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ABSTRACT:

Graft copolymers consisting of poly(N-isopropylacrylamide) and single-stranded DNA were found

to form DNA-carrying nanoparticles above physiological temperature. Aggregation of the nanoparticles was induced
at relatively high salt concentration by the hybridization of surface-anchored DNA with full-match complementary
DNA. In contrast, single-base mismatches at the distal end stabilized the colloidal dispersion so that the dispersion

remained transparent. The phenomenon is applicable to SNP typing. [doi:10.1295/polymj.PJ2006107]
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Colloidal particles carrying single-stranded DNA
are useful in the field of molecular biology.' Most par-
ticles are latex-based and can be used for the se-
quence-specific separation of DNA or RNA as well
as DNA detection. Recently, DNA-carrying gold
nanoparticles were reported to form particle assem-
blies spontaneously through the hybridization with
complementary DNA.2 This is important not only
for a material construction but also for a colorimetric
DNA detection. DNA-carrying colloidal particles re-
ported so far were commonly prepared by a two-step
procedure, i.e., plain colloidal particle preparation fol-
lowed by DNA immobilization to particles. However,
it is not easy to connect single-stranded DNA chains
on the surface of particles in a controlled, efficient,
and reproducible manner. Especially the preparation
of densely modified particles is rather difficult.

The preparation of colloidal particles with a core-
shell structure through the self-organization of amphi-
philic copolymers have received much attention.® In
this method, particles are prepared by solvent ex-
change from nonselective solvent to selective solvent.
Amphiphilic block and graft copolymers containing a
hydrophilic segment and hydrophobic one have been
studied for their ability to form a stable aqueous dis-
persion of the self-assemblies. However, the method
needs a certain common solvent in which both parts
of the copolymer are soluble. This is a problem when
preparing DNA-carrying particles, since DNA is solu-
ble only in water but not in any non-aqueous solvents
which are good for the hydrophobic part of the co-
polymer.

Recently, an alternative preparation method to aque-
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ous colloidal particles has been reported using a tem-
perature-responsive polymer, poly(N-isopropylacryl-
amide).* Poly(N-isopropylacrylamide) (PNIPAAm) is
a water-soluble polymer that shows a reversible tem-
perature-induced phase transition.’ The temperature
at which this transition occurs is called the lower crit-
ical solution temperature (LCST). Below LCST, the
polymer chain is hydrated and adopts an extended coil
conformation, while above the LCST, the polymer is
dehydrated to give a globular conformation, resulting
in intermolecular aggregates. It has been reported that
PNIPAAm-containing block® and graft’ copolymers
form colloidal nanoparticles through the coil-globule
transition of PNIPAAm segments. These particles
have structures of a dehydrated PNIPAAm core sur-
rounded by hydrophilic polymer segments so that the
particles stably disperse in aqueous media. Since
PNIPAAm is soluble in water below LCST, its copoly-
mer can be prepared totally in aqueous system. This is
especially important when the other segment is a bio-
logical macromolecule such as proteins and DNA.
Another interesting feature of PNIPAAm is that co-
polymerization with different functional monomers
may result in change of LCST. In general, the incor-
poration of hydrophobic comonomers leads to a lower
LCST and hydrophilic comonomers to a higher LCST.
The introduction of charge also affects the LCST.
These unique features have been utilized for the
intelligent switch of stimuli-responsive systems.
PNIPAAm functionalized with crown ether moieties
was reported to have the cation-dependent LCST.®
The polymer has been used as an ion-gating swich
of a polymer membrane.” The flux of aqueous ionic
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Scheme 1. Chemical structure of poly(N-isopropylacrylamide)-grafi-DNA (1).

solutions through the membrane was dependent spe-
cifically on cation species. A glucose-responsive
polymer was developed from PNIPAAm containing
phenylboronate functions which form reversible cova-
lent complexes with glucose.'” The covalent binding
of glucose raised the LCST by 5 °C at around physio-
logical pH.

The above two features of PNIPAAm may be used
for the preparation of nanoparticles whose aggrega-
tion state changes in response to an external stimulus.
Such intelligent colloidal systems are very promising
as a carrier for drug delivery systems, since the
change of the colloidal assembly may result in the re-
lease of encapsuled drugs. This may also be useful for
analytical or diagnostic systems with an amplification
function when some reporter molecules such as fluo-
rescent dye are embedded in the colloidal particles.
However, in previously reported PNIPAAm-based
systems, molecular recognition functions are limited
to those with simple structures.

As a more sophisticated functionality, we have
chosen single-stranded DNA since it is a hydrophilic
macromolecule due to its anionic phosphodiester
backbone and forms double-helix exclusively with
its complementary DNA. LCST of PNIPAAm having
DNA branches can be modified when the branches
form double helix, because the molecular conforma-
tion and ionic property should be different between
single strand and double helix. If this is the case, the
PNIPAAm-DNA copolymer should be applicable to
the detection of the specific DNA.

This paper describes a one-step preparation of
DNA-carrying colloidal nanoparticle through the
self-organization of the copolymer (1, Scheme 1).!!
1 is composed of PNIPAAm main chain and DNA
graft chains, so that it forms above LCST a colloidal
particle with PNIPAAm core surrounded by hy-
drophilic DNA. LCST did not change significantly
upon DNA hybridization. However, the nanoparticles
showed aggregation spontaneously upon hybridization
with complementary DNA above LCST (ca. 37°C)
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and at certain salt concentration (typically, 0.5M
NaCl)."> The process was observed as turbidity
increase of the dispersion, suggesting that the nano-
particle system would be applicable to turbidimetric
detection of DNA. This differs from the crosslink-
ing aggregation of DNA-functionalized nanoparticles
induced by complementary DNA.'%?* The present
aggregation takes place only with the exactly-matched
DNA in terms not only of sequence but length to give
duplex having blunt end. Although the aggregation
seems due to the stability decrease of the colloidal
dispersion induced by the hybridization, i.e., double-
helix formation on the nanoparticle surface, the mech-
anism still remains unclarified.'> This paper presents
unpublished results in the early stage of our study
and describes the specific aggregation behavior of
DNA-carrying colloidal nanoparticles.

DNA-CARRYING NANOPARTICLES

As of PNIPAAm having DNA branches, 1a was
prepared by copolymerization between N-isopropyl-
acrylamide (NIPAAm) and DNA macromonomer.
DNA macromonomer was synthesized by coupling
reaction between methacryloyloxysuccinimide and
amino-linked dTj;, having aminohexyl linker at its
5'-terminus, as reported previously.'* Polymerization
was carried out at 25°C for 1h using ammonium
persulfate and N,N,N',N'-tetramethylethylenediamine.

Figure 1 shows temperature dependence of %-
transmittance at 500nm of aqueous solution of la
(0.1 mg/mL in 500 mM NaCl). Subtle change in trans-
mittance was observed at 36 °C, which agrees with the
fact that the endothermic peak was observed at 37 °C
in DSC measurement. However the solution was still
transparent at and over that temperature. Dynamic
light scattering measurement of the solution at 40 °C
suggested the formation of nanoparticles having the
hydrodynamic radius (Ry) of 25nm. M,, of the col-
loidal particles was determined by static light scatter-
ing measurement to be 8.6 x 10°. My, of 1a was 2.6 x
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Figure 1. Temperature dependence of transmittance at 500
nm of aqueous solution of la in 500 mM NaCl/10 mM Tris—
HCI (pH 7.4) in the absence or presence of the complementary
DNA (dA);). Copolymer concentration was 0.1 mg/mL.

10° and the mole fraction of dT, macromonomer unit
in 1la was 0.36 mol % so that la contained ca. 7
branches from dTj,. The nanoparticle may thus con-
sist of ca. 30 molecules of 1a and each particle may
have ca. 200 chains of dTj, on it, assuming that all
DNA branches are located on the surface.

Since our primary interest was whether LCST of 1
changes upon hybridization with the complemantary
DNA to form double-helical branches in the graft
copolymer, we added dA, to a solution of 1a. LCST
did not change substantially. However, the solution
became turbid at around 36 °C as shown in Figure 1.
A plausible and simple explanation for the aggrega-
tion may be complementary adenine-thymine hydro-
gen bondings. Such multiple interactions should result
in crosslinking of nanoparticles by dAj; strands. To
examine this hypothesis, we studied the effects of
chain length of oligo(dA) on aggregation. Figure 2
shows a time-course of %-transmittance at 500 nm
of aqueous solution of 1a at 40°C after the addition
of dA oligomers. With the addition of dAj,, the solu-
tion became turbid rapidly within a few minutes.
However, no transmittance change was observed with
the addition of dA;g or dAy4. These are longer than
dAj> so that the crosslinking could have formed
more effectively. Aggregation in the presence of
dA|, did not seem due to crosslinking but a different
mechanism.

SALT-DEPENDENT AGGREGATION

In general, a colloidal dispersion in which nanopar-
ticles are stabilized by electrostatic repulsion makes
aggregate at a relatively high salt concentration. We
studied the stability of the DNA-carrying nanoparti-
cles when changing the concentration of salt (NaCl).
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Figure 2. Time course of transmittance at 500 nm of the nano-
particle dispersion from 1la after the addition of target DNA
(dAjz, dAjg or dAy) at 40°C in 500 mM NaCl/10 mM Tris—
HCI (pH 7.4). Copolymer concentration was 0.1 mg/mL.
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Figure 3. Transmittance at 500 nm of the nanoparticle disper-
sion prepared from 1b at 40°C as a function of NaCl concentra-
tion in the absence or presence of the complementary DNA (I).
Copolymer concentration was 0.1 mg/mL.

Figure 3 shows the %-transmittance of the nanoparti-
cle dispersion at 500 nm after mixing with NaCl solu-
tion. The graft copolymer in this experiment has the
structure of 1b. My, of 1b was 4.0 x 10° and the mole
fraction of DNA macromonomer unit was 0.35 mol %,
indicating that 1b contains ca. 10 DNA molecules. To
form the core-shell colloidal particle from 1b, the
temperature of the solution was raised to 40°C. M,,
and Ry of the colloidal particles were determined to
be 8.7 x 10° and 23 nm, respectively. Thus the parti-
cle has ca. 240 DNA chains on its surface. Figure 3
clearly indicates that the suspension of DNA-carrying
nanoparticles prepared from the copolymer 1b is
extremely stable even in at high salt concentration
of 1.3M NaCl.

The stability of the colloidal particles was also
examined in the presence of complementary DNA
(sequence I in Table I). As shown in Figure 3, the
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Table I. Sequences of DNA examined and melting
temperatures of their duplex (7},)*

Code Sequence (3" — 5') Tn/°C Note
1 CGGTGGTCG 54.3
11 CGGTAGTCG 29.1
Im CGGTGGTCGA 581
IV. CGGTGGTCA 49.6
\'% CGGTGGTCT 45.8
VI CGGTGGTCC 46.2

complementary
inside mismatch
terminal addition
terminal mismatch
terminal mismatch
terminal mismatch

x: Melting temperatures of duplex between each DNA
(I-VI) and 5'-GCCACCAGC-3’ in 1.0M NaCl/10 mM Tris—HCI
buffer (pH 7.4). The duplex DNA concentration was 3 uM in
strand. Heating rate was 0.5 °C/min.

transimittance of the particle dispersion in the pres-
ence of I decreased steeply at 400 mM of NaCl. As
seen in Figure 4a, no change was observed in the pres-
ence of II, a one-base mismatched sequence. This
means that DNA-carrying nanoparticles recognize
the exactly-matched DNA exclusively and report it
with turbidity change. The instability of colloidal
particles in the presence of I should be ascribed to
the fully-matched double helical structure formed by
the selective hybridization of I with the surface
DNA, since the sequence should not make crosslink-
ing between nanoparticles.

To confirm this, we investigated the temperature ef-
fects on the particle aggregate formed in the presence
of I. As the temperature increased, the transmittance
of the dispersion increased steeply in the narrow tem-
perature range around 48 °C as shown in Figure 5b.
The temperature range of this redispersion process
was included in that of the dissociation of free duplex
DNA (ca. 40-60°C as shown in Figure 5a and thus,
the redispersion can be attributed to the dissociation
of DNA duplex into single strand on the particle sur-
face. These results strongly suggest that the stability
of colloidal particle decreases drastically when the
particle surface is covered with double helical DNA
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in spite of its increased number of anionic charges.

Although the mechanism is not fully understood,
we suppose that conformational transition of the sur-
face DNA plays an essential role. Formation of the
double helix makes the conformation tighter and stiff-
er. This transition may reduce the repulsive interac-
tion between nanoparticles as follows; (1) electrostatic
repulsion may be decreased by the screening effect,
because the tight conformation condenses anionic
charge due to DNA phosphate and raises the binding
constant with counter cations, and (2) steric repulsion
may be reduced, because the stiffening of the DNA
lowers the entropic effect. If this is the case, we
may understand the results in Figure 2, where dAj;
made the colloidal dispersion from 1a unstable to give
aggregation, whereas dA;g and dA,4 did not. In the
case of dAjg and dAy4, protruding single stranded
region should remain on the particle surface even after
double helix formation with surface-anchored dT,,
stabilizing the colloidal dispersion.

The question arises as to how many nucleotide units
are needed as a protruding single strand to stabilize
the colloidal dispersion from 1. The answer is one
nucleotide addition being enough to stabilize the col-
loidal system as seen in Figure 4a (for sequence III in
Table I). The presence of DNA III, which has one
additional unit of dA at the 5 terminus of I, did not
affect the transmittance at all at 0.3-1.3M NaClL
T values in Table I suggest that III should form a
much more stable duplex with the surface-anchored
DNA than I. This is in contrast with case II in the
same Figure 4a, where most surface-anchored DNA
chains should remain in their single-stranded form to
stabilize the particle dispersion as described above.

TERMINAL MISMATCH SENSITIVITY

Even one nucleotide protruding was not necessary
for the colloidal stability. Figure 4b shows the effects
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Figure 4. Transmittance at 500 nm of the nanoparticle dispersion prepared from 1b at 40 °C as a function of NaCl concentration in the

presence of DNA I-VI. Copolymer concentration was 0.1 mg/mL.

1102

Polym. J., Vol. 38, No. 11, 2006



Sequence-Specific Aggregation of DNA-Carrying Nanoparticles

0.58 ——— 1T
0.56 a) A"
0.54 -

0.52 \
0.5
0.48

Absorbance (at 260nm)

/

100
920
80
70
60
50

40 Lo v o by by by b
20 30 40 50 60

hw i

N

Transmittance (at 500nm)

9
(=]

Temperature / °C

Figure 5. a) Melting curves for duplex between DNA T or III
and 5'-GCCACCAGC-3’ in 500 mM NaCl/10 mM Tris—HCI buffer
(pH 7.4). Free duplex DNA concentration was 3uM in strand.
Heating rate was 0.5°C/min. b) Temperature dependence of
the transmittance at 500 nm of the nanoparticle dispersion from
1b in the presence of I or III. Copolymer concentration was
0.1 mg/mL.

of the 5'-terminally mismatched DNA (IV, V, and VI
in Table I) present in the aqueous dispersion of nano-
particles from 1b at 40 °C. The mismatch of the added
DNA at 5’ terminus resulted in totally stable transpar-
ent dispersion. This clearly indicates that nanoparti-
cles make response exclusively with the fully-match-
ed DNA (I). Nanoparticles are thus promising for
the single nucleotide polymorphisms (SNP) sensing.
This finding is confirmed in Figure 5b, where DNA
IV is shown to give a transparent suspension at
40°C. DNA 1V is suggested from the melting profile
(Figure 5a) to form a duplex with the surface-anch-
ored probe DNA at 40 °C to a similar degree of duplex
formation for DNA I at around 45 °C, where DNA 1
makes the system turbid as seen from Figure 5b.
The stability of present colloidal system depends on
the terminal structure of surface-anchored duplex but
not on the degree of hybridization. The 5’ terminus
means the distal end of surface DNA which should
affect the colloidal stability of nanoparticles.
Terminal-mismatch sensitivity was also seen in
DNA-modified gold nanoparticles. In the case of gold
nanoparticles, a similar salt-dependent aggregation
experiments can be conducted at 25 °C and be detect-
ed by clear colorimetric change from red to purple.'?
Full match DNA only turned the clear suspension to
purple. The system was applied to the products from
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the single-base primer extension reaction for SNP
typing.'® Optimization of gold particle diameter was
carried out at 15-50 nm.'” Surface plasmon resonance
imaging has been applied to highly sensitive detection
of DNA-modified gold nanoparticles because the
aggregate formed in the presence of the full-match
DNA target was found deposited on the substrate
surface like poly(dimethylsiloxane) (PDMS).!8 SNP
sensing was demonstrated on a PDMS microchip
device using this terminal-sensitive aggregation phe-
nomenon.

CONCLUSION

Aggregation of nanoparticles has been applied to
analytical methods of various substances including
DNA, antibodies, lectins, and metal ions. Most meth-
ods are based on crosslinking of particles by affinity
binding between ligand and substrate, one of which
is immobilized on the particle and the other is an
analyte to crosslink the particles. Our system does
not rely on crosslinking but stability change of col-
loidal dispersion. Our new finding should be applica-
ble to sensitive and reliable DNA sensing systems.
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