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Polymer microbeads are witnessing renewed interest for
performing biomolecule recognition assays with distinct
advantages over planar microarray technology. In this
study, DNA hybridization assays are performed on the
surfaces of 1-µm-diameter, synthetically modified poly-
styrene microbeads. The microbead surfaces contain
varying amounts of poly(acrylic acid) as a source of
carboxylate groups to which a DNA capture strand may
bind. Through a series of controlled experiments in which
the microbead carboxylate density and DNA:surface area
ratios are systematically altered, we find that the density
of carboxylate groups on the microbead surface may be
the most important parameter affecting not only the total
number of DNA strands that may bind to the microbead
surface but, surprisingly, also the efficiency of DNA
hybridization with complementary strands. These studies
are aimed directly at understanding the physical interac-
tions between DNA strands and an anionic microbead
surface.

The monumental success of DNA microarray assays and their
importance in genetic screening has led to the in-depth optimiza-
tion of planar support detection schemes with regard to surface
probe density,1-3 nucleotide length,4,5 and even the effects of
nucleotide conformations6 and surface diffusion rates.7 Microar-
rays, however, suffer from inhomogenous surface density profiles
on individual spots, inefficient and slow surface hybridization (∼1%
hybridization in 2 h),8 and high expenses for operation, sample
preparation, and microarray plate synthesis.9,10 The development

of more efficient and cost-effective nucleic acid detection in a
shorter period of time would lead to a significant improvement
for DNA hybridization applications such as in vitro DNA cloning,11

single nucleotide polymorphism genotyping,12 and genomic detec-
tion.13 Microbead-based detection assays are in a position to
circumvent the issues of planar arrays by offering specific
advantages.

Microbead particles are colloidal polymer spheres ranging from
a few hundred nanometers to tens of micrometers in diameter
and offer many choices for synthetic customization in magne-
tism,14,15 fluorescence properties,16,17 and surface binding proper-
ties.18 Microbead detection schemes have recently become
particularly exciting by doping them internally with quantum dot
fluorophores, which can be used for “bar coding” and high-
throughput multiplexed detection of genome and proteome
targets,19-26 allowing their utility in many of the same applications
as microarrays. Microbeads distinguish themselves from planar
array techniques by their ability to automatically refresh their
depletion layer by diffusing through solution and, particularly,
offering a polymer surface that provides controllable charge
density and increased surface area through microscopic rough-
ness.

Microbeads have great potential, therefore, to significantly
advance the rapid multiplexed analysis of biomolecules such as
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DNA, but surprisingly little research directed at understanding
the relationship between biomolecules and the microbead surface
has been performed. The complex modification of the microbead
surface to maximize biomolecular binding efficiency27 could make
microbead techniques impractical, whereas the biotin-streptavidin
binding interaction demonstrates a sterically reduced efficiency
of capture-target molecular coupling.28 An in-depth investigation
of capture molecule binding to a microbead surface, using a
straightforward standard approach such as carbodiimide cross-
linking, is needed to promote the utility of microbead assays for
multiplexed analysis. Further, the hybridization efficiency between
capture and target biomolecules as a function of both surface
chemistry and capture molecule density is of great importance
toward maximizing the usefulness and sensitivity of microbead
assays.

In this report, we probe the relationships between (1) micro-
bead surface chemistry and capture molecule conjugation ef-
ficiency as a function of carbodiimide coupling conditions, (2)
capture molecule conjugation as a function of carboxylate density
on the microbead surface, and (3) hybridization efficiency of
capture and target molecules as a function of capture molecule
density on the microbead surface. Figure 1A illustrates the system
under investigation where capture molecules of DNA are im-
mobilized at a density of σ onto the surface of a microbead, and
the interactions with targeted DNA molecules may be monitored
optically through the incorporation of strategically chosen Förster
resonance energy transfer (FRET) dye pairs. Figure 1B illustrates
the affect that microbead surface charge (carboxylate density) may
have upon both capture molecule conjugation and target molecule
hybridization. The first ∼0.7 nm distance immediately in contact
with a charged surface is called the Bjerrum length and is
repulsive to negative charge. The more loosely associated volume
further out contains screening cationic charge, which neutralizes
the charge of the microbead and even results in charge inversion.
The negative surface charge and the positively charged inversion
layer may both contribute to conjugation and hybridization
molecular interactions. Finally, Figure 1C suggests different levels
of microbead preparation that are under control and will influence
directly the sensitivity of a microbead biomolecular assay. Through
a combination of controlled microbead surfaces and a careful
selection of capture strand binding parameters, we are able to
demonstrate that the optimization of these specific conditions
could lead to drastic improvement in biomolecule detection
sensitivity.

EXPERIMENTAL PROCEDURES
Synthesis of Microbeads. Styrene, acrylic acid, and am-

monium persulfate were bought from Sigma-Aldrich and used as
received without further purification.

Polystyrene microbeads were synthesized using a seeded
emulsifier-free emulsion polymerization method. First, 380 nm
polystyrene seeds were prepared in a 500 mL round-bottom flask
equipped with a condenser and overhead stirring. After formation
of a styrene suspension (40 g of styrene in 380 mL of H2O + 1.5
g of acrylic acid) upon stirring at 350 rpm and 70 °C, ammonium

persulfate (0.2 g in 20 mL of H2O) acting as polymerization initiator
was added to the reactor and the stirring further maintained for
7 h. The resulting seed suspension was cleaned with double
deionized water (18 MΩ) by repeated centrifugation to remove
traces of unreacted monomers and initiator. Regrowth of the seeds
to reach 1-µm beads was performed in the same reaction vessel
by continuous addition of styrene (10 g) and ammonium persulfate
(0.13 g in 10 mL of H2O) to a seed suspension (2 g in 150 mL of
H2O) at a rate of 2 mL/h (70 °C, 100 rpm, 12 h stirring).
Functionalization of the bead surface was performed by mixing a
50-g aliquot of the suspension with ammonium persulfate (7.8 mg
in 3 mL of H2O) and acrylic acid (x µL in 2 mL of H2O, x ) 100,
200, 400, and 1000) at a rate of 3 and 2 mL/h, respectively (70
°C, 100 rpm, 4 h stirring). The resulting carboxylated beads were
cleaned by repeated centrifugation and will be further denoted
as PS-n (where “n” designates the number of moles of carboxylate
(×1013) per microbead polymerized during the final functional-
ization step).

(27) Steinberg, G.; Stromsborg, K.; Thomas, L.; Barker, D.; Zhao, C. Biopolymers
2004, 73, 597-605.

(28) Buranda, T.; Jones, G. M.; Nolan, J. P.; Keij, J.; Lopez, G. P.; Sklar, L. A. J.
Phys. Chem. B 1999, 103, 3399-3410.

Figure 1. Microbead Surface-Based DNA Hybridization Scheme.
(A) Illustration of a microbead of radius R with capture strands of
DNA bound to the surface at density σ, and the hybridization of a
dye-bound target strand. (B) A charged microbead surface will form
different charged layers at both the solvent interface and the shell
volume just beyond, both of which could affect a biomolecular assay.
(C) The readout signal from any single bead is dependent upon the
amount of target strand that hybridizes, which is in turn dependent
on the efficiency of hybridization to those strands.

2850 Analytical Chemistry, Vol. 80, No. 8, April 15, 2008



Zeta Potential Measurements. Zeta potential measurements
were performed on a Malvern Instruments NanoZS Zetasizer using
a universal dip cell at 25 °C for all microbead samples under
identical conditions, (pH, buffer, ionic strength, etc.). Prior to
measurement, each microbead sample was diluted to ∼150 000
beads/mL in 2-(N-morpholino)ethanesulfonic acid (MES) buffer
at pH 5.3 (the conditions for DNA conjugation) and placed in a
sonicator for at least 1 h to equilibrate. Immediately before
measurement, the sample was removed from the sonicator, placed
into a clean 1-cm glass cuvette, and the universal dip cell inserted
slowly. Each sample was measured three times, combining 20 runs
per measurement.

Capture Strand Binding. DNA binding to microbead surfaces
was tested on each of the varying PAA-modified microbeads as a
function of DNA concentration to microbead surface area ratio.
DNA40 was purchased HPLC-purified from IDT DNA Technologies
and used without further purification. First, concentrations of the
stock bead solutions were determined by hemocytometer count-
ing, and then DNA binding was carried out in one of two
methods: single-step DNA binding, and two-step DNA binding.

For single-step binding, a constant amount of the capture DNA
stock solution was added to varying concentrations of microbeads
suspended in MES buffer at pH 5.3. The microbead concentrations
were adjusted to give total sample volumes of 600 µL and nominal
DNA to microbead surface area ratios of 0.1, 0.5, 0.75, 1, and 10
nm-2. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydro-
chloride (EDC, Sigma-Aldrich) was added to each sample to
activate carboxylates for conjugation, (∼100 mM EDC concentra-
tion, ∼10 000× EDC/DNA). The samples were then left to react
on a mixer overnight. The reaction was halted by blocking the
microbead surface with the addition of one-tenth volume of 1%
Tween-20. Nonspecifically bound DNA was removed by heating
the samples at 95 °C for 3 min and immediately centrifuging them
for 5 min at 2600 g. Flow cytometry data of before and after
cleaning, using this procedure, proved that a single wash is
sufficient to remove all nonspecifically bound DNA. Finally, the
pellets were resuspended in MES 5.3, 0.1% Tween-20 and analyzed
in a flow cytometer.

For two-step binding, microbead suspensions in MES 5.3 with
identical microbead concentrations as used in the single-step
procedure were first reacted with EDC for 30 min in the absence
of any DNA. The activated microbeads were then washed once

in MES 5.3 to remove any unreacted EDC and then centrifuged
to a pellet. Next, an equal amount of DNA as in the single-step
method, dissolved in 600 µL of carbonate-bicarbonate buffer at
pH 10, was added and the pellet was resuspended through
sonication. The mixture was allowed to react overnight. After this
point, the steps taken in preparing the samples for flow cytometry
were identical to those in the single-step method.

Total binding efficiency was determined by analyzing the
fluorescence signal from the 6-carboxyfluorescein (FAM) fluoro-
phore in the supernatants after reaction and cleaning steps. A
standard curve was produced from the fluorescence signal of five
known DNA concentrations and compared to the reaction super-
natants to quantify the amount of DNA left in solution. EDC
concentration was taken into account for standards in the two-
step method.

Target Strand Hybridization. Polyacrylamide gel electro-
phoresis (PAGE) experiments were performed to analyze target
strand hybridization. The following describes the samples loaded
onto each lane: lane 1, 100 pmol of FAM-labeled capture strand;
lane 2, 100 pmol of Cy5.5-labeled target strand; and lane 3, 100
pmol each of FAM-labeled capture strand and 100 pmol of Cy5.5-
labaled target strand. All samples were diluted to 5 µL with 20
mM phosphate-buffered saline, pH 7.0, 100 mM NaCl buffer,
heated to 80 °C for 3 min, cooled slowly to room temperature,
and then combined with 2 µL of native loading buffer (40% sucrose
in water) before loading on a pre-equilibrated native 15% poly-
acrylamide gel. The gel was then electrophoresed in a cold room
at 4 °C for 3 h at 120 V. The gel was finally removed and analyzed
on a GE Healthcare Typhoon fluorescence gel imaging system.

To determine the effect of capture strand surface density on
hybridization, a series of bead samples from the single-step
method (above) were used. Enough beads to carry 20 pmol of
bound DNA for each sample were diluted up to 200 µL total
volume with MES pH 5.3, 0.1% Tween-20 and equilibrated at 40
°C in an aluminum block for 10 min. At time zero, 70 pmol of the
Cy5.5-bound complementary strand in a negligible volume (0.4
µL) was quickly injected into the sample, vortexed, and placed
immediately back into the aluminum block. Aliquots of 20 µL were
withdrawn at specific time points and quenched by rapid mixing
and 10× dilution in ice-cold buffer. The presence of unlabeled
complementary DNA at 10× molar excess in the quenching buffer
showed no significant difference. Samples were kept on ice and

Figure 2. Physical Measurements of the Microbeads. (A) SEM photographs of the latex microbeads (diameter 980 ( 20 nm) after different
surface functionalization. “PS0” refers to the unmodified microbeads as synthesized, and PS6, 13, 25, and 130 refers to moles (×10-13) of
acrylic acid used to polymerize across the surface of an equal number of microbeads in solution. (B) Zeta potential measurements for the series
of microbeads with increasing amounts of surface-polymerized PAA in MES pH 5.3 buffer. (C) Zeta potential as a function of PAA concentration.
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immediately analyzed on a Becton-Dickson FACS-Calibur flow
cytometry system using the FL1 (detects 520 ( 40 nm bandwidth)
and FL3 (detects g670 nm high pass) detectors.

RESULTS AND DISCUSSION
Selection of Microbeads and DNA. Assay parameters such

as microbead size and surface chemistry, as well as DNA length
and surface immobilization density are highly influential over DNA
microbead assays. Throughout the series of experiments, we hold
both the microbead size and the length of the DNA capture strand
constant at 1 µm and 30 nucleotides (nt), respectively. The choice
of a 30-nt DNA capture strand gives the optimal balance of
sensitivity and specificity,4 while a 1 µm bead provides the balance
between the speed of an assay reaction and detectibility by a flow
cytometer. The latter claim may be understood from a physical
argument relating the radius of a sphere to diffusion and reaction
conditions.

Briefly, a 1 µm microbead is around the smallest particle size
that a flow cytometer can easily detect in terms of forward and
side scatter and is also in favor of high diffusion and reaction rates,
as stated by the Damköhler number, Da

29,30

In this relation, the radius of a sphere, R, is compared to the ratio
of surface reaction rate, kf, over diffusional rate, D (γ0 is capture
probe density.) A small Damköhler number indicates that the
surface reaction is slow relative to the rate of diffusion, which,
for example, predicts that a 1-µm particle will diffuse and react
80% faster than a 5-µm particle and 90% faster than a 10-µm particle.
A microbead of these dimensions will never diffuse as fast as a
molecule; however, the microbead’s ability to constantly refresh
its own depletion layer (volume of low analyte concentration
immediately surrounding a reactive surface) is a valuable advan-
tage for microbead assays. A smaller microbead should maximize
the rate of reaction while still being easily detected by a flow
cytometer.

Figure 2A shows SEM photographs of the as-synthesized beads
before (“PS0”) and after the polymerization of acrylic acid (“PS6-
25”) across the surface. These photographs demonstrate the
monodispersity of the bead synthesis with a mean size of 980 (
20 nm. Although there is further polymer growth to the existing
∼1-µm core beads, the new layers are too thin to visualize, and
so the poly(acrylic acid) (PAA) surface modification is qualified
using zeta potential measurements.

Figure 2B shows the results from zeta potential measurements
on our series of polystyrene microbeads, where the increasing
concentration of PAA is consistent with shifts in zeta potential to
more positive voltage. Zeta potential is a measure of the charge
at the slip boundary of the electric double layer,31 which is
correlated to the surface charge but is not a direct measure of
that charge. The PS0 sample exhibits a nonzero zeta potential
because of the small amount of acrylic acid used in the synthesis
of the core microbeads. Shift to a more positive potential with
increasing carboxylate density results from the charge inversion
of positive counterions screening the negative surface charge.32

A higher concentration of carboxylated polymer at the surface
will draw more positive counterions to screen the charge and
increase the zeta potential positively, as shown in Figure 2C. The
surface carboxylate density of the PS130 sample is assumed to
have saturated the attraction of screening charge and shows a
zeta potential very similar to the PS25 sample. The Gaussian
nature of the zeta potential peaks shows that the bead samples
have good uniformity of charge in a tight distribution.

Effect of Immobilization Method. Figure 3 compares the
peak intensity values for the PAA-bead series using the single-
step method for DNA binding (Figure 3A) and using the two-
step method, (Figure 3B). In these experiments, the concentration

(29) Henry, M. R.; Stevens, P. W.; Sun, J.; Kelso, D. M. Anal. Biochem. 1999,
276, 204-214.

(30) Stenberg, M.; Nygren, H. J. Immunol. Methods 1988, 113, 3-15.
(31) Robert J. Hunter, Foundations of Colloidal Science, 2nd ed.; Oxford University

Press: New York. 2001.
(32) Grosberg, A. Y.; Nguyen, T. T.; Shklovskii, B. I. Rev. Mod. Phys. 2002, 74,

329-345.

Figure 3. Flow cytometry analysis. Flow cytometry data for the PS-n bead series as a function of the DNA/surface area ratio using the single
and two-step methods for DNA binding. The scatter plots, (a) and (d) are the raw data for forward scatter (FSC) vs fluorescence intensity in the
FL1 detector for the PS25 PAA-microbead samples after reacting with DNA at a ratio to surface area of 0.1 nm-2. The histogram plots, (b) and
(e), represent the spread in individual bead fluorescence intensities for the scatter plots (a and d). (c) and (f) are the accumulated data for all
beads of varying PAA polymers, reacted, cleaned, and analyzed on flow cytometry. In either method, the highest binding efficiency occurs at
a ratio near 1-2 million strands/bead, which is approximately the maximum number of DNA strands that a 1-µm sphere can hold.

Da ) Rkfγ0/D (1)
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of DNA was kept constant, (200 pmol in 600-µL volume) while
the total number of beads was varied systematically. By keeping
DNA concentration constant, the detection of unbound DNA in
the supernatant following reaction may be easily measured using
fluorescence spectroscopy. In this way, two different methods for
carbodiimide coupling were tested to determine which method
yielded the highest efficiency of binding. The single-step method
is similar to the method outlined by Hermanson33 where EDC
and amine-containing biomolecule are combined at low pH with
the carboxylated microbeads. The two-step method is similar to
the protocol published by Bang’s Labs,41 which suggests first
reacting only EDC at low pH with the carboxylated microbeads
and then exchanging buffers to high pH for reaction with the
amine-containing biomolecule.

We observed for every bead sample and for any given ratio of
DNA:surface area that the single-step method resulted in 5-6×
greater surface loading than the two-step method. This result is
in direct support of the findings of Nakajima et al.,34 in which they
determined that a “one-step” EDC coupling at pH 5 is optimal for
ethylenediamine amide formation with acetic acid on surfaces.
Attempts to perform the conjugation reaction at pH 10 (the two-
step method) most likely results in the irreversible hydrolysis of
EDC, which is a more rapid process at high pH than amide
formation. Therefore, the rest of the experiments were carried
out using DNA beads produced by the single-step method of
conjugation.

Effect of Carboxylate Concentration. The ratio of DNA to
surface area also plays a role in determining the total loading of
capture strands. Attempts to oversaturate the surface with DNA
(10 strands of DNA/nm2, Figure 3c,f) often reduced the total
binding efficiency. This is likely an effect of competitive chemical
versus nonspecific binding to the surface, where nonspecific
adsorption outcompetes chemical binding at high DNA concentra-
tion, (data not shown.) The ideal DNA:surface area ratio for the
highest EDC cross-coupling efficiency was ∼0.50-0.75 strands
of DNA/nm2.

Not surprisingly, increasing carboxylate availability increases
the ability of DNA to couple with the surface, which is demon-
strated in Figure 3c,f where the PS25 samples consistently
exhibited stronger signal in the flow cytometer for FAM emission
than did the PS13s, which were correspondingly stronger than
the PS6 samples. Interestingly, the PS130 samples, which have
the highest concentration of carboxylates, displayed nearly the
lowest degree of surface loading of any of the samples. The low
efficiency of binding may be related to strong negative-negative
repulsive forces between the phosphate backbone of DNA and
surface, but further investigation would be needed to verify this.
These data strongly suggest that an optimal carboxylate density
is crucial toward maximizing DNA surface loading.

Research using planar supports has suggested that high
capture probe density may interfere sterically with the efficient
coupling between capture and target molecules.7,8,35 Hybridization
studies on our bead samples should also show a dependence upon
capture strand density. Henry et al. have performed hybridization
experiments on microbead surfaces in a manner very similar to

the experiments performed here;29 however, the nature of the
streptavidin-biotin immobilization method used may be respon-
sible for decreasing both the rates and extent of hybridization.
Although streptavidin is commonly used for its extremely selective
and stable interactions with biotin, its ability to meet its potential
of capturing four biotin molecules has been disputed from a steric
crowding perspective.28 A more homogeneous carboxylated sur-
face, on the other hand, will allow separate ssDNA capture strands
to spread out uniformly and will have a positive influence over
the hybridization reaction.

Practical FRET Pair. Hybridization experiments were per-
formed using FRET in an attempt to determine the kinetics and
efficiency of DNA hybridization on microbead surfaces. Normally,
a dye emitting at 520 nm would be considered a poor dye pair for
energy transfer to an acceptor with an absorption peak at 690 nm.
However, Figure 4b shows that the slight overlap between FAM
fluorescence (dotted line) and Cy5.5 absorption (solid line) is
enough to allow energy transfer from FAM to Cy5.5. The energy-
transfer process, however, will be extremely inefficient unless the
dyes are separated by a distance of ∼5 nm or less, (Förster R0

value 3.8 nm for FAM-Cy5.5). With the FAM and Cy5.5 dyes on
neighboring terminal ends of the duplexed structure, the FAM
and Cy5.5 dyes will be in tight proximity to one another, with a
maximum separation distance of ∼3-4 nm (Figure 4a). The tight
restrictions on energy transfer between FAM and Cy5.5 make this
FRET pair quite practical for studies such as these, giving them
a distinct advantage over longer-range FRET pairs such as FAM-
TAMRA, or Cy3-Cy5.

Figure 4c demonstrates this quenching ability using PAGE.
By exciting the FAM dye specifically at 488 nm and changing the
emission filters, we monitor FAM fluorescence only (left) and then

(33) Hermanson, G. T. Bioconjugate Techniques; Academic Press, 1996.
(34) Nakajima, N.; Ikada, Y. Bioconjugate Chem. 1995, 6, 123-130.
(35) Edwards, P.; Gill, A.; Pollard-Knight, D.; Hoare, M.; Buckle, P.; Lowe, P.;

Leatherbarrow, R. Anal. Biochem. 1995, 231, 210-217.

Figure 4. Demonstration of FRET efficiency. (a) Illustration of a
30-bp dsDNA with FAM and Cy5.5 dyes on neighboring terminal
nucleotides. Based on the linker length and flexibility, the center-to-
center distance between dyes may vary from 1 to 4 nm. (b) Combined
FAM emission and Cy5.5 absorption spectra to determine the degree
of overlap between dyes. This is a necessary property for the energy-
transfer process to occur. (c) The 15% nondenaturing PAGE of
capture strand (ssDNA-FAM, lane 1), target strand (ssDNA-Cy5.5,
lane 2), and the hybridized structure (dsDNA-FAM/Cy5.5, lane 3).
The gel was excited at 488 nm and the emission was monitored at
either 526 or 670 nm. The FAM emission of the duplexed strands is
strongly quenched at 526 nm (left), while the Cy5.5 emission is greatly
enhanced at 670 nm (right.)

Analytical Chemistry, Vol. 80, No. 8, April 15, 2008 2853



Cy5.5 emission, (right). Clearly the Cy5.5 dye is not excited and
shows no emission unless hybridized with the FAM-containing
complementary strand, in which case the strong emission band
(right, lane 3) appears as a result of energy transfer. This band is
almost entirely quenched when monitoring the FAM emission
wavelength (left, lane 3), which means that FAM emission
intensity can be used for quantifying hybridization efficiency. The
emission band for ssDNA-FAM above 670 nm (right, lane 1) is
caused by FAM red-tailing and emission bleed-through into the
Cy5.5 detector.

Monitoring Hybridization through FRET. Flow cytometry
in combination with the FAM-Cy5.5 FRET dye pair is an effective
technique, which will circumvent complications related to diffu-
sional or nearest-neighbor effects by correlating fluorescence
signal only with a scattering event (microbead) passing through
the laser beam, so that the solution background fluorescence is
negligible.

Figure 5 shows the flow cytometry kinetic data for the
hybridized bead samples measured by observing both FAM
quenching (Figure 5a, FL1 detector) and Cy5.5 FRET sensitization
(Figure 5b, FL3 detector) simultaneously. The data points were
fit to a biexponential function of the form, I(t) ) A1ekA1t + A2ekA2t,
where A1 and A2 are the pre-exponential weights for each process
and kA1 and kA2 are the associated hybridization rate values. Pre-
exponential terms yield insight into the fraction of the total signal
that is responsible for each process by calculating, An/(A1 + A2)
× 100% (where n ) 1, 2). The values of the kinetic fits are reported
in Table 1.

All data have been normalized relative to the intensity of a bead
before any hybridization, allowing comparison between samples.
The strong biexponentiality of the hybridization reactions suggests
that there are at least two major pathways leading to hybridization.
For most cases, the data show that 40-60% of the immobilized
capture strand DNA hybridizes rapidly (kA1 ) ∼8 s-1) within the
first 30 s to 1 min, followed by a much slower rate of hybridization
(kA2 ) ∼0.2 s-1) over the next 20 min. The fast rate is responsible
for ∼60-80% of the total signal change and is best described as
the direct hybridization with solution-based target DNA because
this is the most direct and probable mechanism of hybridization.

Dual pathways of hybridization can be explained by including
the normal rate of hybridization combined with either 2-D surface
diffusion,7,36 steric effects,1-3,7 or molecular reorganization.35

Tween-20 is capable of effectively blocking surface adsorption of
DNA (data not shown), limiting the causes for biexponential
kinetics to either steric interactions or molecular reorganization
(or contributions from both.)

Figure 5c shows a simple kinetics model, which would give
rise to biexponential rates of hybridization. The most basic route
for hybridization is the direct nucleation and “zipping” of comple-
mentary DNA strands at a rate, kA1. However, the zipping reaction
is dependent upon numerous physical and orientation factors
including (a) direction of “attack” by the target strand, (b) the
orientation of capture strand at the time of attack, and even (c)
nonspecific interactions of a probe strand with other neighboring
strands or the microbead surface. The true nature of the second
kinetic rate is difficult to determine, but we assume it to be related
to the reorganization of DNA strands at a rate kR and the eventual

hybridization at rate kA2. Because kR describes an unobservable
event, it is not a fitting parameter for the I(t) double-exponential
equation.

Surprisingly, the PS25 samples tend to demonstrate both faster
rates and greater percentages of hybridization than the PS13
samples. The difference in hybridization efficiency is even more
pronounced when compared to the PS6 sample. Monitoring the
Cy5.5 FRET enhancement signal (Figure 5b) shows that the
median intensities for the PS25 samples are roughly twice the
intensities of the PS13 samples and nearly 4× the values for the
PS6 sample. This effect is particularly interesting when noting
that this trend does not follow the capture strand DNA loading
densities on the surface of the beads.

For example, the PS13 sample (0.18 DNA/nm2) gives higher
FAM intensity than the lowest PS25 sample (0.11 DNA/nm2), but
the Cy5.5 intensity of the PS25 sample exceeds the intensity of
the PS13 sample (0.18 DNA/nm2), suggesting greater extent of
hybridization for the PS25 sample. From a steric perspective, this
result would not be surprising, except that the more densely
packed 0.28 and 0.33 DNA/nm2 PS25 samples display even higher
percentages of hybridization. In fact, based on the observations
across all bead samples, the steric crowding argument cannot
explain any of the hybridization behavior because the highest
density PS25 sample (0.33 DNA/nm2) yields both undiminished
kinetic rates and high percentages of hybridization, while a
moderately packed PS6 sample (0.15 DNA/nm2) gives drastically
lower hybridization efficiency.

Peterson et al. reported the onset of steric crowding between
1.5 × 1012 and 3.0 × 1012 DNA/cm2 on a gold film,3 which(36) Axelrod, D.; Wang, M. Biophys. J. 1994, 66, 588-600.

Figure 5. Hybridization kinetics. (a) Monitoring the kinetics of
hybridization on flow cytometry for surface densities of DNA on certain
PS6, PS13, and PS25 samples. The FAM intensity data have been
normalized relative to the initial bead intensity before hybridization.
(b) The complementary data for (a), monitoring the kinetics for FRET
enhancement of the Cy5.5 acceptor dye by flow cytometry. (c)
Suggested kinetics scheme describing DNA hybridization on the
surface of microbeads. The capture strand (ssDNA) may either directly
hybridize with the target strand with rate kA1 or reorganize at rate kR

before it can fully hybridize with the target strand at rate kA2.

2854 Analytical Chemistry, Vol. 80, No. 8, April 15, 2008



corresponds to 0.015 and 0.030 DNA/nm2. Our calculated probe
strand densities are up to 10× higher, yet still no steric crowding
is observed. On the other hand, Schepinov does not observe steric
crowding effects on an aminated polypropylene surface until probe
densities greater than 1.8 DNA/nm2 are reached, which is 6×
more dense than our most populated sample.2 Although Schepinov
et al. also assumed a planar surface in their studies, the roughness
or porosity of a polymer film relative to a gold film may help to
explain this discrepancy. A polystyrene sphere has a visible surface
roughness (Figure 2) and even microscopic roughness or porosity
that is difficult to visualize. Also, strands of poly(acrylic acid) to
which capture DNA strands are bound could dangle from the
microbead surface and not lay flat, thus behaving more like nets
to filter the volume immediately surrounding the microbead. While
the estimation of DNA/nm2 ratios are based on the assumption
of a smooth sphere, in reality, the capture strand density may be
lower if the surface area is greater as a result of this roughness. A
greater number of DNA capture strands per bead at lower
densities than would be predicted is likely and would explain the
increased efficiency of DNA hybridization on polymer surfaces
relative to metallic substrates.

Loading densities of capture strand DNA do not explain the
differences in hybridization efficiencies across all microbead
samples, suggesting that another interaction superseding steric
crowding must take precedence. Examining this situation from a
surface chemistry perspective may help to explain how the
associated charge densities and inversion charge layers of the
different samples can affect a surface-based DNA assay.

The elevated hybridization efficiencies of the PS25 samples
relative to samples of lower carboxylate densities could be related
to charge density and the inversion charge layer surrounding the
bead. The volume and density of the positive counterion screening
shell around the PS bead is directly related to the density of
negative charge on the microbead surface,32,37,38 as demonstrated
by the zeta potential measurements. A cationic microbead surface
will result in a greater attraction of anionic free DNA in solution,39

but this would greatly increase the amount of nonspecific adsorp-
tion of noncomplementary strands and would have a negative
influence on a recognition assay. An increase in negative surface
charge, however, not only discourages nonspecific adsorption but
also increases the screening charge density immediately sur-
rounding the microbead.

This buildup of cationic charge surrounding microbeads in
biological buffers may have a favorable effect by orienting free
DNA and capture DNA into the same volume around the
microbead. The target strand DNA free in solution will have
increased Coulombic attractive forces to the outer charge shell
in which the surface-bound capture strand will also be found and
thus gives a predisposition for orienting solution-phase and
immobilized DNA strands. Grosberg et al. discussed this phe-
nomenon as the “correlation-induced attraction of like charges”,
which may help explain the increased efficiency of DNA hybrid-
ization on more highly charged anionic microbeads.32

CONCLUSIONS

Polystyrene microbeads with varying percentages of surface
carboxylation were synthesized to determine the effect that
microbead surface charge imposes upon DNA immobilization and
hybridization. Higher concentrations of surface carboxylation show
both an increased density of immobilized DNA strands and also,
surprisingly, both faster kinetics and total efficiencies of hybridiza-
tion. Assuming a roughened polystyrene surface with homoge-
neously dispersed carboxylate functionalities may not only dis-
tribute capture DNA strands evenly about the microbead surface
but also decrease the actual density of capture strands well below
theoretically calculated values. Lower capture strand densities on
a polymer surface may explain the large differences in steric
crowding densities reported in the literature. Finally, large
densities of negative charge on the microbead surface may have
implications in electrostatically attracting solution-phase target
DNA strands to the surrounding screening charge layer and could
explain why more highly charged microbead samples display
greater efficiencies of hybridization than surfaces of lower car-
boxylated density. Therefore, by simply optimizing the carboxylate
density on the surface of a microbead and binding DNA capture
strand at low concentration pH ∼5 to the surface in a single-step
procedure, a DNA microbead assay may be expected to perform

(37) Nguyen, T. T.; Grosberg, A. Y.; Shklovskii, B. I. Phys. Rev. Lett. 2000, 85,
1568-1571.

(38) Tanaka, M.; Grosberg, A. J. Chem. Phys. 2001, 115, 567-574.
(39) Götting, N.; Fritz, H.; Maier, M.; von Stamm, J.; Schoofs, T.; Bayer, E. Colloid

Polym. Sci. 1999, 277, 145-152.
(40) Capture strand: 5′- NH2-AAA AAA AAA ACG TCC TTT GTC TAC GTC

CCG-FAM -3′. Target strand: 5′- Cy5.5-CGG GAC GTA GAC AAA GGA CGT
TTT TTT TTT -3′.

(41) http://www.bangslabs.com/technotes/205.pdf.

Table 1. Kinetic Values Obtained from Capture Strand Hybridization by Monitoring FAM Quenching as a Function of
Timea

microbead
sample

surface density
(no. of DNA/nm2)

fast rate, kA1
((%A1) s-1)

slow rate, kA2
((%A2) s-1)

total hybridized
(% in 20 min)

PS6 0.15 (35) 4.3 ( 0.9 (65) 0.10 ( 0.01 28
PS13 0.08 (74) 6.3 ( 6.0 (26) 0.14 ( 0.07 53
PS13 0.18 (64) 5.3 ( 0.5 (36) 0.22 ( 0.01 61
PS25 0.11 (78) 9.3 ( 2.0 (22) 0.06 ( 0.06 70
PS25 0.28 (86) 7.5 ( 1.4 (14) 0.08 ( 0.05 62
PS25 0.33 (71) 10.6 ( 1.4 (29) 0.16 ( 0.04 72

a Values represent exponential decay fits and the associated error of fitting. The percent contribution for each rate to the total decay is in
parentheses beside each fast and slow rate.
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at least 10-20× more efficiently than a poorly prepared micro-
bead.
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