficiency.

Signal Amplification by Fold-and-Press
Process. The effective fluorescence signal from a single
layer thin electrospun PCL membrane is relatively limited
(Figure 6). The high porosity (~75 %) and low thickness (5.3
um) of the PCL membrane are specific advantages for easy
protein immobilization and fast immunoreactions. However,
these characteristics also result in a much lower signal from
a single layer membrane than that from common NC
membranes. To overcome this obstacle, a fold-and-press
process is added after immunoassay to effectively “concen-
trate” the signal, in which all signal molecules distributed
across the membrane are collected into a very small volume
for easy detection by conventional fluorescence microscopy.

Signals from electrospun membranes with and without
fold-and-press process were compared. After folding and
pressing 8 times for the thin membranes (5.3, 11.7, and 24.3
um), bulk-like samples of approximately 2 x 2 mm? were
obtained (Figure 3E). The thicker membranes (80, 163 um)
underwent 6 fold-and-process cycles, resulting in ~ 4 x 4
mm? size. The fluorescence signal of native PCL. membranes
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FIGURE 7. Average gain per cycle of fluorescence intensity with
membrane thickness after immunoassay with 1 ug/mL anti-HSA.

increased with thickness, from ~1.9 at 5.3 um to ~7.9 at
163 um (Figure 6). For fold-and-press PCL samples, the final
fluorescence signal decreased with increasing initial mem-
brane thickness, from 85 (saturation) at 5.3 umto 18 & 2.5
at 163 um. The signal gain (g) provided by the fold-and-press
process is shown in Figure 7. For the first 3 folding cycles,
the average gain was 2.01 for the 5.3 um membrane, but
only 1.58 for the 163 um membrane. For the first 6 cycles,
the average gain was 1.83 and 1.36 for the 5.3 and 163 um
membranes, respectively. The gain/cycle decreased gradu-
ally with the number of cycles, which can be attributed to
fluorescent signal reabsorption and scattering through the
increasing sample thickness. The final sample thickness was
~280 um for the initial 5.3 um membrane, and ~650 um
for the 11.7 um membrane after 8 cycles (Table 1). There-
fore, only 5.3 um membranes were utilized in the following
immunoassay experiments.

To determine the optimal fold-and-press process se-
quence, immunoassay signals obtained from samples with
fold-and-press at different points are compared in Table 2.
For anti-HSA concentration ranging from 100 ng/mL to 10
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Table 1. Electrospun PCL Membrane Thickness®

lig (uL) 50 100 200 500 1000
ty (um) 5.3 11.7 243 80 163
ty, (um) 280 650 1410 N/A N/A

“lig, polymer solution dispersed for electrospinning; t,, membrane
thickness as electrospun; f,, sample thickness after 8 cycles of
fold-and-press.

Table 2. Immunoassay Fluorescence Intensity from
Electrospun PCL Membranes with Fold-and-Press at
Different Points in the Process”

before anti-HSA  before HSA-FITC  after HSA-FITC

anti-HSA conc  adsorption (1) reaction (2) reaction (3)
10 ug/mL 16 + 0.44 67 £ 11 85 (sat)

1 ug/mL 7.7+0.21 33+4.2 85 (sat)
100 ng/mL 4.1 +£0.1 20+ 1.5 75 +5.6

“®, @, @: see labels in Figure 2; sat: saturated signal.

ug/mL, it was found that performing the fold-and-press after
immunoassay can most effectively amplify the signal with
all three anti-HSA concentrations. Fold-and-press prior to
anti-HSA immobilization was the least effective sequence.
Fora 1 ug/mL anti-HSA concentration, this results in a signal
of 7.7 £ 0.2, similar to the immunoassay signal from a single
initial 24.3 um membrane. It is proposed that anti-HSA
molecules cannot access the fiber surface within the folded
membrane, resulting in limited antibody immobilization and
subsequent HSA-FITC/anti-HSA reaction. It is important to
point out that using an electrospun PC membrane that was
simply densified by pressure resulted (15) in a much smaller
improvement in immunoassay signal than what is presented
here. Protein immobilization on nanoporous PC film is
intrinsically inefficient, as only a single-layer surface with
some nanopores embedded can be utilized. If the mem-
brane is folded and pressed after anti-HSA but before HSA-
FITC immunoreactions, the immunoassay signal is a little
higher (33 £ 4.2). In this case, the HSA-FITC probably could
not make contact with the anti-HSA molecules hidden inside
the membrane, although large amount of antibody mol-
ecules have been immobilized on and within the membrane.

The signal gain after n cycles is calculated as g", where g
is the average gain/cycle. For the initial 5.3 um membrane,
g is 1.83/cycle averaged over 6 cycles. After 6 cycles, this
resulted in a total final gain of ~ 38. For the ideal gain/cycle
of 2, the total gain after 6 cycles will be 64. Therefore, at
this point, slightly more than half of the ideal signal increase
has been obtained. Significantly, another factor of ~2
increase is potentially achievable.

The gain provided by the fold-and-press process is similar
to DNA amplification with polymerase chain reaction (PCR).
In PCR, the gain per cycle is ~1.5. After 30—40 cycles, PCR
results in a signal increase of several million times. In the free-
standing electrospun membrane immunoassay system, cur-
rently a maximum of 8 folding cycles can be applied to the
thinnest (5.3 um) membranes. To maximize signal amplifica-
tion, we need to develop much thinner membranes. In recent
years, polymer or composite membranes of ~30 nm thickness
have been reported by spin coating or solution filtering (27, 28).
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brane (2 x 4 mm?).

If a final folded membrane sample of 300 um can be
obtained from an initial membrane of 30 nm, this would
consist of 13—14 folding cycles. For an ideal gain per cycle
of 2, this would result in a final signal gain of ~10 000.

Sensitive Immunoassay on Electrospun
Membranes. To determine the limit of detection (LOD)
and linear range of immunoassay on the PCL membranes,
anti-HSA was adsorbed directly on a 40 mm x 25 mm x
5.3 um PCL membrane, a 2 mm x 4 mm x 24.3 um PCL
membrane, and a 2 mm x 4 mm x 150 um nitrocellulose
membrane for comparison. The samples were then blocked
with 5% BSA, and finally reacted with 2 ug/mL HSA-FITC.
After the 5.3 um PCL membrane was converted into a 2 mm
x 2 mm sample by the fold-and-press process, the fluores-
cence was recorded for all samples.

On the 5.3 um fold-and-press PCL membrane, immu-
noassay tests were performed from 10 ug/mL to 10 fg/mL
(Figure 8). The linear detection range was determined from
500 ng/mL to 1 ng/mL with an r? (correlation coefficient) of
0.96. The LOD was 0.080 ng/mL with the blank control
fluorescent intensity of 5.5 & 0.2. The corresponding molar
concentration was ~560 fM. This sensitivity is higher than
those from most direct fluorescence immunoassays on
membranes and protein chips. On the single layer 24.3 um
PCL membranes, the blank control and LOD were 4.8 0.5
and 74 ng/mL, respectively. For the NC membrane, the
values were 8.5 + 0.3 and 120 ng/mL. Both of these
membranes had a linear detection ranging from 50 ng/mL
to 10 ug/mL (Figure 8). This is well in accord with common
immunoassay sensitivity (4). Using 1 ug/mL phosphorylase
B, negative controls were also measured as 5.3 £ 0.2 on 5.3
um fold-and-press PCL membrane, 4.7 £ 0.4 on 24.3 um
PCL membrane, and 8.6 & 0.6 on NC. The results for the
negative controls were very similar to the blank control levels.
This indicates that no crossover reaction occurred between the
negative control protein and the coloration protein.

By comparison, PC electrospun membrane immunoassay
within a microfluidic device has an IgG LOD of ~1 ug/mL,
because only a single layer surface could be utilized in that
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case (15). On carboxyl functional PVC electrospun mem-
branes, 1—100 ng/mL SEB could be detected from enzyme-
amplified chemiluminescent signal (18). Using the chemi-
luminescence detection method for human fibronectin
blotting, similar detection limits (20 ng/mL) were obtained
on commercial nitrocellulose, nylon membranes and their
corresponding electrospun membranes (17). Although the
approximately femtomolar to attomolar limit has been
reached by immune-PCR and biobarcode assay (BCA), the
preparation of functional nanobeads requires significant
efforts, and the signal amplification by PCR takes significant
additional time (6).

In the results reported here, the total time for completing
the immunoassay was ~50 min with anti-HSA and HSA-FITC
on free-standing electrospun PCL membrane. In the future,
it should be possible to complete the entire immunoassay
process within 10 min. This will require that the capture
antibody immobilization and surface blocking be carried out
on the electrospun membrane in advance, and the immu-
noreaction between detection antibody and antigen to take
place homogeneously in one step in solution, instead of
multistep heterogeneously on the membrane/solution inter-
face (29), and be followed by fast collection by capture
antibody on membrane.

CONCLUSION AND OUTLOOK
The thin free-standing electrospun membranes as bioas-

say substrates possess two specific advantages over con-
ventional membranes and nano/microbeads. First, nano/
micro continuous fibers can be easily and cheaply fabricated
by electrospinning from a variety of bio/polymer materials.
The resulting very large surface area (50 cm?/1.5 mg) can
be easily accessed similarly to that obtainable with nano-
beads, and surface related immunoassay can be completed
within short times. Using continuous membranes, collection,
and redispersing are straightforward and take much shorter
time (<10 s) than on NC membranes or when using nano-
beads. Second, electrospun membranes have micropores
with large diameter (>1 um) and shallow depth (<6 um).
Large biomolecules can access freely the inner surface of the
electrospun membrane, resulting in faster antibody im-
mobilization and subsequent immunoreactions, and easy
nonspecific protein rinsing and lower background signals.

More specifically, PCL electrospun membranes display
greater tenacity than most other common polymers due to the
lower T,. The membrane can be handled freely, even if it is
only a few micrometers thick. It can be readily removed from
substrates, be freestanding in air, picked directly by tweezers
from solution, blotted instantly by filter paper, and dispersed
fast into other buffers. After immunoassay, the polymer can
be folded and pressed from the starting porous thin membrane
into a dense bulklike thick film, leading to significant signal
amplification (>120 x). Finally, PCL has the appropriate surface
energy, so the thin membrane can be extended easily in
solution, and protein molecules can be adsorbed and im-
mobilized effectively by hydrophobic interaction.

Future increases in immunoassay sensitivity on free-
standing membrane are possible with some straightforward

258 IEJAPPLIED mATERIALS

XINTERFACES

VOL. 2 « NO. 1 » 252-258 « 2010

improvements in the materials and process utilized. First,
decreasing the electrospun fiber diameter directly increases
surface area. More antibodies immobilized on the surface
area will lead to more antigen binding and higher signal.
Second, using coaxial electrospinning, many well-known
ultralow adsorption polymers, such as gelatin and function-
alized PEO, can be coaxially electrospun as needed for fiber
sheath with PCL as core material to retain whole membrane
tenacity. The sheath can be modified for antibody im-
mobilization and nonspecific protein adsorption resistance,
which will lead to lower background. Finally, with these
sheath materials, the surface will be more hydrophilic, so
the membrane can be wetted faster, and trapping of air
bubble can be inhibited.
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