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G
ene therapy means proper delivery
of engineered geneticmaterials into
a host cell and the transcriptional

regulation of disease progression.1 Due to
the significant impact of gene therapy in
vaccination against specific pathogens and
attenuation of genetic disorders, gene de-
livery has been the subject of extensive
investigation over the past two decades.2�7

Although viral vectors such as retroviruses
and adenoviruses are widely applied in
gene delivery, viral infection and insertional
mutagenesis of the host cells are challenges
in the modern gene therapy.8�12 Addition-
ally, poor transfection of double stranded
DNA and nonspecific gene delivery by
viral vectors are drawbacks in the targeted
and high-speed gene therapy.12 Because
of these drawbacks, encoding of specific
genes into plasmid DNA (pDNA) and gene
delivery using nonviral vectors are of con-
siderable current interest for the develop-
ment of vaccines against HIV,13,14 Influenza
A virus subtype H1N1,15,16 Dengue virus,17

human papiloma virus,18 hepatitis virus,19

etc. Nevertheless, the advantages of nonvir-
al systems are counterbalanced by the low
efficiency of gene delivery relative to the
viral systems. Direct cellular uptake of DNA
through the negatively charged cell mem-
brane is hindered by the large size and
the negative charge of DNA, suggesting
that the condensation and charge-neutrali-
zation of DNA are the major prerequisites of
efficient gene delivery.10,20 The condensa-
tion of DNA is also a versatile approach for
protecting engineered genetic materials
against enzymatic degradation in vivo.10

The condensation of DNA is initiated by
the neutralization of its negative charge

through electrostatic interactions between

its phosphate backbone and an appropri-

ately designed condensing agent such as

nanoparticles,21�23 nanotubes,24�26 poly-

cations,27�29 detergents,30,31 cationic pep-

tides,32,33 proteins,20,34 cationic lipids,35�37
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ABSTRACT Protection of genes against enzy-

matic degradation and overcoming of cellular bar-

riers are critical for efficient gene delivery. The

effectiveness of gene delivery by nonviral vectors

depends mostly on the extent of DNA packaging or

condensation. We show that Förster resonance energy transfer (FRET)-mediated photodecomposition

of undesired acceptors in doubly labeled plasmid DNA (pDNA) and FRET recovery after acceptor

photodecomposition (FRET-RAP) are effective methods for the detection of DNA condensation and

decondensation. Our hypothesis is that undesired acceptors within the Förster distance of highly-

photostable donors in precondensed DNA can be selectively photodecomposed by FRET. We

investigate this hypothesis by the random labeling of pcDNA3.1-GL3 and pUC18DNA with quantum

dots (QDs) as the energy donor and AlexaFluor594 or Cy5 as the acceptor. At first, the random

labeling generates efficient FRET, also called intrinsic FRET, in precondensed DNA, which prevents us

from decoding any changes in the FRET efficiency during DNA condensation. Next, we suppressed the

intrinsic FRET by the FRET-mediated photodecomposition of acceptors within the Förster distance of

QDs. Conversely, many acceptors kept intact beyond the Förster distance provide us with high FRET

efficiency during the condensation of pDNA using protamine. Further, the FRET efficiency is

significantly decreased during the decondensation of DNA using heparan sulfate and glutathione. The

random labeling of DNA using excess acceptors around photostable donors followed by the FRET-

mediated photodecomposition of undesired acceptors can be a promising method for not only the

sensitive detection of DNA condensation by FRET but also the customization of biomolecular sensors.

KEYWORDS: FRET . quantum dots . DNA condensation . gene delivery .
donor�acceptor
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or by the macromolecular crowding offered by passive
polymers.21,38�40 Subsequently, the complexbetweenDNA
and the condensing agent compacts into ordered nano-
particles. The size of such nanoparticles varies significantly
(∼50to200nmdiameter) dependinguponthechargeand
themolecularweightof thecondensingagentaswell as the
size of DNA. Once delivered in cells, the DNA nanoparticles
properly decondense, thereby making the engineered
genetic material available to bring about the desired
changes through transcription and translation. Various
techniques such as fluorescence microscopy and spec-
troscopy,41�43 electron microscopy,44�47 dynamic light
scattering,48,49 atomic forcemicroscopy50�52 and circular
dichromism,53�55 are extensively exploited for validating
the efficiency and the extent of DNA condensation. In
particular, Förster resonance energy transfer (FRET) be-
tween energy donor and acceptor dyes labeled either
both at distant locations on a DNA molecule or one on
DNA and the other on the condensing agent offers sensi-
tive changes in the FRET efficiency during the condensa-
tion and decondensation steps.56�61 FRET has also been
extensively utilized as a premier tool for the distance-
dependent molecular sensing using DNA templates and
hairpins.62�67 One of themain advantages of FRET in the
evaluation of the condensation of DNA is its sensitivity to
report nanometer-scale distance-changes in real-time.68,69

The condensation and decondensation of DNA can
be efficiently detected by intermolecular or intramolec-
ular FRET. In the former case, DNA molecules are
labeled with either acceptors or donors and the con-
densing agent with the counterpart.58,70,71 For exam-
ple; Wang and co-workers70 have recently shown the
usefulness of intermolecular two-step FRET, from
quantum dots (QDs) on DNA to first a nucleic acid
labeling dye and then Cy5 dye on the condensing
agent, for the detection of DNA condensation. One of
the advantages of this method is its sensitivity for
reporting the coupling between DNA and the condens-
ing agent, but it cannot precisely predict whether the
complex between DNA and the condensing agent
then compacts into nanoparticles. In the latter case,
both the donor and the acceptor are labeled on
DNA.72�77 For example, Turberfield and co-workers
have recently shown that the stability of a DNA cage
delivered in living cells can be efficiently followed by
monitoring the temporal changes in the recovery of
the donor's fluorescence during the FRET-mediated
photobleaching of acceptors.72 In another report,
Clapp and co-workers have shown that water-soluble
Cysteine-coated CdSe/ZnS QDs are capable of sensing
the dissociation of DNA/polymer polyplexes.75 The
main advantage of these methods is that donors and
acceptors labeled beyond the Förster distance in a
DNA molecule precisely report the changes in the
intramolecular conformation, the degree of condensa-
tion, and the stability of the condensed DNA.72�77

However, the labeling of DNA with a definite number

of donors and acceptors at desired locations is laborious,
in particular, without any FRET before the condensation
of DNA. We hypothesize that the condensation and
decondensation of DNA can be sensitively detected by
intramolecular FRET if DNA molecules are randomly
labeled with a definite number of donors and excess
acceptors followed by the FRET-mediated photodecom-
position of undesired acceptors in the precondensed
DNA. We investigate this hypothesis by the labeling of

Figure 1. Choosing FRET pairs for the labeling of pcDNA3.1-
GL3, pUC18DNA, and the forward and reverse primers of
pcDNA3.1-GL3. (A) Absorption and (B) normalized fluores-
cence spectra of energy donors [QD565 (black traces) and
QD605 (blue traces)] and acceptors [AlexaFluor594 (green
traces) and Cy5 (red traces)]. (C,D) AFM images of DNA
samples: (C) unlabeled pcDNA3.1-GL3 and (D) pcDNA3.1-
GL3 labeledusing theQD605-Cy5FRETpair. Thepoor contrast
of pDNA in panel D is due to the saturation of signals from
QDs. (E,F) Fluorescence images of pcDNA3.1-GL3 labeled with
QD565�AlexaFluor594 FRET pair: (E) image acquired though
a band-pass filter for QD565 and (F) image acquired through a
600 nm long-pass filter. The blunt green fluorescence in panel
E is due to the scattered excitation light (532 nm).
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pDNA (pcDNA3.1GL3 and pUC18DNA) with ca. 15 CdSe/
ZnSQDs [QD565 (Emλmax ca. 565 nm) or QD605 (Emλmax

ca. 605 nm)] as the energy donor and a large number
(ca. 150) of AlexaFluor594 or Cy5 as the energy acceptor.
The advantages of QDs to be ideal biolabels and energy
donors are summarized elsewhere.78�82 Although strong
intrinsic FRET was detected in the precondensed state of
the as-labeled DNA, we successfully suppressed it by the
selective FRET-mediated photodecomposition of accep-
tors proximal to QDs. The main advantage of this
approach is that even after the photodecomposition of
the proximal acceptors, the maximum number of accep-
tors can be retained beyond the Förster distance for the
efficientdetectionof thecondensation�decondensation
processes by FRET�RAP.

RESULTS AND DISCUSSION

To identify candidate FRET pairs for the labeling of
primers and pDNAmolecules and studying the kinetics
of the condensation and decondensation of DNA, we
recorded the absorption and fluorescence spectra and
analyzed the photostability of fluorophores such as
Cy3, Cy5, AlexaFluor594, rhodamine B, Texas red,
QD565, and QD605. Among these fluorophores, ideal
FRET pairs on the basis of their spectral overlap integral
are Cy3�Cy5, Cy3�AlexaFluor594, AlexaFluor594�
Cy5, QD565�AlexaFluor594, rhodamine B�AlexaFluor594,
QD565�Texas red, Cy3�Texas red, Texas red�Cy5, and
QD605�Cy5. We selected QD565�AlexaFluor594 and
QD605�Cy5 FRET pairs and used them for the labeling of
pcDNA3.1-GL3, pUC18DNA, and the forward and reverse
primers of pcDNA3.1-GL3. The selected FRET pairs are well
comprised for the photostability of donors, FRET-mediated
photobleaching of acceptors, overlap between acceptor's
absorption and donor's emission spectra (Figure 1A,B), and
the Stokes shift.
We next followed three strategies for the labeling of

pcDNA3.1-GL3 and pUC18DNA, each with the chosen
FRET pairs (QD565�AlexaFluor594 and QD605�Cy5).
In the first strategy (Figure 2A, right part), pDNA was
first biotinylated using a Mirus Label IT-CX-biotin nu-
cleic acid labeling kit and then labeled with Alexa-
Fluor594 followed by QD565. Here, a platinum
complex of AlexaFluor594 is attached to the N7 posi-
tion of guanine nucleotides. The number of biotin units
per DNA is set at ca. 15 and the number of Alexa-
Fluor594 per pDNA is set at ca. 150. Successively, the
sample was treated with the QD565�streptavidin
conjugate at 1:15 ratio so that ca. 15 QDs are attached
to the biotinylated pDNA. In the second strategy
(Figure 2A, central part), ca. 150 biotin moieties were
introduced in pDNAby treatmentwith aMirus Label IT-
CX-biotin nucleic acid labeling agent. The biotinylated
pDNA samples were treated with first Cy5�streptavidin
conjugate at 1:150 ratio and then QD605�streptavidin
conjugate at 1:15 ratio. The number of dyemolecules per

pDNA is estimated from the concentrations of the label-
ing solutions, and the number of QDs per pDNA is
estimated using AFM (Figure 1C,D). To further confirm
the presence of donors and acceptors on pDNA, we have
recorded the fluorescence images of the labeled pDNA
samples (Figure 1E,F). Nevertheless, introduction of a
large number of QDs (>50) or AlexaFluor594 (>300) in
pDNA resulted in the aggregation of DNA (Figure S1,
Supporting Information), which is a disadvantage during
the condensation and decondensation of DNA. Thus, we
limited the number of AlexaFluor594 per DNA to 150 and
the number of QDs to 15. In the third strategy (Figure 2A,
left part), only onedonor andone acceptorwere tethered
to pcDNA3.1-GL3 by the annealing of Cy5-labeled for-
ward primer (50-TTGCGCTGCTTCGCGATGTACGGGC-30)
and QD605-labeled reverse primer (50- TAGAATGACACC-
TACTCAGACAATG-30) at the upstream and downstream
regions of the luciferase GL3 insert. Labeling of the
primers is shown in Figure 2B. Details about the labeling
and purification of pDNA and the primers are provided in
the Materials and Methods section.
To validate the importance of labeling of pDNA with

excess acceptors and subsequent FRET-mediated
photodecomposition of undesired acceptors in the
proximity of the donors, we investigated FRET in
pcDNA3.1-GL3 after its position-sensitive labeling with
one donor and one acceptor (Figure 3A). As discussed
above, we incorporated one donor and one acceptor in
pcDNA3.1-GL3 by the annealing of single Cy5-labeled
forward primer and single QD605-labeled reverse
primer at the multiple cloning sites of the DNA. These
two regions are spatially separated across 971bp. In
other words, the through-bond distance between
QD605 and Cy5 in the primer labeled pcDNA should
be ca. 330 nm, far beyond the calculated Förster
distance of 6.07 nm for the QD605�Cy5 pair (details
are given later in this section). Thus, the position
sensitive labeling of pcDNA3.1 is unlikely to incur any
intrinsic FRET in the native state of DNA. As expected,
FRET was absent in the precondensed state of the
primer bound pcDNA3.1 (Figure 3B). However, there
was little FRET even after the condensation of the DNA
using protamine (Figure 3C), indicating that QD605
and Cy5 remain beyond the Förster distance in the
condensed pcDNA. Alternatively, only one donor
and one acceptor do not produce sufficient FRET to
be detected after the condensation of DNA because
of the low probability for the donor and acceptor to
encounter within the Förster distance. Thus, we pro-
pose that labeling of pDNA with excess acceptors
and subsequent FRET-mediated photodecomposition
of undesired acceptors in the proximity of highly
photostable donors such as QDs can be a promising
strategy for the FRET-based detection of the conden-
sation and decondensation of DNA. This strategy can
be promising for hassle-free positioning of donors and
acceptors in FRET-based biosensors as well.

A
RTIC

LE



BIJU ET AL. VOL. 6 ’ NO. 5 ’ 3776–3788 ’ 2012

www.acsnano.org

3779

To evaluate FRET from QD565 to AlexaFluor594 and
from QD605 to Cy5 in the doubly labeled pDNA
samples, we recorded and analyzed the fluorescence
decays and spectra of the labeled samples. At first, we
detected low fluorescence intensities of the donors
and exceptionally high FRET efficiency (ca. 67%), also
called intrinsic FRET, in the as-prepared samples
(Figure 4A,E) in which pDNA molecules exist in the
native or precondensed state. Details about the calcu-
lation of FRET efficiency are provided in the Materials
and Methods section. The average fluorescence life-
time of pristine QD605 is 6.85 ns, and this value was
lowered to 2.26 ns due to the intrinsic FRET in the as-
labeled pDNA samples. The average lifetime values are
estimated as τav= (τ1R1 þ τ2R2 þ τ3R3)/(R1 þ R2 þ
R3); where, τ1, τ2, and τ3 are the individual lifetime

values, and R1, R2, and R3 are the corresponding
amplitudes. The high FRET efficiencies from QD565 to
AlexaFluor594 and QD605 to Cy5 are due to the
presence of excess (ca. 10 times) acceptors in the
proximity of each donor. In other words, multiple
acceptors are present within the Förster distance of
individual QDs even without the condensation of DNA.
Thus, by the labeling of pDNA with excess acceptors,
we successfully placed a sufficient number of accep-
tors within the proximity of each donor. However,
there was little change in the FRET efficiency even
after the condensation of pDNA using protamine
because the FRET efficiency was already high in the
precondensed DNA. Evaluation of the donor-to-accep-
tor distance before and after the condensation of DNA
is discussed later in this section by following the

Figure 2. Taggingof plasmids bymultiplemodes. (A) Labelingof pDNAwith energydonors and acceptors: (left) hybridization
of Cy5-labeled forward primer (50-TTGCGCTGCTTCGCGATGTACGGGC-30) and QD605-labeled reverse primer (50-TAGAATGA-
CACCTACTCAGACAATG-30) with pcDNA3.1-GL3; (center) labeling of pcDNA3.1-GL3/pUC18DNA with Cy5 and QD605; and
(right) labeling of pcDNA3.1-GL3/pUC18DNAwith AlexaFluor594 andQD565. (B) Labeling of the forward primerwith Cy5 and
the reverse primer with QD605.
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methods discussed by Van Orden and co-workers,83

Mattoussi and co-workers,84,85Wang and co-workers,86

and Farokhzad and co-workers.87

We next employed FRET as an efficient tool for the
selective deletion of energy acceptors within the Förster
distance of QDs so that the condensation of DNA can
be sensitively detected by FRET to AlexaFluor594 or
Cy5 molecules retained beyond the Förster distance.
Our hypothesis (Figure 5A) is that the condensation
and decondensation of pDNA can be sensitively de-
tected by FRET if DNA molecules are randomly labeled
with highly photostable but a small number of donors
and excess but photolabile acceptors. The key to
evaluate this hypothesis is that acceptors within the
Förster distance of donors in the precondensed state of
DNA can be selectively photodecomposed by FRET-
mediated photobleaching. We have investigated this
hypothesis by the selective photoactivation of QDs
using 400 nm fs pulses (average power = 6.3 W/cm2 for
QD565�AlexaFluor594 system and = 1.3 W/cm2 for

QD605�Cy5 system). As a result, the strong intrinsic
FRET from QD565 to AlexaFluor594 (Figure 4A�D) or
QD605 to Cy5 (Figure 4E�H) in the as-labeled pDNA
molecules is considerably suppressed. As the intrinsic
FRET is suppressed, the fluorescence intensity and
lifetime of QDs are increased. The temporal changes
in the fluorescence decay profiles and fluorescence
intensities of the donors and acceptors in the doubly
labeled pcDNA3.1-GL3 in its native state and under
continuous photoactivation at 400 nm are provided in
the Supporting Information (Figures S2 and S3). The
suppression of FRET and increase in both the fluores-
cence intensity and lifetime of QDs suggest that
acceptors within the Förster distance of QDs in the
precondensed DNA are selectively photodecomposed.
In other words, we successfully suppressed the intrinsic
FRET due to excess acceptors labeled in the proximity
of QDs; whereas, most acceptors beyond the Förster
distance remained unaffected. On the other hand, the

Figure 3. (A) Scheme of the condensation of QD605-
and Cy5-labeled-primer-inserted pcDNA3.1-GL3. (B,C) Na-
nosecond fluorescence decay profiles and fluorescence
spectra of a solution of the labeled pcDNA3.1 (25 μg/mL)
recorded (B) before and (C) after treatment with protamine
(3 mg/mL).

Figure 4. Nanosecond fluorescence decay profiles and fluo-
rescence spectra of pcDNA3.1-GL3 labeled with (A�D)
ca. 15 QD565�ca. 150 AlexaFluor594 FRET pair, and (E�H)
ca. 15 QD605�ca. 150 Cy5 FRET pair. QDs are selectively
excited using 400 nm 150 fs laser pulses (6.3 W/cm2 for
panels A�D, and 1.3 W/cm2 for panels E�H), and the
fluorescence decays and spectra were recorded after ex-
citation for (A,E) 0 s, (B,F) 60 s, (C,G) 120 s, and (D,H) 180 s.
The fluorescence lifetimes and intensities of QDs are con-
siderably increased during time under excitation due to the
FRET-mediated photobleaching of proximal acceptors.
Fluorescence decay curves and temporal changes in the
fluorescence intensities of the donors and acceptors are
provided in the Supporting Information (Figures S2 and S3).
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fluorescence lifetimes and intensities of free QDs are
not considerably affected (Figure S4, Supporting Infor-
mation) even after 30min under the above conditions
of FRET-mediated photodecomposition of excess
acceptors. Between the two acceptors, AlexaFluor594
is more resistant to FRET-mediated photobleaching.
Thus, prolonged photoactivation was necessary for
the photodecomposition of AlexaFluor594 and the
suppression of intrinsic FRET (Figure 4A�D). However,
we detected some degree of DNA damage when the
QD-labeled pDNA samples are photoactivated for an
extended period of time (Figure 5B,C). The damage of

DNA under prolonged photoactivation of QDs can be
due to the rearrangements and reactions of radical
centers produced in the nucleobases or sugar by
reactive oxygen intermediates (ROI). These possibilities
are considered on the basis of assays involving base
excision repair enzymes.88 Additionally, pDNAmolecules
labeled with a large number of QDs (>50) or Alexa-
Fluor594 (>250) show aggregation (Figure S1, Support-
ing Information), which prevented us from obtaining any
FRET-RAP after the condensation of DNA. Because of
these limitations, we focused our work much on the
QD605�Cy5 FRET pair system.

Figure 5. (A) Hypothesis about FRET-mediated photodecomposition of undesired acceptors followed by the sensitive-
detection of the condensed DNA in a solution and decondensed DNA in a cell. The large number of acceptors left unaffected
beyond the Förster distance can sensitively report the condensation of DNA by FRET-RAP. (B) Agarose gel electrophoresis
image of labeled or unlabeled pcDNA3.1-GL3 after photoactivation using 400 nm 150 fs pulses (average power =6.3 W/cm2):
(lane 1) unlabeledDNA illuminated for 60min, (lane 2)DNA labeledwithQD605butwithout illumination, (lane 3)DNA labeled
with QD605 and illuminated for 30 min, and (lane 4) DNA labeled with QD605 and illuminated for 60 min. (C) Possible
pathways of the damage and breakage of QD-labeled DNA under photoactivation. The fluorescent bands in B represent
(a) linear, (b) nicked, (c) supercoiled, and (d) circular forms of cybergreen dye-labeled pDNA. The red-circle in B represents
DNA damage as a result of prolonged photoactivation of the QD-labeled pDNA. The red and blue circles in C represent the
locations of DNA damage identified using base-excision repair enzymes.
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To evaluate the condensation and decondensation
of DNA, we applied protamine to the pDNA samples.
First, we applied protamine (3 mg/mL) to the pDNA
samples in which Cy5 molecules proximal to QD605
were photodecomposed as discussed in the previous
paragraph. Then, the condensation process was eval-
uated by measuring the changes in the fluorescence
intensities of both QD605 and Cy5 and the fluores-
cence lifetime of QD605. Interestingly, as protamine
was added to the pDNA samples, submicrometer
spheroid fluorescent particles (Figure 6A�C) are
formed in the solution. Immediately after the addition
of protamine, we detected small fluorescence spots
(Figure 6A), which gradually changed into a fluorescent
network (Figure 6B) of protamine�pDNA complex and
subsequently into larger spheroid particles, resem-
bling the formation of condensed protamine�DNA
torroid structures. More importantly, the formation of
the fluorescent particles was accompanied by strong
FRET emission fromCy5 (Figure 6D,F) and considerable
decrease in the fluorescence lifetime (from 6.85 to
2.42 ns) of QDs (Figure 6E,G); that is, the FRET efficiency
is estimated at ca. 65%. These changes in the fluores-
cence properties of QDs and Cy5 in pDNA suggest that
the fluorescent particles in Figure 6A�C should be
condensed complexes between protamine and pDNA.
Also, the large FRET values are indicative of efficient
condensation of pDNA by protamine.
The condensation of DNA by protamine is a nucle-

ation�growth phenomenon.1 Protamine, a small argi-
nine-rich nuclear protein that is essential for the dense
packaging of DNA during spermatogenesis, electro-
statically interacts with the negatively charged DNA,
neutralizes the charge of DNA, and condenses ca. 50 kb
segments of DNA into torroid subunits (Figure 6C). The
torroid structure is produced by establishing inter- and
intraprotamine disulfide bonds. The first step in the
DNA condensation is the spontaneous appearance of
nucleation loops (Figure 6B), where the positively
charged arginine moieties in protamine interact with
the negatively charged phosphate backbone of DNA.
This electrostatic interaction results in the neutraliza-
tion of the charge of DNA and intramolecular collapse
of the DNA polymer structure into the proto-torroid
structure which gradually grows larger in solution by
collecting additional DNAmolecules. In addition to the
ability of protamine to condense DNA, it maintains
DNAmolecules unaltered in the condensed state for an
extended period of time. Thus, protamine is widely
utilized in artificial gene delivery.1,45�47 Previous ap-
proaches for understanding the condensation of DNA
by protamine were to obtain AFM images of the
condensed DNA on a mica surface50�52 or colocalized
fluorescence images of two fluorescent markers,41�43

one attached to DNA and the other to protamine,
within the diffraction limited area in the condensed
DNA. These two approaches are far from reality

because the condensation and decondensation
of DNA in living systems take place under physio-
logical conditions and within molecular distances.
Therefore, knowing how efficiently protamine con-
denses pDNA in the aqueous phase would be
valuable for advancing gene delivery methods. By
analyzing changes in the intramolecular FRET, which
transpire at molecular distances, we show that the
condensation and decondensation of pDNA can be
sensitively detected in solution by the FRET�RAP
method.
We next tested the decondensation of the pcDNA�

protamine complex using either Trisma base or a
mixture of heparan sulfate and glutathione. Here, we
selected Trisma base and heparan sulfate due to their
ability to neutralize the positive charge of protamine.
On the other hand, glutathione reduces the intramo-
lecular disulfide bonds in protamine and thus, decon-
denses DNA by the degradation of the torroid
structure. The trace d in Figure 6 panels D,F and E,G
shows the fluorescence spectra and decay profiles of
QD605- and Cy5-labeled pcDNA3.1-GL3 after conden-
sation using protamine. The traces a, b, and c in
Figure 6D�G show the fluorescence spectra and na-
nosecond fluorescence decay profiles of pristine
QD605, as-labeled pDNA, and pDNA after the FRET-
mediated photodecomposition of excess Cy5, respec-
tively. As soon as an aqueous solution of Trisma base
(3 mg/mL) was added to the condensed DNA sample,
we observed a decrease in the fluorescence intensity of
Cy5 (Figure 6D, trace e) and a concomitant increase in
the fluorescence lifetime of QD605 (Figure 6E, trace e).
Here, the FRET efficiency is decreased from ca. 61% for
the condensed samples to 40% for the sample treated
with Trisma base. These observations suggest that
Trisma base cannot completely decondense the pDNA
that was condensed by protamine. Thus, we replaced
Trisma base with a mixture (1:1) of heparan sulfate and
glutathione (3 mg/mL). The panels F and G in Figure 6
show the fluorescence spectra and decay profiles of
the condensed pcDNA3.1-GL3 before (trace d) and
after (trace e) the addition of the heparan sulfate/
glutathione mixture, indicating a prominent (from
ca. 60% to ca. 5%) decrease in the FRET efficiency.
In other words, a mixture of heparan sulfate and
glutathione efficiently decondenses pDNA that was
condensed by protamine. On the other hand, the
fluorescence intensity and lifetime of QD605 or QD605-
only-labeled pDNA sample (Figure S5 and S6, Support-
ing Information) are not affected by protamine or a
mixture of protamine, heparan sulfate, and glutathione.
We then tested a second cycle of decondensation and
condensationof thedecondensed sample. Although the
fluorescence intensity of Cy5 was increased (Figure 6F,
trace f) and the fluorescence lifetime of QD605 was
decreased (Figure 6G, trace f) after the second condensa-
tion, evaluation of the degree of DNA condensation was
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technically difficult due to the formation of a white
precipitate and scattering of light, which should be due
to the formation of a complex between protamine and
heparan sulfate.
To analyze the condensation and decondensation

processes in pDNA, we estimated the donor-to-accep-
tor distances at different FRET values by following the
methods discussed in refs 83�87 and 89�91. The
decondensation of pDNA is more efficient by the
heparan sulfate/glutathione mixture than by the Tris-
mabase. Thus, our analysis is focused on the protamine/
heparan sulfate�glutathione system. As discussed
above, the average fluorescence lifetime of pristine
QD605 (6.85 ns) is decreased to 2.26 ns due to the
intrinsic FRET from proximal Cy5 molecules; that is, the
FRET efficiency before the condensation of pDNA was
ca. 67%. Because of the intrinsic FRET, the available
room for any changes in the FRET value during the
condensation of DNA is limited to ca. 33%. However, the
FRET value was not changed even after the addition of

protamine to the DNA sample, indicating that the high-
est FRET efficiency for the QD605-pDNA-Cy5 system is
ca. 67%. From the spectral overlap integral and the
quantum efficiency of QD605, we estimated the Förster
distance of the QD605-Cy5 system at 6.07 nm by
following the equations in ref 84. The quantum yield
ofQDswas estimated at 0.56 usingAlexaFluor594 as the
standard (Φ = 0.66; Invitrogen). Thus, the FRET value
ca. 67% in the as-labeled pDNA shows the presence of a
Cy5 dye on pDNA within 5.39 nm of QDs, which is not
realistic due to the large (g15 nm) hydrodynamic
diameter of the streptavidin conjugated QDs. Thus,
multiple Cy5 molecules should be involved in the high
FRET efficiency.
To understand the relation between FRET efficiency

and the number of Cy5 molecules involved in FRET, we
follow the point-dipole approximation proposed for
QDs by Medintz and Mattoussi.90 According to the
point-dipole approximation, the Förster formalism of
center-to-center distance from a QD to Cy5 is valid in

Figure 6. (A�C) Fluorescence images of a solution of pcDNA3.1-GL3 (25 μg/mL) labeledwith QD605�Cy5 FRET pair recorded
at (A) 5 min, (B) 10 min, and (C) 30 min after treatment with protamine (3 mg/mL). The fluorescence intensity in panel A is
graphically enhanced for the clear visualization of the early stage of pDNA condensation. (D,F) Fluorescence spectra and (E,G)
nanosecond fluorescence decay profiles of pcDNA labeled using QD605 and Cy5: (a) QD605, (b) as-labeled DNA sample, (c)
after FRET-mediated photobleaching of excess Cy5molecules, (d) after condensation of the photodecomposed sample using
protamine (3mg/mL), (e) after decondensation of the condensed DNA using (D,E) Trisma base (3mg/mL) or (F,G) amixture of
heparan sulfate andglutathione (3mg/mL each), and (f) after the addition of excess protamine (6mg/mL) to the decondensed
DNA. The spectra in panels D and F are normalized to the peak of the QD.
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the estimation of FRET efficiency, just like in the case of
organic donor�acceptor systems. Thus, the high FRET
efficiency can be interpreted in terms of multiple Cy5
molecules around each QD. We have calculated the
approximate distances of the QD to Cy5 molecules on
either side in the precondensed pcDNA using the
distance between nucleobases in DNA (ca. 0.34 nm),
the number of base-pairs in pcDNA3.1 (5428), the
circumference of pcDNA3.1 (1845.5 nm), the possibility
of biotinylation of every nucleobase (protocol in the
experimental section), and the DNA:Cy5 (1:150) and
DNA:QD (1:15) ratios used in the labeling steps. Thus,
the center-to-center distance between adjacent Cy5
molecules should be 12.3 nm and that between ad-
jacent QDs should be 123 nm. In other words, the
calculated average distance from the labeling posi-
tions in DNA for QD-to-Cy5 (not the center-to-center
distance between QD and Cy5) increases on both sides
of a QD in the order 6.16, 18.45, 30.75, 43.05, and
55.35 nm up to the limit (61.5 nm) of the neighboring
QD. Thus, the FRET efficiencies calculated between one
QD and the five Cy5 molecules on either side of the
precondensed pcDNA3.1 decrease in the order 47.8%,
0.13%, 5.9 � 10�3%, 7.9 � 10�4%, and 1.7 � 10�4%.
However, because of the large hydrodynamic size of
the QD, the center-to-center distance between a QD
and Cy5 should be larger than the calculated average
distance, or, in other words, the FRET efficiency should
bemuch lower than the calculated sum (47.94%). Thus,
the experimental intrinsic FRET efficiency (ca. 67%)
suggests that two or more Cy5 molecules are involved
in FRET with each QD, for which one possibility is the
presence of multiple Cy5 molecules in the Cy5�strep-
tavidin conjugate. Another possibility is that out of
10 dye molecules placed along the DNA strand at 6.16,
18.45, 30.75, 43.05, and 55.35 nmon either side of aQD,
the FRET efficiencies for 6 are negligible (,0.13%); that
is, four Cy5molecules mainly contribute to the intrinsic
FRET (ca. 67%). Irrespective of the above two possibi-
lities, the decrease in the intrinsic FRET efficiency from
ca. 67% to ca. 8.3% suggests that nearly 88% of Cy5
molecules proximal to each QD are photobleached by
FRET. After the condensation of DNA using protamine,
the FRET efficiency is increased from ca. 8.8% to
ca. 61%, indicating that two or more Cy5 molecules
kept beyond the limit of FRET-mediated photobleach-
ing fell in close proximity of each QD. The net increase
in the FRET efficiency after the condensation (ca.
52.2%) suggests that the highest degree of DNA

condensation can be from ca. 18.45 nm (second Cy5
molecule on either sides of a QD) to the surface of
QD. Nevertheless, FRET from QD to Cy5 located at
different parts of DNA may have contributions to this
value. Also, after the decondensation of the protamine-
condensed DNA using heparan sulfate and glu-
tathione, the lifetime of QD is increased from 2.53 to
5.97 ns or the FRET efficiency is lowered to 13% (4.7%
after correction for the residual FRET), which suggests
that Cy5moleculesmove to 10 nm from the center of a
QD or beyond.

SUMMARY

We found that FRET-recovery after the photo-
decomposition (FRET-RAP) of undesired acceptors is
an efficient method for the sensitive detection
of the condensation and decondensation of pDNA
(pcDNA3.1-GL3 and pUC18DNA). The FRET efficiency
is first increased by ca. 60% during the condensation of
pDNA by protamine and successively decreased to ca.
5% during the decondensation of the protamine-
condensed pDNA using a mixture of heparan sulfate
and glutathione. The labeling of pDNA with a small
number of highly-photostable energy donors (quan-
tum dots) and a large number of photolabile acceptors
followed by the FRET-mediated photodecomposition
of acceptors placed within the Förster distance, but
without affecting a large number of acceptors placed
beyond the Förster distance, is the key to the sensitive
detection of the condensation and decondensa-
tion steps. Nevertheless, prolonged photoactivation
of photosensitizers such as quantum dots for the
photodecomposition of undesired acceptors can cause
damage to the nucleobases. On the other hand, single-
molecule FRET efficiency was negligibly low in the
condensed pcDNA3.1-GL3 that was labeled with only
one donor and one acceptor through the forward and
reverse primers at the upstream and downstream
regions of the luciferase GL3 insert present at the
multiple cloning sites because of the low probability
of the single donor to encounter the single acceptor
within the Förster distance. In general, FRET-based
photodecomposition of excess acceptors in the proxi-
mity of highly photostable donors such as quantum
dots will be helpful during the preparation of labeled
DNA and other biomolecules for the analyses of not
only DNA condensation and gene delivery but also
protein�protein and protein�DNA interactions in bio-
physical investigations.

MATERIALS AND METHODS
We used two plasmid DNA samples: luciferase (GL3)-inserted

pcDNA3.1 and pUC18DNA. To prepare the luciferase-encoding
vector, an insert fragment encoding luciferase (GL3) was ob-
tained by Hind III/Xba I digestion of the pGL3-basic vector

(Promega, USA), and ligated to the HindIII/Xba I digested site
of pcDNA3.1 (Invitrogen, USA).42 We used two pairs of energy
donors and acceptors: QD565�AlexaFluor594 and QD605�Cy5.
Streptavidin functionalized QDs (QD565 and QD605) and Ulysis
Alexa Fluor594 nucleic acid labeling kit were obtained from
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Invitrogen Corporation. Streptavidin functionalized Cy5 and nu-
cleic acid labeling kits for the biotinylation (Label IT-CX-biotin
nucleic acid labeling kit) and fluorescence labeling (Label IT Cy5
nucleic acid labeling kit) of DNA were obtained from Mirus Bio
Corporation, USA. Biotinylated forward (50-TTGCGCTGCTTC-
GCGATGTACGGGC-30) and reverse (50-TAGAATGACACCTACTCA-
GACAATG-30) primers were obtained from Custom DNA Oligos,
Sigma-Aldrich Inc. Protamine sulfate salmon mint was obtained
from Calbiochem (Darmstadt, Germany). Glutathione, heparan
sulfate, and all other reagents and buffers were obtained from
Sigma Aldrich, Inc.

Labeling of pcDNA3.1-GL3 and pUC18DNA with Energy Donor�Acceptor
Pairs. DNA molecules (pcDNA3.1 and pUC18) were doubly
labeled with an energy donor (QD565-streptavidin or QD605-
streptavidin) and an energy acceptor (Ulysis Alexa Fluor594 or
Cy5-streptavidin). The protocols for the double-labeling of
pDNA are outlined in Figure 2. Briefly, the pDNA sample
(50 μL, 200 ng/μL) was first dispersed in an optimized buffer
suppliedwith the labeling kit, and then theDNAmoleculeswere
denatured at 95 �C for 5 min. The denatured pDNA solutions
were mixed with a nucleic acid biotinylation agent (Mirus Label
IT-CX-biotin nucleic acid labeling kit, Mirus Corp., USA). This
biotinylation agent has the capability to biotinylate every
nucleotide. The concentration of the biotinylating agent was
set at 1/10th of its concentration in the kit. Themixturewas then
placed in a 60 �C water bath and incubated at this temperature
for 60 min. The biotinylated pDNA was purified by ethanol
precipitation and subsequently dispersed in HEPES buffer
(pH 7.4) to a concentration of 0.2 mg/mL. The biotinylated
pDNA was fractionated into two aliquots. One aliquot was
labeled first using Cy5�streptavidin conjugate and then using
QD605�streptavidin conjugate. The second aliquot was la-
beled first using Ulysis Alexa Fluor594 nucleic acid labeling kit
and then using QD565�streptavidin conjugate. The labeling of
pDNA with QDs, Cy5, and AlexaFluor594 was carried out by
following the instructions by the manufacturers. In brief, 10 μL
of biotinylated pDNA was suspended in a labeling buffer and
reacted with AlexaFluor594 or Cy5�streptavidin under dark at
80 �C for 15min. The reactionwas stopped by snap-cooling. The
concentrations of AlexaFluor594 and Cy5�streptavidin were
optimized for the introduction of ca. 150 dye molecules per
pDNA. The dye-labeled pDNA samples were purified using a
wizard SV gel and PCR cleanup system (Promega, Inc., USA). This
purification was followed by the labeling of the biotin units in
pDNA with QD565�streptavidin or QD605�streptavidin at room
temperature for 30 min. The concentration of QD�streptavidin
conjugates was optimized for the incorporation of ca. 15 QDs
per pDNA. The QD-labeled pDNA samples were purified using
a Sephadex G50 column. The undesired photobleaching of
dye molecules was minimized by carrying out all the reactions
under minimum room light. Introduction of a large number
(1 ormoreper 18 base pairs) of labels, in particular AlexaFluor594,
causes aggregation of DNA. Thus, we set the number of
AlexaFluor594 or Cy5 molecules at 1 per 36 base pairs. Yet
another potential difficulty in the labeling experiments is the
cross-linking between biotin on pDNA and streptavidin on QDs.
Although AFM images of QD-labeled pDNA samples in the
current work show negligible inter/intramolecular aggregation
of DNA or cross-linking of DNA chains, the possibility of aggrega-
tionand cross-linking cannotbe completely neglected.Also, such
aggregation and cross-linking should be carefully considered
during the labeling reactions, in particular, when the ratio of
biotin and QDs is varied.

The double-labeling of pcDNA3.1with single-molecule FRET
pairs (Cy5-labeled forward primer and QD605-labeled reverse
primer) was carried out as follows. First, the forward primer was
labeled using Cy5 by the incubation of the biotinylated primer
with Cy5�streptavidin conjugate at 1:1 molar equivalence for
30 min at room temperature. Similarly, the reverse primer was
labeled using QD605�streptavidin conjugate. Next, the labeled
primers were purified by desalting and subsequently incorpo-
rated into the pcDNA3.1 as shown in Figure 2B. The pcDNA
sample was first dispersed in an optimized buffer supplied with
it, and then denatured at 95 �C for 20min. Finally, the denatured
pcDNA was treated with a mixture (1:1) of Cy5-conjugated

forward primer and QD605-conjugated reverse primer, and
annealed for 10 min by placing the sample in a water bath kept
at 65 �C. During this annealing, the labeled primers bind at the
primer binding sites in pcDNA3.1. The primer-labeled pcDNA3.1
sample was purified using the wizard SV gel and PCR cleanup
system.

Atomic Force Microscopy (AFM) Imaging. Tapping-mode AFM
images of the donor- and acceptor-labeled pDNA samples were
collected in air using a MFP-3D microscope (Asylum Research,
Santa Barbara, USA). The microscope was equipped with re-
flective aluminum-coated ultrasharp (radius of curvature
∼10 nm) silicon nanoprobes (Olympus, Japan). The cantilevers
used were 160 μm long, and had a spring constant of 42 N/m
and a resonance frequency of ∼300 kHz.

Fluorescence Imaging and Time-Resolved Fluorescence Measurements.
Fluorescence images of pDNA before and after the condensa-
tion using protamine were recorded in an inverted optical micro-
scope (Olympus IX 71) that was equipped with a 60� objective
lens (Olympus, NA 0.98). Fluorescence signal collected using the
objective lens was filtered through band-pass or long-pass filters
for QD565, QD605, Alexa Fluor594, or Cy5, magnified using a 2.5�
telescopic lens, and recorded using an image intensifier/charge-
coupled device assembly (Hamamatsu Photonics).

Nanosecond fluorescence decay profiles and time-resolved
fluorescence spectra of the doubly labeled pDNA were re-
corded using an assembly of a polychromator (Chromex-
250IS) and a photon-counting streak-camera (Hamamatsu-
C4334). The donors in the doubly labeled pDNA samples were
selectively excited using 400 nm pulses (150 fs) generated from
the SHG crystal of an optical parametric amplifier (Coherent
OPA 9400). The OPA was pumped at 200 kHz by a regenerative
amplifier (Coherent RegA 9000) that was seeded by a mode-
locked Ti:sapphire laser (Coherent Mira 900F). The fluorescence
signals from QDs, AlexaFluor594, and Cy5 were collected
through suitable band-pass or long-pass filters and focused at
the entrance slit of the polychromator.

Evaluation of FRET Efficiency. The efficiency of energy transfer in
a FRET system is given by E = 1/[1 þ (r/R0)

6], where r is the
distance between the donor and acceptor and R0 is the Förster
distance of the donor�acceptor pair, that is, the distance at
which the efficiency of energy transfer is 50%. The value of R0 is
given by R0= [9Φ0(ln10)κ

2 J]/(128π5n4NA), where Φ0 is the
fluorescence quantum efficiency of the donor, κ2 is the donor-
to-acceptor dipole orientation factor, J is the spectral overlap
integral, n is the refractive index of the medium and NA is
Avogadro's number. The spectral overlap integral is given by
J=
R
fD(λ)ɛA(λ)λ

4 dλ; where fD is the normalized emission spec-
trum of the donor, λ is wavelength, and ɛA is the molar
extinction coefficient of the acceptor. Because experimental
estimation of all the above parameters is tedious, FRET effi-
ciency is evaluated more directly using E = 1 � (ΦD‑A/ ΦD) or
E = 1 � (τD‑A/τD), where ΦD‑A and τD‑A are respectively the
fluorescence quantum efficiency and lifetime of donor in the
FRET pair system, and ΦD and τD are respectively the fluores-
cence quantum efficiency and lifetime of pristine donor. We
calculated the FRET efficiency using the average fluorescence
lifetimes of QDs. The average lifetime values are estimated as
τav= (τ1R1 þ τ2R2 þ τ3R3)/(R1 þ R2 þ R3); where, τ1, τ2, and τ3
are the individual lifetime values, and R1, R2, and R3 are the
corresponding amplitues.
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