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Abstract

Imaging flow cytometry was used to analyze the self assembly of DNA-conjugated polystyrene

microspheres. This technique enables quantitative analysis of the assembly process and thereby

enables detailed analysis of effect of structural and process variables on the yield of assembly. In a

demonstration of the potential of this technique, the influence of DNA strands base pair (bp)

length was examined and it was found that 50 bp was sufficient to efficiently drive the assembly

of microspheres, forming not only dimers but also chain-like structures. The effect of

stoichiometry on yield was also examined. The analysis demonstrated that self assembly of 50 bp

microspheres can be driven to near completion by stoichiometric excess in a manner similar to Le

Chatelier’s principle in common chemical equilibrium.
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DNA-directed self-assembly has attracted both scientific and technological interest. The use

of DNA as a “smart glue” in self-assembly imparts many advantages, including high

specificity1, thermal reversibility2, and modulation of assembly by factors such as

nucleases3, competitive displacement4, or photocrosslinking5. These advances are beginning

to herald applications in a variety of fields, spanning from disease diagnosis6 to

nanoelectronics7,8. Most intriguingly, studies of DNA-mediated colloidal crystallization9-11

have shown that there may be an intimate relationship between building block properties and

lattice parameters of the resultant self-assembled solids.

Unfortunately, it is often difficult to fully characterize the morphologies and the distribution

of morphologies that are created by DNA-directed assembly of particles, much less couple

the characteristics of individual particles to the yield and characteristics of larger aggregates.
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Many methods have been used to characterize and follow the progress of self-assembly,

including UV-visible spectroscopy9,12, optical and fluorescence microscopy2-4, electron

microscopy9,11-13, light scattering12,13, and X-ray diffraction10,11. However these tools are

largely used to characterize bulk properties, rather than study individual particles in what are

generally complex mixtures and distributions of assembly products and aggregates.

In this regard, flow cytometry14 is particularly well-suited to analyze the self-assembled

clusters of micronsized particles. Flow cytometry is a cell-biology technique that rapidly

measures the optical properties of individual cells. It gives statistically robust, quantitative

counting results by measuring the scattering and/or fluorescence intensity from thousands of

suspended particles as they pass one-by-one through an optical detector region. C. Soto et

al.15 have previously used flow cytometry to estimate the assembly yield of submicron

polystyrene particles. Recently, imaging flow cytometry16-18, a technique combining

conventional flow cytometry with high-speed microscopy, has become available. Traditional

cytometry gives intensity values for each particle as a function of wavelength, but imaging

flow cytometry provides these data together with a fluorescence micrograph of each particle.

Therefore, imaging flow cytometry analysis of DNA-guided microsphere assembly

generates a detailed report describing both the number and morphology of different types of

assemblies. These data enable an analysis of the details of the assembly distribution as a

function of changes in the substrate, DNA sequence, reaction conditions, etc. that provide

guidance for production of useful, large scale assemblies.

The DNA-conjugated particles in this study were prepared via coupling of carboxylate-

modified polystyrene (PS) microspheres and amine-modified DNAs using 1-ethyl-3-(3-

dimethylamino-propyl) carbodiimide (EDC). The DNA strands A and B (A’ and B’, A“ and

B”) are fully complementary, and their sequences are listed in Table 1. Fluorescent dyes

were used to label and follow the DNAs or PS microspheres. Figure 1 depicts the

construction of PS beads and their subsequent assembly in which the polyvalent presentation

of DNA on the PS microspheres generates a distribution of assemblies, including dimers,

trimers, and higher order aggregates.

Dual-color fluorescent labeling was employed so that different self-assembled microsphere

aggregates can be readily distinguished. Figure 2 shows a double fluorescence scatter plot

and fluorescent micrographs for an experiment in which 6μm-diameter PS beads conjugated

with the complementary DNA strands A and B were assembled. In the double fluorescence

scatter plot, the fluorescence intensities at two different wavelengths are plotted against each

other for each particle cluster. For example, the unbound A beads (blue color) reside near

the x-axis because they have a high Cy3 fluorescence intensity but almost zero Cy 5

intensity. Likewise, the B beads (yellow color) reside near the y-axis, and the A-B

assemblies reside in the middle of the plot. The A-B assemblies can be further resolved into

distinct sub-populations, including dimers (AB), trimers (A2B and AB2), and tetramers

(A2B2). The validity of assignment within the plot was confirmed by studying the

fluorescence micrographs in Figure 2(b). The yield of each type of aggregate was

established in this manner. In this experiment the assembly produced mainly dimers, with

few trimer and tetramer assemblies (171 AB, 6.7%; 12 A2B, 0.5%; 21 AB2, 0.8%; - A2B2,

0.2 %). We also notice a significant number of homodimers (126 AA, 4.9% and 179 BB,

7.0%), which may result from the formation of secondary structures (Supporting Figure S1,

Table S1).

It has been reported that DNA complementarity as short as 12bp is adequate to drive the

assembly of 1μm and 2μm beads19. While 18bp fully-complementary A and B strands can

drive the assembly of 6μm beads in a static fluorescence microscopy setup (Figure S2), the

18bp complement provides only a low assembly yield in flow cytometry. The majority of
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the assembly products fail to survive the shearing force in the flow environment. These data

provide important input to those who are designing large macroscopic structures that are to

be generated by DNA-mediated self assembly.

Imaging flow cytometry was used to investigate the effect of DNA length and melting point

on assembly yield; these data are summarized in Table 2. The melting point of the 25bp

DNA pair, A’-B’ is 17 degrees higher than that of the 18bp A-B pair. Increasing the melting

point increased the assembly yield from 8.4% to 59.5% (Figure S3). Interestingly, the 50bp

poly-adenosine and poly-thymidine DNA pairing, A“-B”, which has a melting point very

close to that of A’-B’, gave a nearly identical assembly yield (58.8%). The DNA melting

point seems to be an important factor that should be considered in the design of DNA-

guided self-assembly of microspheres.

As shown in Figure 3, the population of dimer pairs of the 50 bp microsphere, A“-B” beads

(58.8%) is more than twice that of the unbound population of A“ and B” beads (21.3% and

19.9%, respectively). Some higher order assemblies are observed including chains with

length ≥7 beads. Through examination of the fluorescent micrographs, flow cytometry

enables verification that these chains have a precise, alternating arrangement of the two

beads as can be seen in Figure 3b. It is important to report that as expected, mixture of beads

with non-complementary sequences show very little binding to one another (Table 2, Figure

S5). The fact that the majority of the high order assemblies generated in these experiments

are chain like rather than spherical morphologies may be the result of the shear fields

generated in the flow channels of the imaging flow cytometer21.

The stoichiometric ratio of A to B beads was controlled to be 1:1 in the experiments above.

We found that an excess of A (or B) can drive the assembly to near completion in a manner

similar to Le Chatelier’s principle. Figure 4 shows the change in assembly populations that

occurs when different ratios of 6μm A“ and B” beads were mixed. At an A“/B” ratio of 0.6,

the incorporation of B“ into assemblies was 54.9%, while at an A”/B“ ratio of 9.6, the

incorporation of B” increased to 98.1% (Table S2). Increasing the A“/B” ratio also has a

profound effect on the structure of the assembly. When the A“/B” ratio is close to 1, the

major population of assembly is A“B”n (Figure 4a, b). As the A“/B” ratio increases, the

population of A“2B”n and A“3B”n exceeds A“B”n (Figure 4c) and finally predominates

(Figure 4d, e).

The imaging flow cytometer was also used study to the effect variations in the assembly of

structures created by mixing beads of different sizes. As shown in Figure 5, when 6μm

A“ beads were mixed with 3μm B” beads in a ration of 1:10, a different aggregate structure

forms, with A“ beads binding to multiple B” beads. The average coordination number of

A“ beads bound to B” beads was 3.2. In contrast, when 6μm A“ and 6μm B” beads were

assembled in 1:1 ratio (Figure 3), the average coordination number was 1.0, but when they

were assembled in 9.6:1 ratio (Figure 4), the average coordination number was 2.3. The high

coordination number in Figure 5 is the result of both heterogeneous bead size and

stoichiometric excess.

The increased coordination number suggests that DNA-guided self assembly systems tend to

maximize the total number of DNA hybridization events, which is consistent with the

guidelines proposed by C. Mirkin et al. in nanoscale DNA-guided crystallization11.

Nevertheless, self assembly at the mesoscale (micron level) engenders more challenges.

Both gravity and flow-induced kinetic energy increase as the third power of particle size,

while the DNA hybridization energy scales with surface area, i.e., the second power of

particle size. Therefore, mesoscale DNA-guided self assembly requires stronger DNA

hybridization interactions.
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DNA-guided crystallization can enable new technologies such as self assembled photonic

crystals. In addition, the ability to synthesize and characterize library of particles with faces

that are substituted with varying DNA sequences provides access to another broad spectrum

of applications. For example, the porous nature of a microsphere assembly provides a path

to creation of new low-k dielectric materials for microelectronics22. Self-assembled

amorphous materials are also receiving a great deal of attention as battery electrodes23 and

hydrogen storage materials24. Although the DNA-coated PS microspheres described in this

study are isotropic and as such, do not yet impart orientational control, the recent advances

in Janus particle fabrication25,26 promise control of more complex mesoscale particle

assemblies in the near future. The rate of progress toward that end can be significantly

increased through use of imaging flow cytometry as an analytical tool.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Assembly scheme of polyvalent polystyrene (PS) microspheres using DNA. (a)

Complementary DNA strands (A and B) were conjugated onto PS microspheres. (b) The

polyvalent nature of these PS microspheres yields a mixture of aggregates, including dimer

(AB), trimer (A2B and AB2), tetramer (A2B2), etc. DNA strands were omitted for clarity.

Tang et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2013 September 19.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2.

(a) Imaging flow cytometry chart of 6μm-diameter PS beads assembly. The beads were

conjugated with DNA strands A (Cy3 fluorophore, blue color) and B (Cy5 fluorophore,

yellow color). The fluorescence intensities have been compensated to remove the coupling

due to spectral overlap and free DNA hybridization (Figure S4). (b) Representative

fluorescent micrographs of beads in each assigned region.
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Figure 3.

(a) Imaging flow cytometry chart of 6μm-diameter PS beads assembly. The DNA strands

were A“ (FAM fluorophore, blue color) and B” (Tye 665 fluorophore, yellow color). The

A“mB”n region extends beyond the upright corner, and only part of the region is shown here

for clarity. (b)
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Figure 4.

FAM fluorescence intensity histogram of assembly products from 6μm A“ and 6μm B”

beads. (a) A“/B”=0.6, (b) A“/B”=1.4, (c) A“/B”=2.9, (d) A“/B”=6.1, (e) A“/B”=9.6. f:

relative frequency. IA“: FAM fluorescence intensity. IA”0: average FAM fluorescence

intensity of A“ monomer. The ratio IA”/IA“0 roughly indicates the number of A” bead in a

certain bead assembly.
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Figure 5.

(a) Imaging flow cytometry chart of 6μm-diameter A“ beads and 3μm B” beads. The ratio

of B“ beads to A” beads is 10:1. The A“mB”n region extends beyond the upright corner, and

only part of the region is shown here for clarity. (b) Representative fluorescent micrographs

of beads in each assigned region.
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Table 1

DNA Sequences (5′→3′)
a

Name Sequence

A /5AmMC6/ ATACG CACAT GCCTG TTT /3Cy3Sp/

B
/5AmMC6/ AAACA GGCAT GTGCG TAT
/3Cy5Sp/

A’
/5AmMC6/ TATGC GTATG TATGC GTGCG

TGCGT
b

B’
/5AmMC6/ ACGCA CGCAC GCATA CATAC
GCATA

A” /56FAM/ (AAAAA AAAAA)5 /3AmMO/

B” /5TYE665/ (TTTTT TTTTT)5 /3AmMO/

C /56FAM/ TACAT GCAGT GCGTC TTT /3AmMO/
c

a
The functional groups and fluorescent labels are written in the sequence format of Integrated DNA Technologies. /5AmMC6/: 5′ end amine

modifier with C6 linker; /3Cy3Sp/: 3′ end Cy3 label; /3Cy5Sp/: 3′ end Cy5 label; /56FAM/: 5′ end 6-FAM label; /3AmMO/: 3′ end amine

modifier; /5TYE665/: 5′ end TYE 665 label.

b
DNA A’ and B’ do not have fluorescent labels. Instead, fluorescent dye fluorescein cadaverine or texas red cadaverine was conjugated to the

unreacted carboxylic acid groups on the PS microspheres after DNA conjugation.

c
Strand C is a mismatch sequence as a negative control.
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Table 2

DNA Length and Assembly Yield
a

Sequence Length (bp) mp (°C)
b

Yield (%)
c

A+B 18+18 41 8.4

A’+B’ 25+25 58 59.5

A”+B” 50+50 56 58.8

B”+C 50+18 NA 0.7

a
The diameter of microspheres was 6μm and their stoichiometry was 1:1.

b
DNA melting point was calculated using NUPACK online server20 at 10pM DNA concentration and 0.1M Na+ concentration.

c
Yield is defined as number of A-B assemblies divided by total number of particles. Let AmBn denote a bead assembly containing m bead A and n

bead B, then yield = (Number of AmBn)/(Number of AmBn+ Number of Am+ Number of Bn), where m, n≥1.
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