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ABSTRACT Wehavedevelopedanovelmethod to study collective behavior ofmultiple hybridizedDNAchainsbymeasuring the
adhesion ofDNA-coatedmicron-scale beads under hydrodynamic flow. Beads coatedwith single-strandedDNAprobes are linked
to surfaces coated with single target strands through DNA hybridization, and hydrodynamic shear forces are used to discriminate
between strongly and weakly bound beads. The adhesiveness of microspheres depends on the strength of interaction between
DNA chains on the bead and substrate surfaces, which is a function of the degree of DNA chain overlap, the fidelity of the match
between hybridizing pairs, and other factors that affect the hybridization energy, such as the salt concentration in the hybridization
buffer. The force for bead detachment is linearly proportional to the degree of chain overlap. There is a detectable drop in adhesion
strengthwhen there is a single basemismatch in one of the hybridizing chains. The effect of single nucleotidemismatchwas tested
with two different strand chemistries, with mutations placed at several different locations. All mutations were detectable, but there
was no comprehensive rule relating the drop in adhesive strength to the location of the defect. Since adhesiveness can be coupled
to the strength of overlap, the method holds promise to be a novel methodology for oligonucleotide detection.

INTRODUCTION

DNA is the fundamental genetic material in organisms and is

often found in the format of double helix. The force that holds

complementary strands of DNA together is an important

regulator of life’s processes, because the binding of regulatory

proteins to DNA often involves the procedure of mechanical

separation of its strands. Therefore, the intermolecular forces

of DNA have been studied extensively. Most work on the

force to disengage short duplexes was performed with atomic

force microscope (1–4). Lee et al. measured the unbinding

force between two DNAmolecules with repeating sequences

(1). Strunz and co-workers (4) studied the force to dissociate

the DNA sequences with different overlap lengths, and they

found that the force and time for the dissociation of bound

DNA chains followed the Bell model (5,6),

kr ¼ k
o

r expðgF=kbTÞ;
where kr is the dissociation rate, k0r is the unstressed dis-

sociation rate constant, g is the reactive compliance, F is the

applied force, kb is the Boltzmann constant, and T is the

temperature. Both k0r and g were functions of the degree of

chain overlap, N, and they decrease with increasing N. Force
between strands of DNA with defective base-matching were

studied by Sattin et al., and the forces between strands of

DNA were derived (7).

Although extensive work has been done on a single hy-

bridized pair, very few results have been reported about

the collective behavior of multiple hybridized chains in an

adhesive interface (8). The cumulative result of dissociation

force is particularly interesting because thermodynamic

fluctuations can be ignored if a large number of molecules

mediate adhesion simultaneously. Moreover, multiple chain

interactions have been shown to result in sharpened depen-

dence on variables that influence adhesion, such as temper-

ature in the case of nanospheres (9,10). If dissociation force

is used as a selection pressure to discriminate between chains

of different overlap, the interaction between multiple chain

pairs can be expected to provide a method with better sen-

sitivity through a collective behavior that sharpens the rela-

tionship between chemistry and force.

In this article, we describe a microsphere adhesion system

mediated by DNA hybridization. We gain insight into DNA-

mediated adhesive behavior through previous work on the

receptor-mediated adhesion of beads (11–13). The adhe-

sion of beads under flow is a result of the balance between

receptor-mediated forces and hydrodynamic force applied on

the bead by controlled flow. The net adhesiveness of the

particle is the result of the number of specific, macromolec-

ular bonds between the bead and the surface and their

strength, which are related to the properties of the individual

receptors. The fundamental interactions of leukocyte adhe-

sion receptors have been studied by controlling the hydro-

dynamic force applied on the receptor-coated beads (14–17).

Also, the affinity between antibody and antigen could be

deduced from detachment experiments of antibody-coated

beads bound to surfaces (12,13). By analogy, because of the

high affinity and high specificity of DNA interactions, we

would expect that microsphere adhesion can be used to

measure the DNA-mediated adhesion strength and that, with

the proper analysis, the adhesion force can be used to deduce

properties of hybridized single chains during detachment.
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Conversely, we hypothesized that using hydrodynamic forces

would allow us to discriminate between weakly and strongly

bound adhesive pairs, thus providing a means of coupling

the fidelity of DNA binding to adhesion strength. In turn,

adhesion strength could then be used as a metric of DNA

binding strength.

Besides elucidating the fundamental physics of DNA-

DNA binding, another goal of our work is to develop a novel

system for detection of specific DNA hybridization on mi-

croarray surface. As an alternative to Southern or Northern

blotting experiments, DNA microarray technology is con-

sidered a revolution in molecular biology and medicine (18–

21). This technology is used to measure the concentration of

messenger RNA in living cells, detect mutations in specific

genes, or identify unknown genes from foreign cells (18). In

a typical DNA microarray, single-stranded oligonucleotides

are immobilized on a glass, silicon, or plastic substrate sur-

face, and then allowed to contact and hybridize with com-

plementary molecules in the solution (22). Hybridization

analysis involves detecting the signal generated by the bind-

ing of fluorescently labeled probe DNA or RNA sequences,

and comparing the fluorescent intensities with those of the

reference sample (23). Hybridization efficiency determined

from this comparison is correlated to the concentration of

specific nucleotides in sample and their chemistry. Though

powerful, there are limitations in this technology, some of

which include dye photobleaching, low signal/noise ratios,

and the difficulty of determining statistically and biologically

meaningful positive matches (9,24). Therefore, alternative

methods have been developed to improve traditional micro-

array techniques (9,24–27). Cao et al. used gold nanopar-

ticles linked to oligonucleotides that can act as Raman-active

dyes. Probe strands are linked to these particles, which are

then hybridized to the target sequences on the chip. After

silver enhancement, this system was able to detect probe

strands at a concentration of 100 aM (27). Miller et al.

described a multianalyte biosensor that used magnetic micro-

beads as the label to detect DNA hybridization on a micro-

fabricated chip (28). After binding to immobilized DNA,

probes containing a mass-labeled moiety in Schatz et al.’s

work released the mass to allow the hybridization to be char-

acterized by MALDI mass spectroscopy (29). Other detec-

tion methods are also being investigated. Differences in

specific boundary conditions at a liquid-solid interface, such

as charge density, mass, viscosity, and molecular structure

before and after probe binding have been measured to char-

acterize the hybridization (30–33). Exploiting the association

and dissociation kinetics of nucleic acid binding, surface

plasmon resonance and surface plasmon fluorescence spec-

troscopy were observed to have an efficient discriminatory

power with respect to single-base mismatch hybridization

(32–34).

Our work described in this article develops a fluoro-

chrome-free detection system generating optical signals with

particles in low micrometer size range. Serving as visible

tags, such large particles potentially can provide advantages

of still greater amplification of the signal, as well as a

relatively simple instrument for resulting readouts, and even

the possibility of producing an instrument-free (naked eye)

detection system. Since hydrodynamic shear forces scale

with the square of particle radius, it is possible to use hy-

drodynamic shear forces as a selection pressure to discrim-

inate between well and weakly bound pairs; this would not

be possible with nanospheres. In addition, such large spheres

can interact with bound chains through a large number of

chain-chain interactions, creating an adhesion ‘‘patch’’ be-

tween each bead surface and substrate surface. As mentioned

previously, the cooperative effects of multiple immobilized

strands between surfaces result in sharpened dependence on

variables influencing specific adhesion. Consequently, at

large enough flow rates (35), we hypothesize that the ad-

hesion ‘‘patch’’ containing multiple hybridized chains will

increase sensitivity to hydrodynamic force, under which

imperfectly matched hybridizing chains will separate. More-

over, the bond density within this ‘‘patch’’ can be increased

effectively by increasing the concentration of molecules on a

particle surface, without increasing the total number of DNA

molecules in the hybridization buffer. Therefore, the com-

bination of cooperativity and hydrodynamic forces may

provide a better method of distinguishing perfectly comple-

mentary nucleotide chains from those where there is a single-

base mismatch (23).

In this article, we report on experiments in which micro-

spheres coated with single-stranded probe oligonucleotides

are allowed to contact a surface covered with single-stranded

target oligonucleotides in the absence of hydrodynamic flow,

and then the particles are detached from the surface by ap-

plying a constant shear stress. Oligonucleotide molecules

are immobilized on microspheres via biotin-avidin bonds,

and linked to a glass slide covalently. After a gentle wash to

remove nonadherent beads, only microspheres functional-

ized with complementary base matching immobilized probe

strands remain on the substrate. We then relate the relative

adhesive strength between DNA chains by applying shear

stress to find the critical shear rate necessary to remove 50%

of the beads. Critical shear rates for particle detachment are

correlated with the degree of chain overlap and other factors

that affect the energy of probe-target hybridization, such as

the salt concentration in the hybridization buffer. Further-

more, we explore the adhesion strength resulting from the

presence of single point mutation in DNA pairs and compare

it with the strength mediated by perfectly hybridized chains,

and examine how the location of the mutation affects adhe-

sion strength. The results show that micron-sized colloidal

particles can be engineered to adhere specifically to a sur-

face, and adhesion strength can be effectively used to dis-

criminate between probe-target pairs of different overlap

length, as well as to determine the effect of point mutations.

Overall, this article describes an effective method to study

the biophysics of multiple hybridized DNA molecules and
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develops a promising method, combining adhesion under

hydrodynamic flow, readily detectable micron-sized colloids,

and DNA hybridization, for detecting the strength of DNA

chain interactions.

MATERIALS AND METHODS

Bovine serum albumin (BSA), lithium chloride, and polyoxyethylene-

sorbitan monolaurate (Tween 20) are purchased from Sigma (St. Louis,

MO). HEPES, EDTA solution (0.5M, pH8.0), and Tris-HCl buffers (pH 8.0)

come from Fisher Scientific (Pittsburgh, PA). All oligonucleotides are

custom-synthesized and purified with high-performance liquid chromatog-

raphy by Biosource International (Camarillo, CA). Succinmidyl 4-[p-maleimi-

dophenyl]butyrate (SMPB) and BupH modified Dulbecco’s phosphate buffered

saline (PBS) were purchased from Pierce Biotechnology (Rockford, IL).

Superavidin-coated polystyrene microspheres of 5.5 mm diameter are products

of Bangs Laboratories (Fishers, IN).

Substrate preparation

For the preparation of substrates, we adapted methods described in literature

(36). Briefly, ordinary 25 mm 3 75 mm microscope slides pretreated with

piranha solution (2:1 concentrated H2SO4:30% H2O2) are immersed in the

silanization solution (2% solution of 3-aminopropyltriethoxysilane in 95:5

MeOH:1 mM aqueous acetic acid) for 40 min, followed by washing with

methanol and drying in the oven. Cured slides are treated with SMPB,

thiolated single-stranded oligonucleotides, and 50 mM sodium phosphate,

1 MNaCl, pH 6.5 buffer in order. After rinsing with water, the slides are spin

dried and ready for hybridization.

Thiolated single-stranded oligonucleotide sequences are protected in

water containing 0.01 M dithiothreitol when delivered. A G-25 spin column

(Amersham Biosciences, Piscataway, NJ) is used to remove dithiothreitol

from the sample, followed by solubilization in HEPES (10 mM HEPES,

5 mM EDTA, pH 6.6) to dilute the sample to a concentration of 25 mM. This

diluted sample is used to coat the slide to link the molecules to the slide

surface covalently.

To characterize the DNA coverage on the slide surface, we coat the

surface with thiolated oligonucleotides tagged with Cy5 dye. The slides are

then scanned with ScanArray 5000 (PerkinElmer Life and Analytical

Sciences, Wellesley, MA) and the fluorescent intensity is compared with that

of a calibration slide (Full Moon Biosystems, Sunnyvale, CA). The calibra-

tion curve from this commercial slide (fluorescent intensity versus number of

fluorochromes per unit area) is used to find DNA densities on our slide

surfaces.

Microsphere preparation

Biotinylated single-stranded oligonucleotides are linked to the bead surface

via avidin-biotin bonds, using the method recommended by the manufac-

turer, as follows (37): The beads are rinsed with TTL buffer (100 mM Tris-

HCl, pH 8.0; 0.1% Tween 20; and 1 M LiCl) twice, then incubated in

biotinylated oligonucleotide solution and TTL buffer mixture for 1 h. The

oligonucleotide-microsphere conjugates are washed with 0.15 N NaOH,

rinsed with TT buffer (250 mM Tris-HCl, pH 8.0, 0.1% Tween 20) twice,

and incubated in TTE buffer (250 mM Tris-HCl, 0.1% Tween 20, 20 mM

Na2EDTA, pH 8.0) at 80�C for 10 min. The conjugates are suspended in

solution of 2% denatured BSA in PBS at 4�C overnight before use.

To characterize the DNA coverage on bead surface, we use flow cy-

tometry to measure the fluorescent intensities on bead surfaces and convert

them into DNA densities, using the calibration curve relating the mean peak

fluorescence of Quantum 26 calibration beads to their molecules of

equivalent soluble fluorochrome (23).

Flow adhesion assay

Adhesion experiments are performed in a custom-manufactured parallel-

plate flow chamber, whose bottom surface is the glass slide coated with

single-stranded oligonucleotides. The whole assembly is mounted on the

stage of a Nikon Diaphot inverted microscope with phase-contrast optics

(Nikon, Tokyo, Japan). A gasket with a tapered cutout prepared from 0.01-

inch-thick Duralastic sheeting (Allied Biomedical, Goose Creek, SC) is used

to regulate the flow with different shear rate in each axial position along the

same slide. Flow is initiated with a syringe pump. Microspheres suspended

in the running buffer are connected to the inlet of the flow chamber by a

rubber tube and brought into the chamber by a gentle flow. The microspheres

are allowed to settle on the slide surface without flow until adhesion steady

state is reached (required incubation time varies with the type of DNA

molecule used, data not shown), and then the microspheres are detached

from the slide surface with controlled flow. Pictures at randomly selected

points on the slide before and after the controlled flow started are recorded

with a Cohu black and white charge-coupled device camera (Cohu, San

Diego, CA) and Sony SVO-9500MD S-VHS recorder (Sony Medical

Systems, Montvale, NJ). The locations of these points are shown with a

digital dimension indicator attached to the microscope stage, from which

the corresponding shear rates are derived according to

g ¼ 6Q

h
2
w1

1� z

L

� �
; (1)

where w1 is the width at the channel entrance in centimeters, z is the axial
position from the inlet, and L is the channel length. Q is the volumetric flow

rate. h is the channel height, which is measured by focusing the microscope

on the top and bottom surfaces (23).

The recorded pictures are analyzed and the bead numbers are counted

through digital image analysis with LabVIEW software (National Instru-

ments, Austin, TX). Microsphere adhesion is quantified by the ratio of the

numbers of beads in the same visual field under the microscope at a given

position on slides after and before the flow is applied. Typically, the bead

number varies between 80 and 130 in a single field of view before the

detachment flow starts. As the data analysis considers the behavior of the

whole bead population instead of a single bead, the difference among in-

dividual beads caused by the randomness of the DNA coverage is averaged

out. Moreover, all the data shown in this article are average results of at least

six independent experiments to minimize the variation among different slide

surfaces. Error bars are plotted using standard error calculations.

Fluorescent DNA hybridization assay

Thiolated ssDNA molecules (types 30b, 30b(7), 30b(10), and 30b(15) (see
below)) are spotted on the SMPB modified glass slide with pipette and

immobilized as described above. The hybridization buffer is 2% denatured

BSA in PBS (pH 7.4). These immobilized DNA samples are incubated for

30 min at room temperature with 0.2 mM Cy5-30a in hybridization buffers.

The slide is then washed with the same buffer containing 0.1% sodium

dodecyl sulfate at room temperature for 15 min, followed by rinsing in DI

water. The spin dried slide is scanned with ScanArray 5000 (PerkinElmer)

and the fluorescent intensity is quantified with ScanArray Express software.

RESULTS

Design of oligonucleotide sequences

We designed two pairs of complementary oligonucleotide

sequence molecules consisting of 30 bases in each molecule.

One pair was 30a and 30b; the other pair was 30c and 30d.
Strands 30a and 30b are complementary to each other, and

30c is complementary to 30d. Other sequences used in this
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article are derived from these molecules. Shorter molecules

are obtained by removing some bases from the sequence 30a
and 30b, and mismatched molecules are obtained by mutat-

ing a single base in the sequence of 30b or 30d (Tables 1 and

2). Within each molecule, 10 bases at 59 end are used as

spacers from the bead and substrate surfaces to ensure better

hybridization efficiency (38–40). Self-melting temperatures

of individual strands are much lower than the ambient

temperature (20–21�C) to avoid hairpin folding of sequences
(38–40). Duplex melting temperatures are between 50�C and

90�C, in accordance with the guidance of design of primers

in biology experiments. All DNA molecules denoted with an

‘‘a’’ or ‘‘c’’ are immobilized on beads, whereas the comple-

mentary sequences denoted with a ‘‘b’’ or ‘‘d’’ are immo-

bilized on slides. Fig. 1 illustrates the design of the experiments.

DNA coverage on slide and microsphere surfaces

As indicated in the methods, we measured the density of

DNA strands on the substrate. On slide surfaces, DNA site

density decreases with the increasing length of immobilized

molecules for the same solution concentration of molecule

during the incubation (Fig. 2). Likewise, larger lengths of

chains on bead surfaces (exceeding 22 bases in length) led

to a decrease in surface coverage on the bead. Sequences

shorter than 22 bases resulted in negligible differences in

DNA density for the same solution concentration of

oligonucleotide chain.

Specific adhesion of microspheres mediated by
DNA hybridization

To test the specificity of the adhesion of nucleotide-coated

microspheres, single-stranded oligonucleotide 30a-coated
microspheres are incubated with the slide surfaces function-

alized with patches of 30a and 30b, and then a gentle flow at a

shear rate of;500 s�1 is used to remove unbound or weakly

bound beads. Beads remaining on the slide after the flow are

assumed to remain because of hybridization between com-

plementary sequences on bead and slide surfaces. Our results

(Fig. 3) show that the DNA-functionalized microspheres bind

firmly only to regions functionalized with complementary

DNA sequences; that is, 30a-coated microspheres only bind

to patches coated with complementary 30b, whereas almost

no 30a-coated microspheres bind to the noncomplementary

DNA coated surfaces or those regions devoid of DNA.

Effects of shear rate and salt concentration in
microsphere detachment

Salt concentration can alter the affinity of DNAhybridization.

To illustrate the effect of salt concentration on microsphere

adhesion, the strength of adhesion between microspheres

coated with 24amolecules and slide surfaces coated with the

complementary 24b molecules was measured. Running

buffer, which also serves as the hybridization buffer, is 2%

denatured BSA in PBS containing different concentrations

of sodium chloride, as indicated in Fig. 4. Bead adhesion is

plotted as a function of shear rate at different concentrations

of NaCl. For all salt concentrations, beads bind to the slide

tightly at low shear rates.With increasing shear rate, more and

more beads are detached from the slide surface. At the highest

shear rates, almost all of the beads are removed. To compare

the relative adhesive strength of DNA duplexes as a function

of overlap length, sequence defects, and salt concentration,

we define a critical shear rate (gc) as the shear rate necessary to
remove 50% of the adherent beads. As shown in Fig. 4, we

find that increasing ionic strength leads to increasing critical

shear rate. This is expected and in accord with the known

effect that salt suppresses repulsion between hybridizing

DNA strands, and the interchain melting temperature in-

creases with increasing salt concentration (41).

TABLE 1 Perfectly complementary DNA pairs with different length of segment overlap

Name Sequence

Self melting

temperature (40) (�C) Melting temperature (39,44) (�C)

30b 59-TTTTTTTTTTTGCCTTGTCTAATATCCGTA-39 �17.6
81.0

30a 59-TTTTTTTTTTTACGGATATTAGACAAGGCA-39 7.6

28b 59-TTTTTTTTTTCCTTGTCTAATATCCGTA-39 �9.3
76.5

28a 59-TTTTTTTTTTTACGGATATTAGACAAGG-39 7.6

26b 59-TTTTTTTTTTTTGTCTAATATCCGTA-39 �7.3
73.0

26a 59-TTTTTTTTTTTACGGATATTAGACAA-39 �1.8

24b 59-TTTTTTTTTTGTCTAATATCCGTA-39 �7.3
69.924a 59-TTTTTTTTTTTACGGATATTAGAC-39 �15.8

22b 59-TTTTTTTTTTCTAATATCCGTA-39 �7.3
65.3

22a 59-TTTTTTTTTTTACGGATATTAG-39 �15.8

18b 59-TTTTTTTTTTTATCCGTA-39 �17.6
58.518a 59-TTTTTTTTTTTACGGATA-39 �22.4

30d 59-TTTTTTTTTTTAGGAAGGTGATAATGGTGT-39 �16.7
81.4

30c 59-TTTTTTTTTTACACCATTATCACCTTCCTA-39 �44.0

Ten thymine bases are used as the spacer in each molecule, and the actual hybridizing segment is represented in bold letters. The melting temperatures

calculations are based on the lower DNA concentrations on bead surfaces (compared to substrate surfaces). Salt concentration is taken as 1 M sodium

chloride, according to the experimental conditions.
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Effects of degree of chain overlap
on bead detachment

The effect of the number of basepair matches on the adhesive

strength of DNA-coated microspheres is illustrated in Fig. 5.

In general, the detachment curves all have similar shape, but

the curves shift rightward to higher shear stresses with in-

creasing chain overlap. As illustrated in Fig. 5 B, in this

range of overlap lengths, the critical shear rate is linear with

the segment overlap length in this assay. This confirms that

the adhesion strength for these relatively short DNA

duplexes can be correlated with overlap length of hybridized

DNA chains, and that the adhesion strength can be used as a

metric of the length of chain overlap.

Effects of point mutation in hybridization
on bead detachment

The effect of point mutations on DNA-mediated adhesive

strength is illustrated in Fig. 6. Bead detachment is shown in

Fig. 6 A for perfectly complementary 20 basepair overlap

lengths (30a:30b) and for otherwise equivalent sequences

with a point mutation located at the seventh base in the b
strand (30a:30b(7)). As expected, the presence of the mu-

tation decreases the critical shear rate (adhesion strength)

compared to that of perfectly matched 30a:30b sequences.

Interestingly, it is shown that the adhesion strength for

30b(7) pairs is close to that of two perfectly complementary

DNA chains of 15 base overlap (Fig. 6 B). This result

indicates that the correctly matched 13 bases at the 59 end of

30b(7) is not the only contribution to hybridization, and that

six bases at the 39 end supplements the DNA-DNA binding.

Then, we altered the location of the mutated base. A point

mutation was introduced at either the 10th (30b(10)) or the
15th (30b(15)) base in the hybridization segment, respec-

tively. Our results shown in Fig. 6 C indicate the critical

TABLE 2 DNA sequences with one base mismatched when hybridize with 30a or 30c molecule

Name Sequence

Self melting

temperature (�C) (40)
Melting temperature

(39,47)(�C)

30b(7) 59-TTTTTTTTTTTGCCTTGTCTAATTTCCGTA-39 2.3 77.1

30b(10) 59-TTTTTTTTTTTGCCTTGTCTTATATCCGTA-39 �17.6 77.1

30b(15) 59-TTTTTTTTTTTGCCTAGTCTAATATCCGTA-39 �17.6 77.7

30d(7) 59-TTTTTTTTTTTAGGAAGGTGATATTGGTGT-39 �2.1 75.5

30d(10) 59-TTTTTTTTTTTAGGAAGGTGTTAATGGTGT-39 5.4 75.6

30d(15) 59-TTTTTTTTTTTAGGATGGTGATAATGGTGT-39 �2.2 76.1

The mutation point is represented with underlined italic letters. The numbers in parenthesis in sequence names represent the mutation sites counting from the

39 end. Melting temperatures are the ones when they hybridize with 30a (for 30b derivatives) or 30c (for 30d derivatives) molecules.

FIGURE 1 (A) Complementary DNA sequence 30a is immobilized on

bead surface while 30b is immobilized on the slide surface. The first 10

bases of thymine on each sequence next to the bead and substrate surfaces

function as spacers, and the overlapping hybridization segments parts are

represented in bold letters. (B) Schematic diagram of microspheres binding

to the slide surface mediated by DNA hybridization.

FIGURE 2 DNA site density as a function of sequence length on (A) glass

slide and (B) bead.
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shear rates for single-nucleotide polymorphisms (SNP)-con-

taining sequences is smaller than that of fully complementary

molecules if the defect is at the 15th base, but not if the defect

is at the 10th base. Since we showed previously that a SNP is

detectable if the defect is at the seventh base, this suggests

the some defects are detectable using this method, depending

on the location of the defect.

To determine if these results were an effect of sequence

chemistry, we measured the adhesion strengths mediated by

a different pair of perfectly complementary DNA (30c and

30d) strands, as well as with strands with SNPs. Single base

mismatches were introduced at the same positions—seventh,

10th, and 15th base—of 30d. Results in Fig. 6 D show a

significant difference in critical shear rates for all of these

locations of SNP-containing molecules, and confirm the bead

adhesion assay can selectively determine SNPs. Furthermore,

with 30c-30d strands, the force of adhesion is independent of

the location of the defect. These results show that although

SNPs can be detected, the effect of the SNP location depends

on chain chemistry.

DISCUSSION

In this article, we investigate microsphere adhesion mediated

by hybridization of oligonucleotide sequences. The micro-

sphere adhesion is highly specific. Quantitative measure-

ments show a majority of beads are adherent to the positive

sample regions, whereas almost no nonspecific binding to

FIGURE 3 Specific adhesion of microspheres to a glass slide mediated

by DNA hybridization. The microspheres are coated with 30a molecules,

and slide surfaces are coated with 30a (noncomplementary) and 30b
(complementary).

FIGURE 4 Effects of wall shear rate on bead adhesion mediated by DNA

hybridization in PBS hybridization buffers of varying ionic strength. The

beads are coated with 24a molecules, and slides are functionalized with 24b
sequences. There are 14 bases that overlap between the DNA pairs.

FIGURE 5 Bead adhesion mediated by molecules from a:b series. (A)
Effects of wall shear rates on bead adhesion mediated by DNA pairs with

different length of chain overlap. (B) Effects of degree of chain overlap on

critical shear rate. The critical shear rates are obtained from the curves in part

A, where ‘‘critical’’ refers to the shear rate that leads to a decrease in

adhesion of 50%.
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negative regions (Fig. 3). Hydrodynamic force is used to

select between well-bound and weakly bound beads. We are

exploiting an effect that the strength of DNA-DNA duplex

binding is a function of the length of chain overlap (1,4).

Higher shear rates produce stronger external forces on each

bead, which in turn are imparted on the DNA duplexes.

When the force is large enough, the weakest linkage con-

necting beads to the slide—in our case, DNA-DNA asso-

ciation—is broken and the beads are detached from the slide

and removed from the flow chamber. Fig. 4 shows that the

percentage of beads remaining adherent varies as a strong

function of shear rate. For each specific buffer and specific

type of DNA molecules, the ratio of bound beads to all

initially bound beads decreases sharply within a specific

shear rate range. This range is narrow enough to make us

believe that most of the beads are bound to the slide with

similar strength, and the critical shear rate is a sensitive

parameter to reflect the chemistry of the hybridization. An

explanation for the similarity in strength may be that during

detachment, forces are focused on a very small number of

identical bonds, and despite variations in the total number of

adhesion molecules on beads throughout the population,

detachment is an effect on a relatively small number of mol-

ecules (13). The critical shear rate increases with increasing

salt concentration, reflecting the well-known fact that melt-

ing temperature increases with increasing salt concentration,

since cations in salt neutralize the negative charges carried by

DNA backbone and weaken the repulsion between the DNA

chains, therefore increasing stability of the DNA double helix

formed between beads and slide (41).

Dissociation of a DNA duplex requires a breakage of hy-

drogen bonds between two chains, as well as an overcome of

the stacked base forces (7). Degrees of both forces depend

highly on the length of chains. In our study, beads are shown

to adhere to the slide surface with higher strength when their

adhesion is mediated by longer DNA molecules (Fig. 5).

Remarkably, the adhesion strength determined by this bead

assay increases linearly with the degree of chain overlap.

FIGURE 6 Effects of point mutation on bead adhesion strength. (A) Comparison of bead adhesion mediated by perfect hybridization (30a:30b) and
hybridization with the seventh base mismatched (30a:30b(7)). (B) Comparison of critical shear rates for adhesion mediated by hybridization with the seventh

base mismatched (labeled with the star) and perfectly matched hybridizations with different degrees of chain overlap (a:b series). (C) Comparison of selectivity

between bead adhesion assay and fluorescent hybridization assay (a:b series), which determines the density of matching chains. (D) Effects of location of point

mutation on critical shear rate. All the DNA pairs have 20 bases overlap, within which one base was mismatched. The mutation sites are counted from the

39 end of the molecules immobilized on slide surfaces.
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Although there are slight differences in chain density as a

function of chain length (owing to differences in adsorption

on the slide and bead surfaces (Fig. 2)), we conclude that the

length of the hybridized portion of the DNA molecules, not

the chain density, plays the dominant role in controlling ad-

hesion strength. It may be possible for us ultimately, with the

use of mechanochemical models (42), to deduce the strength

of single DNA duplexes from proper analysis of these de-

tachment experiments.

The equilibrium dissociation constant, KD, is defined as

the ratio of forward and reverse reaction rates, and deter-

mines how many ssDNA form duplex at steady state of the

hybridization reaction (43). In regular DNA microarray

experiments, KD is the only selective factor, since fluorescent

intensity depends solely on the amount of labeled molecules

remaining bound after washing. However, in our bead-

adhesion system, the dissociation force of individual DNA

duplex also plays an important role in adhesion strength: the

adhesion strength becomes larger if the individual bond is

stronger (11). Starting with a system where there are 20

overlapping bases when the system is perfectly matched

(30a:30b), we explored the effect of strategically placed

single-base mismatches at the seventh, 10th, and 15th loca-

tion on bead adhesion, and compared the results with those

from a regular fluorescent hybridization assay. As shown in

Fig. 6 C, regular microarray assay showed the same level of

fluorescent intensities for the perfectly complementary pairs

and those containing a mismatch (30a:30b(7), 30a:30b(10)),
whereas the bead adhesion strength decreased 31% and 7%,

respectively. This result suggests the location of the defect

affects the strength of adhesion. Given that the thermody-

namics (KD) of binding between 30a:30b(15) is very similar

to that of the other two defective pairs (30a:30b(7), 30a:
30b(10)) (44), the much weaker fluorescence for 30a:30b
(15) suggests the possibility of lower DNA coverage (36).

Therefore, it is reasonable for us to normalize adhesion

strength sample based on the density of chains. If we do so,

we derive that the adhesion strength decreases 26% because

of the single base mismatch on 15th base in b strand. There-

fore, defects at the seventh and 15th position lead to significant

decreases in adhesion strength, and an SNP is detectable using

this assay.

Interestingly, a defect at the seventh position shows the

adhesiveness of a perfectly matched 15 basepair sequence,

indicating some contributions from the segment on the 39
side of the defect in the b strand. We tested whether this

result was sequence dependent using another pair of per-

fectly complementary molecules (30c:30d) and their defec-

tive derivatives (30c:30d(7), 30c:30d(10), 30c:30d(15)).
Results shown in Fig. 6 D indicate that for all the derivatives

in c:d series, the bead adhesion strengths decrease ;20%

from that of perfectly complementary pairs (30c:30d). Fur-
thermore, based on the fact that these chains display similar

fluorescent intensities (therefore similar coverage density of

DNA duplex), we conclude that the difference in adhesion

strength results from the different dissociation force depend-

ing on the location of the defect in the DNA duplex.

Molecules containing single base mismatch are less stable

than perfectly complementary ones, and weaker force is

required to separate the two strands. This conclusion is in

agreement with results from single molecule experiments

(7). These results indicate that the effect of mismatch loca-

tion on bead adhesion strength/dissociation force is sequence-

dependent, which explains why conclusions from literature

regarding this point are inconsistent (7,45). The results from

30a:30b sequences, however, suggest that adhesion strength

is not solely determined by the thermodynamics of association

(since different locations of defects give the same KD yet

different adhesion strengths).

KD is predicted to have a very small value for most DNA

pairs in this article, based on computational algorithms or

reports from the literature (44), so it is reasonable to assume

that most of the molecules in the contact region will form

bonds (13). Further, we clarify that flow is only used after

the beads are fully bound. Therefore, even though buffer

flow may change the configuration and orientation of DNA

molecules in the system (46), this is expected to have a minor

effect on the results. By far the predominant result is the

effect of hydrodynamics on chain dissociation.

CONCLUSION

In this study, we develop a novel method to study the physics

of DNA binding in adhesive interface with hydrodynamic

flow, using adhesion of micron-sized beads. It is proved that

the beads bind to complementary samples on slide surface

with specificity. The adhesion strength can be correlated to

the salt concentration in hybridization buffer, degree of chain

overlap, and the defective basepair in hybridization. There-

fore, these experiments represent a specific and reproducible

means for studying the hybridization of multiple DNA chains,

and also hold the potential to detect the chemistry of un-

known DNA molecules. Forthcoming analysis using adhe-

sion dynamics simulation (13) will allow us to estimate the

bond number between each bead and slide surface, and there-

fore deduce molecular binding properties from comparison

to experiments.
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