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This article describes the synthesis and characterization of a new type of discrete microparticle immu-
nosensor employing macroporous methacrylate polymer microspheres. The microspheres are produced
using a simple microfluidic tubing co-flow droplet generator to produce large populations of micro-
particles with exceptional size uniformity and controllable macroporosity. Subsequent grafting treat-
ments are demonstrated to anchor immunoactive ligands on the porous surfaces, converting the

microspheres into discrete immunosensor elements, with direct immunoassay tests demonstrating good
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detection limits and capturing specificity. This work demonstrates the adaptation of a traditional poly-
mer monolith stationary phase material into a discrete microparticle immunosensor format using
a synthesis and functionalization path with significant flexibility toward a diverse range of biological and
chemical sensing applications.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Macroporous polymers, whose internal structures can be
tailored to exhibit pores with dimensions ranging from hundreds of
nanometers to several micrometers, are widely used as stationary
phases in chromatography and solid supports in affinity extraction
[1-8]. Macroporous polymers offer outstanding mass transfer
efficiency, low hydrodynamic resistance, and simple and versatile
surface modifications [1-7,10,11]. Macroporous polymer supports
are widely available in various geometries, including disks,
columns, tubes, and membranes [2]. Facile integration of these
materials into miniaturized analysis systems may also be readily
achieved by taking advantage of selective in situ photo-
polymerization of the materials within optically transparent
capillaries or microfluidic channels [12]. Furthermore, the immo-
bilization of bioaffinity ligands, such as proteins, on their porous
surfaces can enable macroporous polymers with to selectively
enrich targeted biomolecules through stable and specific interac-
tions [3—5,7,13,14], allowing these materials to serve as efficient
stationary supports for a range of bioaffinity chromatography and
biosensing platforms such as flow-through immunosensors [13,14].

* Corresponding author. Tel.: +1 301 405 8125.
** Corresponding author. Tel.: +1 301 405 8164.
E-mail addresses: sraghava@umd.edu (S.R. Raghavan), ddev@umd.edu
(D.L. DeVoe).

0032-3861/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.polymer.2012.09.059

Here we extend the concept of macroporous polymer-enabled
biosensing to a new format consisting of functionalized macro-
porous methacrylate microspheres with excellent size uniformity.
The microspheres are synthesized using a microfluidic co-flow
emulsion technique to achieve large populations with exception-
ally low polydispersity. Compared to established macroporous
polymer formats, the tunable microspheres are suitable for use
across a host of analytical applications or platforms, such as free-
floating microbead sensors suspended in bulk solutions and multi-
plexed arrays of discrete sensor elements integrated within
planar microfluidic devices. Here the microspheres are explored
as discrete antibody-functionalized microscale immunosensor
elements, or immunobeads. Solid non-porous immunobeads are
routinely employed for a variety of analytical applications in the
biological and medical sciences. Magnetic immunobeads have long
been used in cell separation processes [9,15], and multiplexed
immunobead assays employing readout techniques such as optical
detection [16], flow cytometry [17], or agglutination [18] have been
widely commercialized [19—22]. The macroporous immunobeads
presented here represent an attractive alternative to traditional
immunobeads which typically consist of solid silica or polymer
particles. Compared to these established immunobeads, the mac-
roporous microspheres offer significantly enhanced surface/volume
ratios, using a facile fabrication process yielding nearly mono-
disperse populations of particles that offer access to simple immo-
bilization methods for anchoring biomolecules on their surfaces.
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Continuous-flow microfluidic fabrication of macroporous poly-
mer microbeads is described, and preparation of the full immu-
nobeads is demonstrated by selectively immobilizing anti-IgG
antibodies on the surface of synthesized macroporous micro-
spheres, followed by direct immunoassay characterization using
fluorescein-labeled IgG as a target analyte. An efficient covalent
anchoring method is described to significantly reduce background
fluorescence and ensure high detection sensitivity. The resulting
immunobeads reveal detection limits in the picomolar concentra-
tion range. The advantages of the macroporous structures are
demonstrated through direct comparison to control samples of
solid non-porous microbeads, revealing nearly order-of-magnitude
improvement in detection limits for the macroporous
immunobeads.

2. Experimental

Glycidyl methacrylate (GMA), 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA), decyl alcohol (DA), polyvinyl alcohol (PVA,
30K MW), Triton X-100, ethylenediamine (EDA), N-gamma-mal-
eimido-butyryloxy-succinimide (GMBS), bovine serum albumin
(BSA), phosphate buffer (PBS), and fluorescein isothiocyanate
(FITC)-labeled rabbit IgG (MW ~140 kDa) were purchased from
Sigma—Aldrich. Goat anti-rabbit IgG, methanol, acetone, and
toluene were obtained from Thermo Fisher Scientific. The
ethoxylated-trimethylolpropane-triacrylate (SR454) tri-vinyl acry-
late crosslinker was received as a free sample from Sartomer.

The microfluidic co-flow tubing device used in all experiments
(Fig. 1) was assembled from glass capillaries and microbore PTFE
tubing in a manner similar to previous designs [23,24]. The inner
glass capillary (VitroCom) was selected with dimensions of 50 pm
ID and 80 um OD, and the outer translucent PTFE tubing (Cole—
Parmer) was chosen with an ID of 100 pm. The inner glass capil-
lary, cleaved at a length of 5 cm, was first connected to one end of
a 2.5 cm length of 250 pm ID and 750 um OD Tygon tubing (Cole—
Parmer). The other end of the Tygon tubing was inserted into
a 10 pL plastic pipette tip with the end cut off. The open capillary
end was positioned within the modified pipette top with a ~2 cm
length outside the tip head. After inserting another Tygon tubing
segment into the tail of the pipette for convenient introduction of
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the continuous phase, the tail was sealed with epoxy. At the pipette
tip, the glass capillary was inserted into the PTFE tubing, and the tip
of the pipette was sealed with Dow Corning 3140 silicone adhesive.

For the preparation of macroporous microspheres, the dispersed
phase (36 wt% GMA, 24 wt% SR454, 39 wt% DA, 1 wt% DMPA) and
the continuous phase (3 wt% PVA and 1% wt Triton X-100 in water)
were injected separately by two syringe pumps (PHD 2000, Har-
vard Apparatus). Solid non-porous microspheres for control
comparison were produced in the absence of the DA porogen, using
a dispersed phase mixture consisting of 59 wt% GMA, 39.4 wt%
SR454, and 1.6 wt% DMPA under the same setting-up conditions for
macroporous microspheres preparation. Droplets were UV-cured
in-situ while traveling along the tubing with a total UV exposure
dose of 18 mW/cm?. The stabilized microspheres were collected in
a glass vial and exposed to an additional 15 min UV step at the same
dose for full polymerization. After curing, the microspheres were
thoroughly rinsed with methanol, acetone, toluene, acetone and DI
water in sequence, and re-dispersed into 1x PBS buffer for storage.
Imaging of pore morphology was performed by freezing collections
of microspheres in liquid nitrogen, and cleavage the beads by
a scalpel to expose the interior pores. Image analysis was per-
formed using Image] software.

The microsphere surfaces were functionalized with bioactive
proteins (anti-IgG) through two separate processing routes, namely
glutaraldehyde and GMBS immobilization. In the glutaraldehyde
route, the microspheres were immersed in a dilute solution of EDA
in DI water (80% v/v) at 50 °C for 2 h, followed by rinsing with DI
water and suspension in 10 wt% aqueous glutaraldehyde in 1x PBS
buffer at room temperature (RT) for 3 h. In the GMBS route, the
microspheres were immersed into 2.5 m CYS solution at RT for 2 h,
followed by thorough rinsing with 20% v/v methanol in DI water
and resuspension in 2 mm GMBS in ethanol for 2 h at RT following
our previous protocol for continuous monolith functionalization
[13]. After surface activation, the microspheres were fully washed
by 1x PBS buffer and subsequently treated with goat anti-rabbit
IgG antibody diluted in 1x PBS to a concentration of 50 pg/mL
overnight at 4 °C. Immediately prior to testing, the microspheres
were washed again with a solution of 2 mg/mL BSA in 1x PBS to
block unreacted surface sites and reduce unwanted non-specific
binding. FITC-labeled rabbit IgG (antigen) solutions with
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Fig. 1. Schematic of the macroporous microsphere synthesis and surface modification process: (I) microfluidic generation of droplet precursors in a co-flow droplet generator, with
the dispersed phase composed of monomer GMA, crosslinker SR454, porogen DA, and photoinitiator DMPA sheared into discrete droplets by a continuous phase comprising an
aqueous solution with surfactants. (II) UV photopolymerization of the droplet precursors for the formation of stable macroporous microspheres; (IlI) immobilization of capture
antibody on the pore surfaces converts the microspheres into active immunobeads. (IV) Direct immunoassay test of immunobeads using fluorescent labeled antigen.
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concentrations ascending from 2 ng/mL to 20 ug/mL were prepared
in a buffer solution containing 2 mg/mL BSA in 1x PBS. The
microspheres were incubated with 0.1 mL antigen solution in
a glass vial for 30 min, followed by a final PBS rinse and in-solution
optical detection.

Fluorescent measurements for immunoassay tests were per-
formed on a Nikon TE-2000S inverted epi-fluorescence microscope.
An excitation wavelength within the range of 465—495 nm was
selected using a B-2E/C blue filter to detect the monolith-bound
antigens. Scanning electron microscopy was performed on an
Hitachi SU-70 SEM to characterize the macroporous structure of
the microspheres, following ~20 nm gold sputter coating for
improved surface contrast.

3. Results and discussion
3.1. Macroporous microsphere synthesis

Microfluidic synthesis of droplets has proven to be a highly
effective method for the production of microparticles with
unprecedented control over size, shape, and functional properties.
While a range of microfluidic-based droplet preparation methods
have been reported [23], all of these techniques involve the emul-
sification of one flow (dispersed phase) into a second immiscible
flow (continuous phase) to create a stream of monodisperse
droplets. For the production of solid polymer particles using this
approach, the dispersed phase may consist of reactive monomers or
oligomers, and these liquid droplet precursors can be subsequently
be converted into solid microparticles by inducing physical or
chemical crosslinking [25]. The size of the produced microparticles
may be systematically adjusted in the range of a few micrometers
to hundreds of micrometers by selecting appropriate microchanel
dimensions and droplet formation topologies, fluid viscosities, and
continuous/dispersed phase flow rate ratios [23,25]. Recently, the
construction of microfluidic devices from glass capillary and plastic
tubing has been used for droplet production as a simpler and more
accessible alternative to traditional planar chip fabrication methods
[23]. In the present work, a microfluidic tubing device comprising
a co-flow droplet generator integrated with a downstream region
for in situ UV polymerization was employed. A schematic of the
system is shown in Fig. 1. The co-flow droplet generator consists of
two separate capillaries assembled inside a modified pipette tip,
where the outer diameter of the inner capillary was slightly smaller
than the inner diameter of the outside capillary, allowing the inner
capillary to fit into the microbore of the outer capillary with
a defined circumferential gap to form a simple co-flow microfluidic
device. The oil-based dispersed phase, comprised of a precursor
mixture of monomer, crosslinker, porogen and photoinitiator, was
injected through the inner capillary in the same direction of the
aqueous continuous phase flowing through the outer capillary. A
surface-active polymer (PVA) and surfactant (Triton X-100) were
also added in the continuous phase for improved stability during
droplet generation. At the tip of the inner capillary where the two
immiscible flows meet, uniform droplets formed as a result of the
interfacial tension and the shearing force imposed by the contin-
uous phase [26]. The droplet volume can be tuned over a range of
approximately 70—100 pm by adjusting the relative flow rates of
each fluid stream, with the upper limit dictated by the inner
diameter of the sheath flow capillary. In the present work we
prepared microspheres with a mean diameter of 77 um formed at
dispersed and continuous flow rates of 2 pl/min and 30 pl/min,
respectively. Size uniformity of the polymer microsphere under
these conditions was excellent, with a standard deviation of 2.0 pm
(2.6% relative standard deviation) measured by optical character-
ization over a sample size of 100 microspheres.

Following droplet generation, a downstream UV-curing zone
was used to convert the fluid droplets into polymerized micro-
spheres using a long transparent tube positioned beneath a UV
light source. Upon UV exposure, the droplet precursor was con-
verted into stable solidified microparticles as the in situ polymeri-
zation process proceeded. This process was monitored directly by
observing the change in appearance of droplets from clear to semi-
opaque. The opacity arises due to the formation of porous matrix
resulting from dynamic phase separation of the acrylate polymer in
the presence of the DA porogen. While the monomers are soluble in
DA, the polymer is not [1]. In the process, the polymer phase-
separates into submicrometer particles that aggregate to form
a solid, connected network within the volume with the interstices
filled with DA. A typical UV exposure time of 30 s, defined by the
total flow rate and tubing length, was found to be sufficient to
partially polymerize the droplets and stabilize their shape. The
resulting microspheres were collected in a glass vial pre-filled with
the continuous phase solution (Fig. 1). To ensure full conversion of
the monomers, an additional 15 min UV exposure was performed
following off-chip collection. Subsequently, the DA porogen and
remaining unreacted reagents were washed from the microparti-
cles by sequential rinses in methanol, acetone, and toluene.

In addition, non-porous microparticles were also prepared using
the same procedure and experimental system, except that no
porogen was added into the monomer mixture. These non-porous
microparticles were used as control samples to evaluate signal
enhancement for the macroporous immunobeads. No significant
size variation between macroporous microspheres (77 yum) and
non-porous microparticles (75 um) was observed under the same
preparation conditions for each case.

Fig. 2a and d show optical micrographs of the macroporous and
non-porous microspheres produced using this technique. In each
image, populations of both microbeads present well-arranged
close-packed hexagonal patterns, confirming the nearly mono-
disperse nature of the resulting microspheres. Electron microscopy
reveals that the microspheres prepared in the presence of porogen
exhibit the expected co-continuous, macroporous texture, with
fused clusters of sub-micrometer polymeric globules (Fig. 2b and c)
and inter-connected flow through-pores that enable high perme-
ability. In contrast, the solid microspheres formed in the absence of
porogen do not exhibit any macroporosity. Just as with continuous
monolithic stationary phase materials used in chromatography, the
macroporosity of these microspheres, as well as the relative ratio of
the skeletal structure and through pores, can be adjusted by
varying synthesis parameters such as the relative concentrations of
the monomer, crosslinker, and porogen [27—29]. The formation of
a non-porous layer at the outer surface of the microspheres can be
avoided by appropriate selection and proportion of porogens and
surfactants [30].

Uniform porosity was also observed throughout the entire
volume of the macroporous microspheres, as revealed by SEM
imaging of a cleaved microparticle in Fig. 3a. The mean diameter of
the macroporous microspheres was essentially identical to that of
the non-porous control particles (Fig. 3b), indicating that phase
separation between the polymer and porogen does not result in
significant loss of porogen to the surrounding continuous phase for
the conditions used in this work.

The morphological properties of the macroporous beads were
determined by image analysis of high resolution SEMs taken from
cleaved microspheres. The bead matrix was observed to be formed
of individual GMA particles with a mean diameter of 600 nm,
arranged in random clusters ranging from linear chains of indi-
vidual particles to larger fused groups with total volumes corre-
sponding to up to approximately 12 particles. Pore dimensions
were assessed by measuring the largest circle circumscribed by the
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Fig. 2. (a) Optical micrograph of monodisperse macroporous microspheres prepared from the precursor recipe with monomer GMA, crosslinker SR454 and porogen DA. (b) Electron
micrograph of a single microbead revealing its macroporous structure. (c) Magnified view of the porous morphology. (d) Optical microscope image of solid non-porous microbeads
without the addition of porogen DA during preparation. (e) Electron micrograph of a non-porous microbead. (f) Magnified view of a solid bead surface revealing the lack of

macroporosity.

surrounding polymer within a given plane of the beads, yielding
a measured value of 1.6 + 0.6 um. Overall porosity was found to
range between 44 and 50%, with no significant variation through
the bead radius for any of the parameters.

The synthesis of various porous microparticles has previously
been investigated using droplet microfluidics [31—36], with porous
structures most commonly formed from heterogenous double
emulsions that serve as templates to form voids and cavities within
the final polymer spheres. In this approach, the dispersed phase is
first emulsified with smaller inversed inert microemulsions that do
not participate in the polymerization process. After droplet
formation and polymerization, internal voids are formed by
aggressive washing or evaporation to remove these inert micro-
emulsions. The voids generated by these double emulsion methods
are typically isolated, not interconnected as a result of their closed-
cell morphologies, and would not benefit much for rapid molecular
diffusion and transportation. In contrast, the structure of the
macroporous microparticles synthesized through phase separation

consists of extensively interconnected pores exhibiting an open-
cell morphology. For analytical applications, this feature offers
multiple pathways for rapid transport of analytes with low
hydrodynamic resistance for efficient convection, and short diffu-
sive length scales for rapid analyte/surface interactions.
Macroporous microspheres synthesized by phase separation
have previously been demonstrated in work by Kumacheva et al.
[28] in which the relationship between monomer composition and
particle morphology was investigated. Here we describe a modified
approach to the microfluidic synthesis of macroporous methacry-
late microspheres that offers several advantages over prior
methods, and further demonstrate an effective path to surface
modification of the resulting porous microspheres to anchor
bioactive species, enabling their use as discrete immunosensors. A
unique feature of our synthesis route is the use of trivinyl cross-
linking of SR454 to achieve large pore dimensions and enhance
efficient convective transport of probe and analyte molecules
through the monolith matrix [13,14]. Moreover, we note that unlike
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Fig. 3. (a) SEM image of a cleaved macroporous microspheres revealing uniform porosity throughout the particle volume. (b) Size distributions of both macroporous microspheres
and solid non-porous microparticles showing excellent size uniformity. Data was obtained with a sample size of 100 microbeads in each case.
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the previous use of phthalate plasticizers as porogens [28], which
have recently raised wide environmental concern [37], here we
have adopted decyl alcohol as a much safer alcohol-based solvent
as the porogen while still achieving excellent control over the
resulting pore dimensions. An additional unique aspect of the
platform used for macroporous microsphere synthesis is its
simplicity. All components are commercially available and readily
assembled without any need for complicated or costly micro-
fabrication equipment as commonly required in conventional
microfluidic droplet synthesis methods [23,38,39]. The tubing
method provides a simple route to the production of microfluidic
devices supporting co-flow droplet generation that is accessible to
labs and researchers without advanced microfabrication facilities
or experience, with the use of a fluoropolymer as the outer tubing
material making the platform suitable for either oil-in-water or
water-in-oil emulsion systems [40].

3.2. Immunobead functionalization

A number of established routes are available to append desired
surface functionalities on the macroporous polymer substrates,
such as copolymerization of functional monomers, grafting func-
tional side chains from surface reactive sites, or chemical modifi-
cation of reactive functional groups. In the latter approach, various
types of bioactive ligands, including proteins, enzymes, and
carbohydrates have been covalently immobilized onto macro-
porous polymer substrates for use as stationary phase materials in
affinity chromatography [4,7]. Here we adopt a similar strategy for
immunobead production, with the use of GMA as the macroporous
polymer offering several routes to simple and facile surface func-
tionalization [3,4,7]. The pendant epoxide group of the polyGMA
repeat unit can be easily reacted with primary amine/thiol groups
of suitable crosslinkers and biomolecules through a specific
nucleophilic epoxy ring-opening reaction [7]. Using this approach,
the content of accessible epoxide groups on the macroporous
matrix can be roughly estimated by comparing the ratio of GMA/
SR454 added during preparation (60:40 by weight in the present
work), and should be stoichiometrically excessive for subsequent
surface modification steps. Svec and co-workers studied the
heterogenous polymerization of GMA suspensions in aqueous
continuous phase at the same 60 %wt feed amount and found that
the GMA fraction in the polymerized product is in the range of
45%—60% [8]. In addition, a variety of linking methods for epoxide-
presenting surfaces are readily available, such as direct epoxy
anchoring [41], Schiff base reaction [3], and glutaraldehyde cross-
linking [4,42].

As an initial study, we used glutaraldehyde, a dialdehyde
crosslinker, to covalently immobilize goat anti-rabbit IgG on the
surface of GMA macroporous microspheres. The GMA surface
epoxides were first reacted with EDA, and then treated with
glutaraldehyde through a robust aldehyde—amine reaction
(Fig. 4a). One of the two aldehyde groups in a glutaraldehyde
molecule first reacted with the amine group of EDA on the mac-
roporous polymer surface, leaving the remaining aldehyde group
on the other end of the glutaraldehyde free and active. The
remaining free aldehyde was then reacted with the IgG primary
amines to immobilize the antibodies on the polymer surface [4].
Since applications of functionalized macroporous materials have
mainly been limited as monolithic stationary phases in separations
or solid phases for extraction applications [2,6], evaluation of their
optical performance, such as the background fluorescence induced
during probe grafting, has generally been neglected in previous
studies. However, in order to support analytical platforms where
fluorescent optical readout is desirable, the impact of background
fluorescence becomes an important consideration when selecting
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Fig. 4. (a) Schematic illustration of the GMBS and glutaraldehyde routes for immo-
bilization of antibody on the monolith surface. (b) Auto-fluorescence measurements
after each modification step reveals that the GMBS route reduces background fluo-
rescence compared to the glutaraldehyde route by over 2 logs.

the appropriate grafting method. The glutaraldehyde anchoring
method was found to suffer from significant enhancement in
background fluorescence, with a 20 times increase following the
initial ethylenediamine treatment, and a 300 times increase after
glutaraldehyde modification. This behavior, which has been
previously observed when fixing tissue specimens with glutaral-
dehyde [43], severely degrades the achievable fluorescence detec-
tion limits for immunobeads functionalized using this method.
Another disadvantage of the glutaraldehyde route is that unsatu-
rated imines formed during amine-aldehyde binding are suscep-
tible to later hydrolysis under aqueous environments, thus
requiring an additional stabilization step such as cyanoborohydride
treatment [4].

As an alternative, we explored the use of GMBS as a hetero-
bifunctional protein crosslinker to achieve efficient surface immo-
bilization of antibodies on the porous GMA monolith surface. In this
procedure, a thiol group is first introduced to the monolith through
reaction between the epoxide group and cysteamine, followed by
grafting of a GMBS molecule to the newly-formed thiol through
reaction with the GMBS maleimido terminus [13], as depicted in
Fig. 4a. The succinimidyl ester on the other side of GMBS is then
used to bind directly with the primary amine of a target protein,
namely goat anti-rabbit IgG antibody in the current study. We note
that thiol groups exposed during the cysteamine reaction can
themselves react with surface epoxides, thereby reducing the effi-
ciency of GMBS anchoring on the thiol-presenting GMA surface,
and alternative reaction routes capable of avoiding this path would
be desirable to enhance GMBS density. Unlike the case of glutar-
aldehyde crosslinking, no increase in background fluorescence was
observed when applying the GMBS anchoring route for antibody
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immobilization on the macroporous microspheres (Fig. 4b).
Moreover, the hetero-bifunctional GMBS crosslinker does not self-
couple to large reactive biopolymers such as proteins and peptides,
an issue with the homo-bifunctional glutaraldehyde route which
could deactivate their biological functionalities. Similarly, the two
termini of the glutaraldehyde molecule can react with two epoxide
groups on the polymer surface, decreasing the density of available
sites for protein immobilization [13].

3.3. Immunobead performance

To evaluate the performance of the GMA-based macroporous
microspheres functionalized with GMBS-immobilized antibodies,
a direct immunoassay test was performed using anti-IgG as
a capture ligand for fluorescently-labeled rabbit IgG as a target
antigen. Because unreacted thiols remaining on the GMA surface
following antibody attachment present sites for non-specific
proteins interactions through exposed cysteine residues, the
fabricated immunobeads were incubated with BSA as a blocking
agent before use to minimize non-specific binding. The use of BSA
as a blocker was chosen since this approach is routinely used in
ELISA and Western blot assays for clinical diagnosis and immu-
nology studies. During the immunoassay test, anti-IgG functional-
ized macroporous microspheres were immersed into solutions of
FITC-labeled IgG at concentrations ranging from 2 ng/mL to
200 pg/mL and incubated at room temperature for 30 min. After
incubation, the microspheres were rinsed thoroughly in DI water to
remove possible unbound antibodies. The resulting fluorescence
intensity as a function of antibody concentration is shown in Fig. 5.
The results reveal a nearly linear relation between emitted inten-
sity and antibody concentration over a 5 log range, with a detection
limit of approximately ~2 ng/mL (~ 14 pm) defined by a minimum
signal-to-noise ratio of S/N = 3.

To investigate the impact of microsphere macroporosity on
antigen capture, a control set of non-porous microbeads was
prepared from a prepolymer solution lacking the addition of
porogen (Fig. 2d—f). The non-porous microbeads were functional-
ized with anti-IgG using the same conditions employed for the
macroporous microspheres. As depicted in Fig. 5, the fluorescence
intensity of the solid, non-porous microspheres is significantly
lower than the macroporous microspheres at each antibody
concentration, with increasing disparity between the results at
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Fig. 5. Performance of anti-IgG functionalized immunobeads at different FITC-IgG
concentrations. Control samples with deactivated anti-IgG on both macroporous
microspheres and non-porous microbeads were also prepared to assess differences
between specific and non-specific binding. Error bars reflect the standard deviation of
fluorescence measurements performed from 10 individual immunobeads.

lower concentration levels. The significant difference on immuno-
assay performance between the two samples is attributed to the co-
continuous, macroporous texture, which not only provides addi-
tional accessible surface area for the immobilization to achieve
higher density of antibodies on the microsphere surface, but also
encourages more efficient antibody—antigen interactions by
a combination of steric entrapment and shortened diffusion lengths
within the macroporous matrix.

Quantitative comparison of specific and non-specific interac-
tions was also performed through a parallel IgG dilution study.
Identical surface modification and antibody immobilization
procedures were used to functionalize both macroporous and non-
porous microbeads, after which the antibodies on the polymer
surfaces were deactivated by additional exposure to 70 °C for 1 h.
Exposure to evaluated temperature denatures the F,, fragments
[44], resulting in irreversible aggregation of adjacent surface-
bound antibodies and disrupting their biological functionality.
Both the active and deactivated immunobeads retain the similar
surface properties, but with different levels of bioactivity for
specific antigen—antibody binding. Compared to active immuno-
beads, the deactivated microsphere exhibit a 1-2 log decrease in
antibody capture for both the porous and non-porous cases,
demonstrating that the majority of the fluorescence signal for the
functional microparticles is due to specific interactions with
surface-bound antigens as desired.

In the experiments presented here, diffusion serves as the
dominant mechanism for transport of analyte through the porous
beads during incubation with antigen in a static vial. For applica-
tions involving the use of fabricated microspheres in flow-through
immunosensors, we note that the macroporous structure can
provide a further benefit by allowing pressure-driven perfusion
through the porous matrix for more rapid and efficient analyte/
surface interactions. This phenomenon was recently investigated
for the case of porous agarose bead sensors with sub-micrometer
pore dimensions [45], and was previously explored for the case of
dual-porosity beads for chromatographic applications [46,47]. For
laminar Poiseuille flow through a tube, fluid flow velocity scales
with the square of the tube diameter, and thus the perfusion
velocity through the immunobead pores (u,) relative to the inter-
stitial flow () can be modeled as up = (d3/d3)uo, where dj, and do
are the hydraulic diameters of the pores and interstitial voids
between immunobeads, respectively. For the case of close-packed
immunobeads, the hydraulic diameter may be approximated as
the diameter of the largest sphere that can fit through the nar-
rowest opening between the immunobeads. From geometric
analysis for the 77 um diameter close-packed beads, the interstitial
hydraulic diameter is estimated to be 12 um, whereas the average
hydraulic diameter of the pores is 1.6 pm. Thus the velocity of flow
through the bead pores is expected to be approximately 1% of the
interstitial flow velocity. While perfusion represents only a small
portion of the overall flow, the use of high total flow rates can
generate significant convective transport through the beads at
a higher rate than diffusion alone.

4. Conclusions

A discrete immunosensor technology based on macroporous
polymer immunobeads formed by a phase separation process has
been developed. The microspheres were synthesized from
precursor mixtures using a robust, continuous-flow, and high-
throughput capillary co-flow platform with excellent control over
size uniformity. Multiple routes for crosslinking antibodies to the
porous polymer surface were evaluated toward their impact on
optical properties of the functionalized microbeads, with GMBS
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crosslinking identified as an efficient method yielding low
autofluorescence.

Bioactive proteins were successfully anchored on the surface of
the monolithic particles, enabling their use as versatile immuno-
beads suitable for a wide range of biosensing and bioassay applica-
tions. The combination of facile microfluidic synthesis, low
polydispersity, excellent macroporosity with uniform and repeatable
pore morphology, and straightforward route to biofunctionalization
yielding low autofluorescence offers unique advantages toward the
use of the immunobeads as discrete miniaturized biosensor
elements, affinity supports for solid-phase extraction, catalyst
carriers, and other applications where high surface area can enhance
interactions between analytes in solution and microsphere-
anchored biomolecules. The immunobeads were successfully eval-
uated through a direct immunoassay experiment using fluorescent
readout, revealing a linear response over 5 logs of antigen concen-
tration and a detection limit in the ng/mL range. While this work has
focused on static immersion of the sensor elements in antigen
solution, the macroporous immunobeads can provide further
benefits in flow-through immunosensor applications, where inter-
stitial perfusion through the porous matrix results in rapid convec-
tive transport coupled with short diffusion length scales for
improved transport of analyte molecules to the polymer surface.
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