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We demonstrate that DNA oligonucleotides covalently coupled

to colloidal microgel can be manipulated by T4 DNA ligase for

DNA ligation and by Phi29 DNA polymerase for rolling circle

amplification (RCA). We also show that the long single-

stranded RCA product can generate intensive fluorescence

upon hybridization with complementary fluorescent DNA

probe. We believe DNA–microgel conjugates can be explored

for the development of DNA based bioassays and biosensors.

DNA not only serves as a carrier of genetic information in living

organisms but has also found important applications in many

areas such as disease diagnosis,1 gene therapy,2 biosensor,3 and

nanotechnology.4 In many cases, DNA is combined with suitable

polymers or solid supports to achieve its full potential. DNA

microarray (or gene chip) is one good example where DNA is

immobilized onto a solid support to facilitate simultaneous

analysis of all RNA transcripts in a given organism.5 Therefore,

surface immobilization of nucleic acids is one of the most

important criteria to consider for developing DNA based

bioassays or detection technology.

In recent years, latex colloidal particles with submicron size have

been shown to be suitable materials for the surface immobilization

of biomolecules such as proteins and DNA, through both physical

adsorption and covalent coupling.6 The large surface area, low

dispersity, and versatility of functional groups on the surface make

colloidalparticlesparticularlydesirable for thispurpose. Ithasbeen

shown that cationic latex particles conjugated to DNA oligonu-

cleotides can be used in the ELOSA (Enzyme Link Oligonucleotide

Sorbent Assay) technique to detect nucleic acids with increased

sensitivity.6,7 Amongthecolloidalparticles,poly(N-isopropylacryl-

amide) (poly(NIPAM)) microgels (MGs) are a class of cross-linked

colloidal particles possessing interesting physical properties of

swelling and shrinking under external stimuli such as temperature,

pH, salt concentration and solvents.8 Because of these attractive

properties, MGs have been extensively investigated for use in many

biomedical and industrial applications such as ink jet printing,

molecular separation, drug delivery and environmental clean-

up.6c,8,9 As an on-going effort of diversifying the application of

MGs and developing DNA-MG based bioassays, we set out to

investigate whether DNA-MG conjugates were compatible with

enzymatic reactions that are commonly used for manipulations of

DNA in the design of DNA based bioassays or biosensors.

We chose to examine two such enzymes: T4 DNA ligase and

Phi29 DNA polymerase. T4 DNA ligase is one of the most widely

used enzymes in molecular biology and biotechnology due to its

ability to join, in the presence of ATP, any 59-phosphorylated

DNA strand (called donor DNA) to the 39-hydroxyl group of a

second DNA strand (acceptor DNA) in the presence of a third

DNA strand (template DNA) that can align the acceptor DNA

next to the donor DNA via Watson–Crick duplex structure

formation (Fig. 1, step II).

Rolling circle amplification (RCA) is a simple and elegant

technique for the generation of long single stranded DNA

molecules with tandem repeats under isothermal conditions.10 In

RCA, Phi29 DNA polymerase can synthesize a large number

(hundreds or more) of tandem DNA repeats in the presence of a

short DNA primer, deoxyribonucleoside 59-triphosphates

(dNTPs) and circular DNA template (Fig. 1, step III). If the 59

end of the RCA primer is attached to a solid support, the long RCA

product will remain with the solid support which can be detected

either directly with the use of a fluorescently labeled or radiolabeled

dNTP during the RCA reaction or indirectly through the

hybridization of a fluorescently labeled complementary oligonu-

cleotide probe. RCA has been explored as a reliable strategy for

probe/signal amplification in DNA-based diagnosis.11 It has been

demonstrated that RCA can be successfully accomplished on solid

supports to perform multiplex DNA detection.12 Streptavidin

coated magnetic beads and gold nanoparticles have also been
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Fig. 1 Schematic illustration of DNA manipulations on MG examined

in this study. (I) Covalent coupling of DNA with MG by EDC/NHSS; (II)

DNA ligation; (III) RCA; (IV) Signal generation by hybridization with a

fluorescent DNA probe.
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explored for DNA amplification by RCA.12,13 However, DNA

manipulation on bare gold is difficult due to the instability of thiol

modified DNA on gold surface in presence of dithiothretol

(DTT).13 Without DTT the efficiency of the polymerase is

significantly lower.14 Furthermore, streptavidin modified nano-

particles are costly. Therefore, development of convenient method

for generating and processing signal enhancement by DNA

amplification on a suitable support is still highly demanded. To

thebestofourknowledge,however,RCAreactions (aswellasother

enzymatic DNA manipulations such as DNA ligation) on water-

soluble and stimuli-responsive MGs have never been reported.

Our investigative plan in this study is illustrated in Fig. 1, which

includes: (I) covalent coupling of a 59-amine modified DNA

oligonucleotide (denoted DNA1) to carboxylic groups of MG by

EDC (EDC: N-Ethyl-N9-(3-dimethylaminopropyl) carbodiimide)

and NHSS (NHSS: N-hydroxysulfosuccinimide), (II) ligating the

coupled DNA1 with a second DNA oligonucleotide (DNA2) in

the presence of T4 DNA ligase and a template oligonucleotide,

(III) RCA by Phi29 DNA polymerase, and (IV) hybridization with

a fluorescent DNA probe (DNA3).

We synthesized the carboxyl-containing MG following a

previously reported protocol for VAA-PNIPAM 3.38b to con-

jugate a 59-amine modified DNA1 (its sequence is given in Fig. 2A)

using EDC/NHSS. Some important physical properties of the

microgel have been depicted in the Electronic Supporting

Information (ESI, Table 1{). In order to confirm the covalent

conjugation, DNA1 was radiolabeled at the 39 end by primer

extension reaction (see ESI{). Two reactions were conducted to

confirm covalent conjugation and removal of the non-specifically

bound DNA from MG. In the control sample EDC/NHSS was

omitted, and in the test sample EDC/NHSS was added (the

detailed description of the coupling reaction is available in the

ESI{). After washing, both samples were subjected to 10%

denaturing PAGE. The gel image (Fig. 2B) shows that the control

sample did not produce any radioactive band in the gel (Fig. 2B,

lane 2) indicating complete removal of the non-specifically bound

DNA with MG. However, the test sample produced a radioactive

band on the top of the gel (Fig. 2B, lane 3). The gel image also

reveals that the MG–DNA conjugate did not migrate into the gel

(remained in the well) due to large particle sizes. Interestingly, the

swelling and shrinking properties of MG gave us a convenient way

for washing because slight heating caused the MG–DNA

conjugate to precipitate easily by simple centrifugation at room

temperature to isolate the conjugate. Importantly, the MG–DNA

conjugate can be re-dispersed easily after adding water and

agitating with a pipette tip followed by short vortexing. This result

proves that DNA does not retain inside the MG during shrinking,

indicating that the swelling and shrinking properties of MG did

not affect DNA.

The DNA ligation reaction with DNA–MG conjugate was

examined next. For this purpose, we coupled the non-radioactive

DNA1 to MG as described above. The second oligonucleotide

DNA2 (Fig. 2A) was first phosphorylated with c-32P-ATP and

PNK (T4 polynucleotide kinase) and ligated to MG–DNA1 in the

presence of DNA–T, (Fig. 2A) and T4 DNA ligase (see ESI{ for

experimental details). A control experiment was also conducted in

which T4 DNA ligase was absent. After washing, the two reaction

mixtures were analyzed by 10% denaturing PAGE. The control

sample (Fig. 2C, lane 2) did not produce any radioactive band

whereas the test sample generated a DNA band on the top of the

gel (Fig. 2C, lane 3). These results clearly revealed that T4 DNA

ligase was able to perform the ligation reaction with DNA on MG.

We next performed an RCA reaction on MG. We first

synthesized the same MG–DNA1 conjugate and ligated the non-

radioactive DNA2 to the conjugate following the same procedure

as described above. The circular template was then mixed with

MG–DNA1–DNA2 (see details in the ESI{). The RCA reaction

was initiated by the addition of dNTPs, followed by Phi29 DNA

polymerase. In order to analyze the RCA product, we added trace

amount of radioactive dGTP (a-32P-dGTP) in the reaction

mixture. Two control reactions were also carried out. The first

control was performed with DNA2 in solution mixed with MG

(designed to confirm that the non-specifically bound RCA product

on MG can be washed away), and the second control was done

with DNA2 but without MG (employed to compare the efficiency

of the free RCA reaction to that on MG). Upon analysis by 10%

denaturing PAGE, we found that the first control did not produce

any radioactive band (Fig. 2D, lane 2) indicating that non-

covalently bound DNA could indeed be removed from MG by

washing. The RCA product either in the solution or on the MG

produced similar DNA bands on the top of the gel (Fig. 2D, lanes

3 and 4). For further confirmation, a portion of the RCA product

from each sample of lane 3 and lane 4 was subjected to digestion

with Taq1 restriction enzyme that cleaves RCA products at the

TCGA site. PAGE analysis of these samples produced DNA

bands corresponding to monomer, dimer, trimer and so on (Fig. 3,

lanes 5 and 6) as previously reported.13 These results show that

Phi29 DNA polymerase was able to perform RCA smoothly on

MG.

Since DNA detection by fluorescence is a widely used method,

we investigated visualization of the RCA product by hybridization

with a fluorescently labelled oligonucleotide (DNA3, Fig. 3A). For

this purpose, three MG samples were prepared: (1) MG alone

(CS1 or control sample 1); (2) MG–DNA1–RCA-M (CS2) in

Fig. 2 (A) The sequences of DNA oligonucletides used for DNA ligation

and RCA. (B) PAGE analysis of the coupling product. Lane 1,

radiolabeled DNA1 only; 2, DNA1 and MG without EDC/NHSS; 3,

DNA1 and MG with EDC/NHSS. (C) PAGE analysis of the ligation

mixture. Lane 1, radiolabeled DNA2 only; 2, DNA2 and MG–DNA1

(nonradioactive) without T4 DNA ligase; 3, DNA2 and MG–DNA1 with

T4 DNA ligase. (D) PAGE analysis of the RCA product. Lane 1, DNA

markers; 2, RCA with MG and uncoupled DNA2; 3, RCA in solution; 4,

RCA with MG–DNA1–DNA2; 5, the RCA product of lane 4 digested by

Taq1; 6, the RCA product of lane 3 digested by Taq1.

4460 | Chem. Commun., 2007, 4459–4461 This journal is � The Royal Society of Chemistry 2007



which an oligonucleotide denoted ‘‘RCA-M’’ representing the

monomeric RCA unit (see Fig. 3A for its sequence) was ligated to

MG–DNA1; (3) MG–DNA1–DNA2–RCA-P (TS or test sample)

in which DNA2 was ligated to MG–DNA1, which was

subsequently subjected to the RCA reaction as described earlier.

It should be noted that equal amounts of MG–DNA1 were ligated

with equivalent RCA-M and DNA2 individually, and therefore, it

is reasonable to assume that the same amount of RCA-M and

DNA2 was loaded on MG.

Fig. 3B shows the results from agarose gel electrophoresis of

CS1, CS2 and TS upon hybridization with DNA3. As expected,

CS1 did not have the ability to retain DNA (lane 2). When CS2

(which contained y0.5 pmol of RCA-M) was incubated with 2, 4,

6 and 8 pmol of DNA3, a weakly fluorescent band was observed

on the top of the gel (Fig. 3C, lanes 3 to 6, respectively); however,

the band intensity did not increase with the increase of DNA3

concentration (comparing the intensities of the top DNA band in

lanes 3–6). In contrast, when TS was incubated with increasing

amounts of DNA3 (Lanes 7–9, 2–8 pmol), more intensive top

DNA bands were observed. Comparing the intensity distribution

of the fluorescent bands in lane 6 and lane 10, we estimated that

ca. 15-fold fluorescence enhancement was produced by TS over

CS2. We further analyzed the MG samples of lanes 2, 6 and 10 by

confocal fluorescent microscopy after washing away unhybridized

DNA3, and the images obtained are depicted in Fig. 3C as I, II

and III. The imaging results are consistent with the findings from

the agarose gel analysis, confirming the high DNA loading

capability of the MG containing the RCA product.

In conclusion we have demonstrated that DNA oligonucleotides

can be covalently coupled to microgels and that DNA molecules

on microgels can still be manipulated by DNA-processing enzymes

such as T4 DNA ligase and phi29 DNA polymerase. We believe

that these findings will lay a solid foundation for the development

of DNA–microgel based bioassays with high chemical stability,

reduced cost, and unique signal amplification capability.
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Fig. 3 (A) The sequences of concerned DNA molecules. RCA-P, the

RCA product, where n is the number of tandem repeating units; RCA-M,

RCA monomer; DNA3, the fluorescent probe for hybridization with the

RCA product. (B) A 0.6% agarose gel image of the RCA product. Lane 1,

2 pmol of DNA3 only; lane 2, 2 pmol of DNA3 mixed with MG; lane 3 to

6, MG-monomer with increasing amount of DNA3 (from 2 pmol to

8 pmol with 2 pmol interval); lane 7 to 10, MG-RCA-P with increasing

amount of DNA3 (from 2 pmol to 8 pmol with 2 pmol interval). (C)

Fluorescent images. I, II, III show the confocal microscopic images of the

MG/DNA samples used for lanes 2, 6 and 10, respectively (after washing).
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