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1. Introduction

The detection of specific single-stranded DNA sequences by
hybridization with the corresponding complementary DNA
probe is of fundamental importance in medical sciences, envi-
ronmental sciences, etc. Hybridization can be detected using
either surface sensors, for example, DNA chips, or solution-
based sensors. The later can be directly used in biological sys-
tems with very high efficiencies, especially when supported in
particles of nanometer dimension. Fluorescence has been
widely used in DNA hybridization detection due to its sensitivi-
ty and selectivity. In this work, we use “smart” polymer nano-
particles to support and immobilize fluorescently labeled DNA
test sequences for hybridization with the complementary DNA
probe labeled with an appropriate Fçrster resonance energy
transfer (FRET) dye. “Smart” polymer materials show a sharp re-
sponse to slight changes in their environment, such as pH,
ionic strength, electromagnetic radiation, electric field, specific
ions or solvents, etc. The study and application of these mate-
rials at the nanoscale have been increasing in areas such as
drug delivery, biosensors, biocatalysts, thermoresponsive surfa-
ces, chemical valves, biomimetic actuators, immunoassays, bio-
separation.[1–6] One of the most representative examples of
stimuli-responsive polymers is poly(N-isopropylacrylamide)
(PNIPAM), a thermoresponsive polymer with a volume phase
transition temperature in water (TVPT) of about 30 8C. Below the
TVPT, PNIPAM is hydrophilic and its chains are expanded due to
hydrogen bonding with water. At temperatures above TVPT, the
enthalpic contribution due to hydrogen bonding between
water and PNIPAM is lost and the increase in entropy associat-
ed with water expulsion prevails. The polymer becomes hydro-
phobic and collapses to a globular conformation.[1, 3, 5, 7, 8]

We have prepared core–shell polymer nanoparticles with a
glassy poly(methyl methacrylate) (PMMA) core and a cross-
linked thermoresponsive shell of PNIPAM and aminoethyl

methacrylate hydrochloride (AEMH).[9] The positively charged
co-monomer is used to increase the absorption of the nega-
tively charged DNA strands. Our objective is to use these parti-
cles as a support for the detection of DNA hybridization using
FRET between complementary DNA sequences, each labeled
with either rhodamine X at the 3’ end (ROX, energy donor) or
malachite green at the 5’ end (MG, energy acceptor)
(Figure 1).[10–13] As a test DNA strand we use a sequence
chosen from the F5 gene, specifically containing the 1691G-A
mutation, associated with the presence of the Leiden V factor,
which leads to a fivefold increase in the risk of developing
blood clots (thrombosis).[14–16]

The efficiency of FRET, FET, depends strongly on the distance
r between the donor and acceptor dyes [Eq. (1)]:[10]

FET ¼
1

1þ r=R0

� �6 ð1Þ

where R0 is the Fçrster critical radius, corresponding to the dis-
tance at which the transfer probability is 50 %. The value of R0

for the ROX/MG pair has been determined as R0 = 6.8 nm.[17]

The hybridization between two fluorescently labeled comple-
mentary DNA strands approximates the dyes, increasing the ef-
ficiency of energy transfer and therefore decreasing the emis-
sion of the donor dye. If the dyes are in very close proximity
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We achieve very high hybridization efficiencies by using a new
method to immobilize DNA strands on the surface of thermo-
responsive polymer nanoparticles. Hybridization efficiencies of
about 70 % are obtained between the DNA immobilized in the
particles and a complementary strand in solution, even at very
low ionic strengths (1 mm). The polymer nanoparticles have a
glassy poly(methylmethacrylate) (PMMA) core and a thermo-
responsive shell of poly(N-isopropylacrylamide) (PNIPAM) con-
taining positive charges. After a DNA strand labeled with a

fluorescence probe is loaded onto the particles at room tem-
perature, the temperature is increased above the volume
phase transition temperature of the PNIPAM shell,
TVPT �28 8C. The collapse of the particle shell immobilizes the
DNA while maintaining its availability for hybridization with a
complementary strand. Fçrster resonance energy transfer
(FRET) is used to detect the hybridization with a complementa-
ry DNA strand labeled with a FRET acceptor probe.
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(r ! R0), the transfer efficiency is very high (FET�1) and there
is no detectable emission from the donor. Experimentally, we
use the fluorescence spectra of the donor dye to calculate the
steady-state energy transfer efficiency [Eq. (2)]:

Fstat
ET ¼ 1� I

I0
ð2Þ

with I0 and I representing the fluorescence intensity of the
sample containing ROX-labeled DNA, before and after the ad-
dition of the MG-labeled DNA. The hybridization efficiency,
which represents the fraction of DNA strands involved in hy-
bridization, can be approximately calculated as fH ¼ Fstat

ET . The
energy transfer efficiency can also be obtained from the time-
resolved donor fluorescence decay curves [Eq. (3)]:

Fdyn
ET ¼ 1�

R
t

ID tð Þdt
R
t

I0
D tð Þdt

ð3Þ

where I0
D tð Þ and ID tð Þ represent the fluorescence decay curves

of the donor alone and in the presence of the acceptor.[12] In
this case, we measure only the amount of dyes that are suffi-
ciently close for FRET to occur, but not in contact (r ! R0) be-
cause in this case, donor emission is not detected. Therefore,
Fdyn

ET measures the fraction of DNA that hybridizes with the la-
beled chain-ends kept apart. We note that the decays obtained
for ROX-labeled DNA strands containing guanine could only be
fitted by a sum of exponential functions because guanine is a
ROX fluorescence quencher.[18–24]

Previous results shown that the polarity of the PNIPAM shell
[probed by fluorescence using dT25-Rox (Figure 1)] is practical-
ly identical to the polarity of water at temperatures below the
TVPT, but decreases sharply above TVPT because the shell dehy-

drates.[25] The variation in shell properties strongly influences
the distribution and dynamics of DNA adsorbed onto the shell
of the nanoparticles at a temperature below TVPT. Fluorescence
anisotropy measurements showed that the adsorbed DNA suf-
fers a strong decrease in mobility above the TVPT, reflecting the
collapse of the PNIPAM chains above this temperature.[26] The
distribution of DNA strands adsorbed onto the nanoparticle’s
thermoresponsive shell was obtained by analyzing the kinetics
of FRET with a model for energy transfer in restricted do-
mains.[17] Below TVPT the PNIPAM shell is expanded and com-
pletely hydrated, and the radial density distributions of the ad-
sorbed DNA becomes broader as its concentration is increased,
indicating that the DNA adsorb preferentially near the particle
core. The increase in DNA concentration in the shell does not
result in a significant change of the particle size as shown by
dynamic light scattering. When the particles containing ad-
sorbed DNA are heated above the TVPT of PNIPAM, the obtained
DNA distribution was much broader than the PNIPAM shell. At
40 8C, the thickness of the DNA distribution (14.7�0.8 nm) is
significantly larger than the particle shell, indicating that the
DNA strands (approximately 8 nm in length) are anchored in
the collapsed shell but protruding into the water, most proba-
bly perpendicular to the particle surface.[17] Herein, we want to
take advantage of this particular positioning of the DNA
strands anchored on the collapsed PNIPAM shell to detect the
hybridization with a complementary DNA strand present in the
water phase. The general experimental procedure is shown in
the cartoon of Figure 2. First we incubate the nanoparticles
with the donor-labeled DNA strand at 20 8C. After raising the
temperature to 40 8C, the fluorescence intensity is measured,
and we add the acceptor-labeled complementary DNA strand

Figure 1. Structure of the DNA strands used in the hybridization experi-
ments. The DNA strands are labelled with either rhodamine X (ROX) or mala-
chite green (MG). The nucleotide sequences are Gene-MG (MG - 5’ G AGA
GAC ATC ACC TCT GGG CTA ATA 3’) ; the complementary cGene-ROX (5’ TAT
TAG CCC AGA GGT GAT GTC TCT C 3’ - ROX); the non-complementary dT25-
MG (MG - 5’ T25 3’) ; and dT25-ROX (ROX - 5’ T25 3’). The mutated nucleotides
are shown in bold.

Figure 2. Cartoon of the experimental procedure used for the hybridization
experiments. The donor-labeled DNA strands (represented by chains with
red dots) are adsorbed in the nanoparticles at 20 8C, then the temperature is
raised to 40 8C and the acceptor-labeled complementary DNA strand (chains
with green dots) is added. The hybridization is detected by FRET.
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to the dispersion (still at 40 8C), measuring the fluorescence
again.

The position of the DNA strands—relative to the surface—is
an important issue because it strongly influences the hybridiza-
tion efficiency. This and other factors, such as steric hindrance
and electrostatic interactions between too closely packed
strands, can explain why in DNA microarrays only 10–20 % of
the immobilized probes are involved in hybridization reac-
tions.[27–30] To optimize the hybridization efficiency and specific-
ity in these devices, it is common to use high ionic strengths,
mixtures of several solvents (water, formamide, dimethyl sulf-
oxide), and large quantities of complementary DNA
strands.[27–30]

2. Results and Discussion

The hydrodynamic diameter of the glassy PMMA core, 1core =

129 nm, was measured by dynamic light scattering (DLS), both
for samples obtained during the synthesis of the core–shell
nanoparticles and for samples used in the kinetic studies of
core growth (Supporting Information). Because the particle
shell is mainly constituted by PNIPAM, its volume decreases
abruptly at ca. 28 8C (Figure 3). This corresponds to the volume

phase transition temperature (TVPT) of the particle, close to the
TVPT of PNIPAM in water, 32 8C.[2–5, 7, 8] In the temperature interval
from 12 to 40 8C, the particle hydrodynamic diameter decreas-
es from ca. 240 nm to 150 nm, that is, the shell collapses to ca.
10 % of its initial value. The DLS data also shows that the size
distribution of the nanoparticles is very narrow for all tempera-
tures, with a polydispersity lower than 0.05, calculated from
the ratio of the second comulant to the square of the first co-
mulant.[31, 32]

TEM images of the nanoparticles (Figure 4 A) show that
these are very monodisperse with a dry diameter of 129�
4 nm (Figure 4 B), which coincides with the core diameter ob-
tained by DLS (in the TEM images the particles are dried and
the shell is completely collapsed onto the core, with an expect-
ed dried shell thickness of only 0.88 nm, according to the

quantities used in the synthesis). The monodispersity of the
nanoparticles is also apparent in concentrated dispersions in
water, which are strongly opalescent (Figure 4 C). From the par-
ticle radius obtained by TEM we can estimate the gyration
radius[33] as R = (5/3)0.5RG, and from this, an apparent hydrody-
namic radius[34] as RH = RG/0.778. The apparent hydrodynamic
radius, RH(TEM) = 64.2 nm, is very similar to the core radius ob-
tained by DLS, Rc = 64.5 nm.

DSC measurements of freeze-dried nanoparticles yield a
glass transition temperature in the interval Tg = 124–130 8C,
corresponding to the main polymeric constituents of the nano-
particles (Supporting Information).[35a] On the other hand, DSC
measurements of nanoparticles dispersed in water clearly
show an endothermic peak at 30 8C corresponding to the TVPT

of PNIPAM (Supporting Information).[3–5, 7, 8] The volume phase
transition is endothermic, due to the energy required to break
the hydrogen bonds between the PNIPAM and the water,[3, 5, 8]

with a transition enthalpy similar to that of PNIPAM chains in
water.[35b]

2.1. FRET Detection of DNA Hybridization in Solution

We first tested the hybridization of the complementary strands
Gene-MG and cGene-ROX in solution by measuring the static
and time-resolved fluorescence of solutions prepared with vari-
ous DNA concentrations and different ionic strengths. At low
ionic strength (1 mm buffer), no difference in the fluorescence
spectra was observed upon mixing Gene-MG and cGene-ROX,
indicating that no hybridization occurs in these conditions
(Supporting Information). At high ionic strength (180 mm

buffer), a maximum hybridization efficiency of Fstat
ET = 0.82 is

obtained for a total DNA concentration (donor and acceptor la-
beled) of 60 nm, calculated by comparing the fluorescence
spectra of the solutions of cGene-ROX with and without Gene-
MG (Figure 5).

On the other hand, there were no differences in fluores-
cence intensity when dT25-MG was added to the non-comple-
mentary sequence cGene-ROX under the same conditions
(180 mm ionic strength, 40 8C), showing that no unspecific in-
teractions occur under these conditions (Supporting Informa-
tion).

Figure 3. Hydrodynamic diameter of core–shell thermoresponsive nanoparti-
cles in 1 mm buffer at different temperatures, measured by dynamic light
scattering (PMMA core hydrodynamic diameter 1core = 129 nm, also mea-
sured by DLS). The particle diameter changes abruptly at TVPT�28 8C.

Figure 4. TEM micrograph of the core–shell PMMA–PNIPAM nanoparticles (A,
scale bar 1000 nm), amplification of one nanoparticle (insert, scale bar
50 nm), and size distribution obtained by analysis of several TEM micro-
graphs (B) with a mean particle diameter of 129�4 nm. Opalescence ob-
served in concentrated dispersions of the nanoparticles in water (C).
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The fluorescence decay of dT25-ROX measured in 1 and
180 mm buffer could be fitted with a monoexponencial func-
tion with lifetime t= 4.1 ns, while the decay of cGene-ROX in
the same buffer could only be fitted to a sum of two exponen-
tial functions, with lifetimes t1 = 4.1 ns and t2 = 5.6 ns (corre-
sponding to an average lifetime of 5.1 ns). This is probably be-
cause the quenching of ROX by the guanine base present in
cGene-ROX is static and originates a non-emissive exciplex,
whereas the exciplex of ROX with the other bases have higher
fluorescence lifetimes.[18–24]

After the addition of Gene-MG to cGene-ROX (in 180 mm

buffer at 40 8C), the fluorescence decay curves become faster
(Figure 6), with the average lifetimes decreasing from 5.1 ns
(before addition) to 4.2 ns after hybridization for all acceptor
concentrations. This corresponds to an energy transfer efficien-
cy [Eq. (3)] of Fdyn

ET �0.17, a value much lower than that calcu-

lated from the fluorescence spectra of the donor (Fstat
ET = 0.82).

This is because, while Fstat
ET measures the overall decrease in

fluorescence intensity, due to both time-dependent and instan-
taneous FRET (static quenching of the donor fluorescence by
acceptor groups at very short distances), Fdyn

ET is only sensitive
to time-dependant FRET, resulting from donor–acceptor pairs
that are not in close contact.

2.2. DNA Adsorption onto the Nanoparticles

To promote the adsorption of the negatively charged DNA
strands to the nanoparticles, the PNIPAM shell was copolymer-
ized with a positively charged co-monomer. The total positive
charge of the shell is contributed by of the amidine groups of
the initiator (V-50) and the amino groups of the AEMH co-mo-
nomer.[9] The value calculated for the charge of the nanoparti-
cles was 96 mmol g�1, very similar to the value obtained by po-
tenciometric titration (100 mmol g�1). The maximum amount of
dT25-ROX that can be adsorbed onto the nanoparticles at room
temperature was determined from the fluorescence of the su-
pernatant solutions obtained by two 25 min centrifugation
cycles at 2 � 104 g (Figure 7). To guarantee that less than 5 % of
the DNA remained in solution, the maximum amount of DNA
that could be absorbed in a dispersion with 0.015 wt % of par-
ticles was 35 nm (in 180 mm buffer) and 40 nm (in 1 mm buffer),
corresponding to ca. 260 and 300 DNA strands/particle, respec-
tively, for which the average distance between DNA anchorage
points in the collapsed particle shell are 32 and 30 nm.

2.3. Adsorption of Non-Complementary DNA

To verify the specificity of the method, we followed the proce-
dure described in Figure 2, but using non-complementary DNA
strands (cGene-ROX and dT25-MG). Steady-state and time-re-
solved fluorescence experiments were performed under the
same conditions used for the hybridization detection
(0.015 wt % nanoparticles in 180 mm buffer, 10 nm cGene-ROX,

Figure 5. Fluorescence spectra obtained for solutions of cGene-ROX in
180 mm buffer, with and without Gene-MG at 40 8C (intensity normalized to
the value of the cGene-ROX in solution). Hybridization leads to a decrease in
fluorescence intensity (five bottom curves) due to FRET from the donor
(cGene-ROX) to the acceptor (Gene-MG). The maximum hybridization effi-
ciency (82 %) was obtained for a total DNA concentration of 60 nm (insert).
When the same experiment is conducted at low ionic strength (1 mm

buffer), almost no change in the donor spectra is observed (two top curves),
indicating that no hybridization occurs.

Figure 6. Fluorescence decays curves of cGene-ROX (a) and cGene-ROX with
Gene-MG (b) in 180 mm buffer at 40 8C. Instrumental response function (i)
and residuals of fitting the experimental decay curves with a double expo-
nential function (insert).

Figure 7. Fluorescence spectra obtained for solutions of cGene-ROX ad-
sorbed onto the thermoresponsive nanoparticles in 180 mm buffer, at room
temperature (intensity-normalized to each value of the cGene-ROX in solu-
tion) before centrifugation (top curve), and of the supernatant solutions
after centrifugation (bottom curve).
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and dT25-MG concentrations from 10 to 90 nm). The fluores-
cence spectra (Supporting Information) show no difference in
fluorescence intensity before and after the addition of dT25-
MG, at 40 8C, to the nanoparticles with adsorbed cGene-ROX.
The data obtained from time-resolved fluorescence confirms
that there is no interference of non-complementary DNA with
the average lifetime of cGene-ROX changing only slightly from
<t>= 5.1 ns to <t>= 5.2 ns (Supporting Information).

2.4. DNA Hybridization in the Nanoparticles

Following the procedure presented in Figure 2, we first ad-
sorbed 17 to 33 nm of cGene-ROX to the nanoparticles at 20 8C
in 180 mm buffer, then increased the temperature to 40 8C to
immobilize cGene-ROX, and finally added a 40 % excess of the
complementary DNA (Gene-MG) to the dispersion. A strong
decrease in fluorescence intensity was then observed
(Figure 8), showing the same dependence in the concentration

of Gene-MG as for the hybridization in water. A maximum
value of hybridization efficiency of 70 % was obtained for a
total DNA concentration of 60 nm.

The donor fluorescence decays faster after hybridization
(Figure 9), similarly to the case of hybridization in solution.
However, for hybridization in the particles, the dynamic FRET
efficiency does change with acceptor concentration, closely fol-
lowing the variation of Fstat

ET (Figure 8, inset), with a maximum
of Fdyn

ET = 19 % obtained at 60 nm. On the other hand, the
value of dynamic FRET efficiency is much lower than the effi-
ciency calculated from the fluorescence spectra of the donor
Fstat

ET because Fdyn
ET measures only time dependant FRET result-

ing from donor-acceptor pairs that are not in close contact.
In the particles, there is an additional contribution for this

difference, related to the way cGene-ROX is positioned on the
shell. Previous results have shown that part of the adsorbed
DNA has the ROX labeled chain-end directed to the water

phase and the other part to the PMMA core.[17] After the col-
lapse of the shell at 40 8C, the ROX that is close to the PMMA
core become entrapped in the compact shell and upon hybrid-
ization will be separated from direct contact with the MG dye
of the complementary DNA (Figure 10). The efficiency of
energy transfer will be high, but still detectable in the ROX
fluorescence decays (i.e. not instantaneous).

2.5. DNA Hybridization at Low Ionic Strength

The unexpected high value for the hybridization efficiency in
the nanoparticles shows that the charged shell provides an ex-
cellent environment for hybridization. These results lead us to
test milder hybridization conditions in the nanoparticles. We
found that even at very low ionic strength (i.e. 1 mm), the hy-
bridization efficiency is still very high, with static fluorescence
results (Figure 11) yielding Fstat

ET = 67 %, for a total concentra-

Figure 8. Fluorescence spectra obtained for cGene-ROX adsorbed onto the
nanoparticles at 20 8C, before (top curves) and after (bottom curves) addition
of Gene-MG in 180 mm buffer at 40 8C (intensity-normalized to the value of
the cGene-ROX in solution). Hybridization leads to a decrease in fluores-
cence intensity due to FRET from the donor (cGene-ROX) to the acceptor
(Gene-MG). The maximum hybridization efficiency (70 %) was obtained for a
total DNA concentration of 60 nm (insert).

Figure 9. Fluorescence decay curves of a dispersion of nanoparticles with
cGeneA-ROX in 180 mm buffer at 40 8C, before (a) and after (b) the addition
of Gene-MG. Instrumental response function (i) and residuals obtained by fit-
ting to a double exponential function (inset). The fluorescence decay ob-
tained by addition of dT25-MG to the nanoparticles with cGeneA-ROX in
180 mm buffer at 40 8C is indistinguishable from curve (a), indicating that no
unspecific interaction occurs when two non-complementary DNA sequences
are used (Supporting Information).

Figure 10. Positioning of the DNA strands during hybridization in the nano-
particles. The stick and red ball represents cGene-ROX and the stick and
green ball Gene-MG. Instantaneous FRET from dyes in close contact (A) is
only detected in the fluorescence spectra, while FRET from dyes that are
separated (B) is detected both in the fluorescence spectra and in the donor
fluorescence decay.
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tion of DNA of 60 nm. Due to the anchoring mechanism and
the charge of the nanoparticles shell, the nanoparticles provide
a local environment for DNA hybridization that allows us to
achieve very high hybridization efficiencies even in conditions
where no hybridization is observed in solution. The charge
density in the nanoparticle shell, due to the protonated amine
groups of the charged co-monomer (AEMH) and the positively
charged terminal amidine groups of the PNIPAM chains
coming from the initiator (ca. 105 per particle), is much higher
than the number of negative charges coming from the ODNs
(25 per molecule, resulting in a maximum of ca. 104 per parti-
cle). This excess of positive charge in the particle shell provides
the necessary local charge screening for efficient hybridization.

3. Conclusions

Herein, we used core–shell polymer nanoparticles with a
PMMA glassy core of 129 nm diameter and a thermoresponsive
positively charged shell, mainly constituted by PNIPAM, as a
support in the hybridization of DNA strands labeled with either
donor (cGene-ROX) or acceptor (Gene-MG) dyes for FRET. First,
the ROX-labeled DNA was adsorbed onto the nanoparticles at
room temperature. After raising the temperature above the
volume phase transition temperature TVPT�30 8C, the PNIPAM
shell assumed a very compact collapsed conformation and
positioned the DNA strands perpendicularly to the surface of
the particle (sticking out into the water phase), in a very favor-
able position for the hybridization. When a complementary
DNA strand labeled with MG was added to the dispersion, the
hybridization could be detected by an increase in this FRET ef-
ficiency. This procedure was tested with a DNA strand contain-
ing a 1691 guanine-to-adenine mutation of the F5 human
gene (a gene that corresponds to the protein factor V, respon-
sible for blood clotting). The high hybridization efficiency (70 %
at 180 mm ionic strength, 0.0150 wt % nanoparticles and 60 nm

DNA concentration) was comparable to that obtained in solu-

tion in the same conditions. By reducing the ionic strength of
the medium to 1 mm, the strong electrostatic interactions be-
tween the negatively charged DNA strands completely prevent
hybridization in solution. However, in the nanoparticles, the
charges in the particle shell provide a high local ionic strength
that effectively shields the negative charges of the DNA
strands, and the efficiency is the same as that for high ionic
strength. In this way, hybridization occurs only in the particles
with no interference from unspecific interactions.

An important advantage of the procedure presented herein
is that the very mild hybridization conditions used still allow us
to achieve much higher efficiencies compared to other sup-
ports where harsh conditions have to be used to force hybridi-
zation (for example, in DNA chips where hybridization efficien-
cies are generally lower than 20 %, even at high ionic strength
and in the presence of organic solvents).[28, 30] Finally, the nano-
particles can probably be reused by raising the temperature to
promote melting of the hybridized DNA and then separating
the particles containing the complementary DNA by centrifu-
gation.

This procedure for detecting DNA hybridization also opens
exciting possibilities for achieving high DNA surface densities
in surface sensors, maintaining high hybridization efficiencies.
One can expect that the 30 nm average distance between
DNA anchorage points obtained in the thermoresponsive
nanoparticles at 300 DNA strands/particle, could easily be re-
produced in surface sensors as obtained by other authors.[36]

Experimental Section

Core–Shell Nanoparticles: The polymer core–shell particles were
synthesized by a two-stage emulsion polymerization technique in
water,[17] using the monomers methylmethacrylate (MMA, from Al-
drich, 99 %, distilled under vacuum), N-isopropylacrylamide (NIPAM,
from Acros, 99 %, recrystallized in a 60/40 v/v toluene/pentane mix-
ture), and aminoethylmethacrylate hydrochloride (AEMH, from
Acros, 99 %, used as received). The initiator was 2,2’-Azobis(2-ami-
dinopropane) dihydrochloride (V50, from Wako chemicals, purified
by recrystallization from a water/acetone mixture), and the surfac-
tant was dodecylethyldimethyl ammonium bromide (DEDAB, from
Fluka AG, >98 %, used as received). A small amount of methylene
bisacrylamide (MBA, from Kodak, eletrophoretic grade, used as re-
ceived) was used to cross-link the shell polymer chains. The PMMA
core was prepared from a mixture of DEDAB (0.06 g/100 g of mix-
ture, �2 mm) at a concentration below its critical micelle concen-
tration (CMC � 13–14 mm),[9] V50 (0.05 g), and MMA (5 g) in water
(46.5 mL). The mixture was kept at 70 8C, under N2 atmosphere,
until ca. 80 % conversion was reached. In the second stage, a mix-
ture of NIPAM/MBA/AEMH (0.88 g/0.10 g/0.031 g) was added in
several shots to the reaction medium at 70 8C over a period of 2 h.
The global conversion was 100 %, and the solid content of the final
particle dispersions was 9.30�0.02 wt %. The nanoparticles were
cleaned by 6 cycles of centrifugation and redispersion in MilliQ
water.

Sample Preparation: The DNA strands (Figure 1) were purchased
from Thermo (Germany) in the lyophilized form (HPLC grade). For
the adsorption and hybridization experiments, we used two phos-
phate buffer solutions (pH 4), with ionic strengths of 1 mm (1 mm

buffer) and 180 mm (180 mm buffer). These were prepared using

Figure 11. Fluorescence spectra obtained for solutions of cGene-ROX ad-
sorbed onto the nanoparticles at 40 8C in 1 mm buffer, with and without
Gene-MG (intensity-normalized to the value of the cGene-ROX in solution).
Hybridization leads to a decrease in the fluorescence intensity (upper to
lower curves), due to FRET from the donor (cGene-ROX) to the acceptor
(Gene-MG). The maximum hybridization efficiency (67 %) was obtained for a
total concentration of 60 nm (inset).

1754 www.chemphyschem.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2010, 11, 1749 – 1756

J. P. S. Farinha et al.

www.chemphyschem.org


sodium dihydrogenophosphate 1-hydrate (NaH2PO4·H2O, Panreac,
used as received), hydrochloric acid (HCl, 1 n, Panreac, used as re-
ceived), either 1 or 180 mm of sodium chloride (NaCl, Merck, used
as received), 1 mm of ethylenediaminetetraacetic acid, (EDTA,
Riedel-de-Ha�n, 99 %, used as received) and Milli-Q water. For dy-
namic light scattering and fluorescence measurements we used
dispersions with 0.0150 wt % of nanoparticles to avoid multiple
scattering and contamination of the fluorescence emission by the
scattered light. To optimize the adsorption conditions, we incubat-
ed the nanoparticles with dT25-ROX in phosphate buffer (1 mm or
180 mm) overnight at room temperature, and measured the ROX
content in the supernatant after two 25 min centrifugation cycles
at ca. 1.8 � 104 g (Himac, model CT15RE). In the hybridization ex-
periments (in solution and in 0.0150 wt % nanoparticle dispersion)
we used cGene-ROX with concentrations 17 nm to 33 nm (below
40 nm, the maximum concentration of DNA strands that can be ad-
sorbed onto the nanoparticles, at room temperature). In all experi-
ments we used a 40 % excess of MG labeled DNA (Gene-MG or
dT25-MG) relatively to the cGene-ROX, in order to improve the hy-
bridization efficiency.[37] The experimental procedure is shown in
Figure 2. First we incubate the nanoparticles in the buffered solu-
tion with cGene-ROX overnight at room temperature and then for
2 more hours at 40 8C. After the fluorescence was measured, we
added Gene-MG (or dT25-MG) and kept the samples at 40 8C under
constant stirring for another 2 h, and measured the fluorescence
again.

Dynamic Light Scattering (DLS): The hydrodynamic diameter of the
polymer nanoparticles was obtained by dynamic light scattering,
using a Brookhaven Instruments equipment with a He–Ne laser
(35 mW, l= 632,8 nm, Spectra Physics, model 127), an avalanche
photodiode detector, a BI-2030 ST autocorrelator and a goniome-
ter. The autocorrelation functions were analyzed by Laplace inver-
sion and by a sum of exponential functions (CONTIN and Expsam:
BI-ZP software package, Brookhaven). The cumulant analysis was
used to obtain the polydispersivity of the nanoparticle sizes. The
samples were measured at an angle of 908, under controlled tem-
perature (0.1 8C).[38]

Transmission Electron Microscopy (TEM): The TEM images were ob-
tained in a Hitachi microscope (model H-81009, equipped with a
KeenView camera), using a LaB6 filament and an acceleration ten-
sion of 200 kV. The nanoparticles (dispersed in MilliQ water) were
deposited in a graphite grid.

Differential Scanning Calorimetry (DSC): We used a DSC 2920 CE
(TA Instruments) to measure the glass transition temperature of
the freeze-dried nanoparticles and their TVPT in a 17 wt % dispersion
in water.

Fluorescence Measurements: The fluorescence spectra were ob-
tained on an SLM-AMINCO 8100 Series 2 spectrofluorimeter (excita-
tion at 530 nm with the fluorescence spectra corrected for the re-
sponse of the detection system). The temperature was kept con-
stant by a water circulating bath (0.5 8C, Julabo F25). Time-resolved
fluorescence decays with picosecond resolution were obtained by
the single-photon timing technique using laser excitation at
590 nm and emission detection at 615 nm. The system consists of
a model locked Coherent Inova 440–10 argon ion laser, synchro-
nously pumping a cavity-dumped Coherent 701–2 dye laser using
rhodamine 6G, which delivers 5–6 ps pulses at a repetition rate of
800 kHz. The fluorescence emission was observed at 615 nm using
a cutoff filter to effectively eliminate the scattered light from the
sample. The fluorescence was selected by a Jobin–Yvon HR320
monochromator with a grating of 100 lines mm�1 and detected by
a Hamamatsu 2809U-01 microchannel plate photomultiplier. A

nonlinear least-squares reconvolution method based on the Mar-
quardt algorithm[39] was used in fitting the experimental fluores-
cence decay curves to Equation (4):

ID ¼
Xn

j¼1

aj e
�t=tj ð4Þ

With average fluorescence lifetimes calculated as [Eq. (5)]:

< t >¼
Xn

j¼1

ðaj tjÞ
,Xn

j¼1

aj ð5Þ
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