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Summary Nanoscale vectors comprised of cationic polymers that condense DNA to form
nanocomplexes are promising options for gene transfer. The rational design of more efficient
nonviral gene carriers will be possible only with better mechanistic understanding of the crit-
ical rate-limiting steps, such as nanocomplex unpacking to release DNA and degradation by
nucleases. We present a two-step quantum dot fluorescence resonance energy transfer (two-
step QD-FRET) approach to simultaneously and non-invasively analyze DNA condensation and
stability. Plasmid DNA, double-labeled with QD (525 nm emission) and nucleic acid dyes, were
complexed with Cy5-labeled cationic gene carriers. The QD donor drives energy transfer step-
wise through the intermediate nucleic acid dye to the final acceptor Cy5. At least three distinct
states of DNA condensation and integrity were distinguished in single particle manner and within
cells by quantitative ratiometric analysis of energy transfer efficiencies. This novel two-step QD-
FRET method allows for more detailed assessment of the onset of DNA release and degradation
simultaneously.
© 2009 Elsevier Ltd. All rights reserved.
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Introduction

Nanoscale vectors in the form of cationic polymers com-
plexed with plasmid DNA (pDNA) have emerged as safer,
though less efficient, options for gene transfer compared
to viruses [1]. The rational design of more efficient nonviral
gene carriers will be possible only with better mechanis-
tic understanding of the critical rate-limiting steps, such as
nanocomplex unpacking to release the DNA cargo [2] and
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Figure 1 (a) Schematic of two-step QD-FRET. Excitation of the QD donor drives stepwise energy transfer (E12) through the nuclear
dye (ND) which serves as the first acceptor/donor (or relay) for energy transfer to the second acceptor Cy5 (E23). (b) Plasmid DNA
is double-labeled with QD and nuclear dyes before complexation with a Cy5-labeled cationic polymer to form nanocomplexes by
self-assembly. Three distinct states of plasmid DNA (pDNA): (I) condensed within a nanocomplex, (II) released and intact, and (III)
degraded, are distinguished by relative ND and Cy5 emission and calculated E12 and E23 efficiencies.

subsequent DNA degradation [3,4]. Condensation of pDNA by
cationic polymers protects it from enzymatic degradation,
but either pre-mature dissociation or overly stable binding
would be detrimental to transfection efficiency [5—7]. Con-
ventional methods to study nanocomplex stability and DNA
degradation do not accurately reflect intracellular microen-
vironments or conditions. For example, gel electrophoresis
is a common assay for nanocomplex stability but introduces
an external electromotive force. Degradation of DNA has
been studied in cells using fluorescence in situ hybridization
(FISH) which requires permeabilizing the cell membrane.
As an alternative, fluorescence energy transfer (FRET) with
organic fluorophores has been used to study the dissociation
of pDNA from lipoplexes or polyplexes [8,9] or the degrada-
tion of pDNA [10,11].

Quantum dots (QDs) have emerged as more efficient
FRET donors due to their resistance to photobleaching,
broad absorption, and narrow symmetric emission spec-
tra which reduce spectral cross-talk [12—14]. Previously,
we demonstrated that single-step quantum dot-mediated
FRET (QD-FRET), comprised of a QD donor (605 nm emis-
sion) and Cy5 acceptor, is an ultrasensitive method to detect
the release of DNA from the nanocomplex [15]. Using this
method, we developed a quantitative model and observed
that the kinetics and intracellular compartment where dis-
sociation occurs have a significant impact on transfection
efficiencies for different gene carriers due to potential
enzymatic barriers such as nuclease-mediated DNA degra-

dation [16]. The dependence of nanocomplex stability and
its ability to protect DNA on the structure—function rela-
tionships of the gene carrier require an integrated sensing
platform whereby both DNA release from nanocomplexes
and subsequent DNA degradation can be simultaneously
monitored.

Here, we demonstrate a novel approach to study both
DNA condensation and stability in a simultaneous and non-
invasive manner by two-step QD-FRET. The incorporation of
QDs as energy transfer donors permits continuous tracking
of both rate-limiting processes during gene delivery. Previ-
ous applications of stepwise FRET with three fluorophores
were to increase the effective distance for energy trans-
fer [17—19] or to study protein interactions only [20]. In
our approach, a QD donor (525 nm emission) is paired with
a nuclear dye (ND) and a second acceptor Cy5 for step-
wise FRET. The relay ND serves a dual purpose: first, as
the acceptor/donor (or relay) and second, as an indicator
for DNA integrity. At least three states of pDNA can be dis-
tinguished through combinations of ND and Cy5 emission
and quantitative ratiometric analysis of FRET efficiencies
[14,18]. Two gene carriers, chitosan [21] and polyethylene
glycol-polyphosphoramidate block copolymer (PEG-b-PPA)
[22], were compared since both polymers elicit transgene
expression in vitro and in vivo while forming nanocomplexes
with contrasting structures and stabilities. Being amenable
to single particle characterization, two-step QD-FRET is
particularly valuable for understanding critical barriers to
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Figure 2 Spectral characterization of two-step QD-FRET. (a) Intact QD/Cy3-pDNA exhibited QD (525 nm) and E12-mediated Cy3
(570 nm) emission (�). Increasing fractions of degraded QD/Cy3-pDNA: 10% (gray �) and 30% (×). Total pDNA content was kept
constant. (b) Emission spectra of nanocomplexes comprised of QD/Cy3-pDNA and Cy5-labeled (670 nm) chitosan (gray �) or PEG-b-
PPA (©) showed two-step energy transfer. The signal intensity here was normalized to the QD peak value at 525 nm to compare the
energy transfer between the different nanocomplex polymer compositions.

gene transfer given the heterogeneity of nanocomplexes and
microenvironments encountered within cells.

Results and discussion

Versatility of two-step QD-FRET

Our three-fluorophore FRET system is designed with a
two-step energy transfer [23], henceforth named two-step
QD-FRET. The QD donor (525 nm emission) drives energy
transfer to an intermediate acceptor ND (energy transfer
E12) serving as a relay donor to the final acceptor Cy5 (energy
transfer E23) (Fig. 1a). Each fluorophore is selected based on
their compatibility as single-step FRET pairs, where spectral
overlap between the donor and acceptor is maximized and
potential cross-talk between channels is minimized. Within
this system, three main states of pDNA are indicated by com-
binations of FRET-mediated emission from the ND and/or
Cy5 (Fig. 1b). (I) When pDNA, double-labeled with QD and
ND (QD/ND-pDNA), are condensed into compact nanocom-
plexes, the QD donor drives energy transfer through the ND
which acts as a relay to Cy5 conjugated on the polymeric
gene carrier. For stable nanocomplexes, both the ND and Cy5
are ‘on’ or actively exhibiting intra- (E12) and intermolec-
ular FRET (E23), respectively. (II) When the nanocomplex
begins to unpack and release intact pDNA, only the ND is
‘on’ through E12 while Cy5 is ‘off’ due to the loss of E23. (III)
The subsequent onset of degradation of free pDNA is indi-
cated by the ND and Cy5 turning ‘off’ due to the loss of E12

and E23, respectively.
Two cyanine-based NDs having similar spectral proper-

ties but different DNA-binding mechanisms were compared
to illustrate the versatility of two-step QD-FRET. An inter-
calating dye (BOBO-3) or covalently binding dye (Cy3) was
used to label pDNA as intramolecular FRET acceptors for the
QD donor (Supporting Information) [17,24]. Intact plasmids
labeled with QD and Cy3 via a covalent linker (QD/Cy3-
pDNA) exhibited two corresponding emission peaks due
to E12 (Fig. 2a). Similarly, plasmids labeled with both QD
and BOBO-3 (QD/BOBO-pDNA) exhibited two peaks corre-

sponding to their emission maxima (Supporting Information,
Fig. 1a). Subsequent experiments characterizing DNA degra-
dation were conducted using QD/Cy3-pDNA due to the
quenching of QDs caused by unbound BOBO-3 above nM con-
centrations (Supporting Information, Fig. 2). It is expected
that this quenching effect may be mitigated by further opti-
mization of staining ratios such that the concentration of
unbound BOBO-3 remains less than nM magnitudes while still
allowing for sufficient energy transfer.

To demonstrate the versatility of this nanophotonics
approach, two gene carriers, chitosan [21,25] and PEG-b-PPA
[22], which form contrasting nanocomplex structures were
compared. When complexed with DNA, chitosan generates
polyplex structures [25] while PEG-b-PPA forms core-shell
micelles [22]. The QD/BOBO or QD/Cy3-labeled pDNA were
stably complexed with either Cy5-labeled chitosan or PEG-
b-PPA. Labeling of the pDNA and polymer had minimal
effect on the stability and physical properties of nanocom-
plexes, compared to unlabeled nanocomplexes (Supporting
Information, Fig. 3). The spectra from these triple-labeled
nanocomplexes showed that normalized signal intensities
of Cy5 for chitosan and PEG-b-PPA were similar (Fig. 2b
and Supporting Information, Fig. 1b). Hence, two-step QD-
FRET is a versatile platform that may be applied to various
cationic gene carriers and nanocomplex morphologies.

Quantifying DNA degradation by E12

To assess the sensitivity of E12 efficiency to detect DNA
degradation, intact QD/Cy3-pDNA were mixed with varying
fractions of degraded QD/Cy3-pDNA while keeping the total
pDNA amount constant. Increasing fractions of degraded
QD/Cy3-pDNA resulted in higher QD signals and reduced
FRET-mediated Cy3 signals (Fig. 2a). The QD and Cy3 signals
varied linearly with increasing fractions of degraded pDNA
as expected (Fig. 3a, inset). E12 efficiencies were calculated
from measured signal intensities according to Eq. (1), and
an exponential decay function was fitted to experimentally
measured E12 efficiencies by least squares (R2 = 0.96) to gen-
erate the E12 calibration curve: y = 0.09 + 0.95e−0.13x, where y
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Figure 3 DNA degradation by QD-FRET. (a) Experimentally measured E12 efficiencies (�, mean ± SD, n = 3) and the E12 calibration
curve: y = 0.09 + 0.95e−0.13x, where y is the normalized E12 and x is the % degraded pDNA. The QD (�) and Cy3 signals (�) varied
linearly with increased fractions of degraded pDNA as expected (inset). The non-linearity of the E12 calibration curve was a result
of the ratio used to calculate E12 efficiency. (b) By single molecule detection, the probability histogram for E12 efficiency values
for completely intact QD/Cy3-pDNA (�), a 40% mixture of degraded pDNA (*), and degraded pDNA only (©). (c) The E12 efficiency
of QD/Cy3-pDNA normalized to the initial value was monitored for 60 min with nucleases (DNase I) (�) and without nucleases (�)
(mean ± SD, n = 3).

is the normalized E12 and x is the % degraded pDNA (Fig. 3a).
The sensitivity range according to this E12 calibration curve
was up to ∼30% degraded pDNA, above which the E12 value
remained constant at ∼0.1. The reduction in E12 efficiency
was caused by the diffusion of small DNA oligomers away
from the QD donor as plasmid DNA was being cleaved by
nucleases and thereby increasing donor—acceptor separa-
tion [26] and reducing the acceptor—donor ratio. Similar
sensitivity for degradation was reported for siRNA [10] and
DNA oligomers [11], illustrating the potential application of
QD-FRET to other nucleic acid molecules.

The mixed population of coiled and relaxed forms of indi-
vidual plasmids were resolved by the sensitivity of energy
transfer and single molecule detection (SMD) (Fig. 3b)
[14,27]. While nearly all intact DNA had E12 values above
0.2, the wide distribution of E12 for intact pDNA reflected
the mixed presence of coiled plasmids indicated by higher
E12 values and relaxed plasmids by lower E12 values. In con-
trast, the E12 distribution for degraded QD/Cy3-pDNA shifted
to the left (E12 < 0.2) due to the loss of intramolecular FRET
and was consistent with the E12 calibration curve in Fig. 3a.
These observations validate that FRET efficiencies obtained
from the emission spectra and single molecule data were in
strong agreement and suggest that E12 values are well suited
to signal the onset of DNA degradation as a bulk population
or as single molecules.

The degradation kinetics of QD/Cy3-pDNA treated with
nucleases showed that E12 efficiency declined whereas
the E12 of the control QD/Cy3-pDNA (without nucleases)
remained constant (Fig. 3c). At least 30% of pDNA was
degraded after 45 min where E12 efficiencies declined below
0.2. The resistance of the QD donor to photobleaching
allowed continuous tracking of the status of QD-labeled
pDNA for at least 1 h.

Single molecule and temporal analysis of DNA
condensation and degradation

Being amenable to single particle characterization, two-
step QD-FRET is particularly valuable for understanding
critical barriers to gene transfer given the heterogene-
ity of nanocomplexes and microenvironments encountered
within cells. By three-color SMD (Supporting Information,
Fig. 4) [28], the distributions of pDNA having distinct
condensed or degraded states were detected. Stable
QD/Cy3/Cy5-chitosan nanocomplexes exhibited more effi-
cient intermolecular energy transfer between the DNA and
polymer (E23 > 0.6) (Fig. 4b). Nanocomplexes treated with
DNase I had nearly identical E23 efficiency distributions as
control nanocomplexes, suggesting that the gene carrier
provided effective protection from enzymatic degradation.
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Figure 4 Characterization of two-step QD-FRET nanocomplexes by single molecule detection. The probability histograms of (a)
E12 efficiencies and (b) E23 efficiencies for QD/Cy3/Cy5-chitosan nanocomplexes which were untreated (�), treated with DNase I
(�), disrupted with heparin (Hep) and chitosanase (Ch) (gray �), or disrupted in combination with DNase I (�).

Further, E23 efficiencies above 0.6 indicated that chitosan
remained stably complexed to pDNA after nuclease treat-
ment. When treated with chitosanase and heparin for 1 h to
disrupt the nanocomplexes, the E23 efficiency distribution
shifted down to below 0.4, which was consistent with mea-
sured unpacking kinetics and bulk spectral measurements
(Supporting Information, Fig. 5). The gradual decrease in
E23 of disrupted nanocomplexes was caused by the initial
swelling or loosening of the nanocomplex which was fol-
lowed by a more rapid decline after 30 min as it continued
to unpack (Fig. 5b). The addition of nucleases along with
chitosanase and heparin steepened the rate of E23 reduc-
tion, indicating a faster unpacking of the nanocomplex. As
the nanocomplexes were being disrupted, the added nucle-
ases expedited the dissociation process since DNA was also
susceptible to cleavage. Similarly to E12 efficiency, the E23

efficiency is sensitive to the separation between Cy3 and
Cy5 during the unpacking process where the nanocomplex
loosens as the pDNA and gene carrier continue to dissociate.

The integrity of encapsulated and released pDNA was
maintained as indicated by their E12 efficiencies being above
0.2 (Fig. 4a). When encapsulated within a nanocomplex,
condensed pDNA showed a more uniform distribution of E12

compared to that for free pDNA (Fig. 3b). Likewise, plas-
mids released from disrupted nanocomplexes also exhibited

a wider E12 distribution, which was attributed to their relax-
ation after release. Combining disruption with nucleases
resulted in the degradation of released pDNA, which was
indicated by the clear shift in E12 efficiency distributions to
below 0.2 (Fig. 4a) and the rapid decline of E12 efficiency
during the first 5 min followed by a steady decline to less
than 0.2 after 40 min as more DNA was degraded (Fig. 5a).
Taken together, these results confirmed that condensed DNA
was protected by the gene carrier from nuclease-mediated
degradation through steric hindrance [25], and more impor-
tantly, provided direct evidence that unpacking occurs prior
to DNA cleavage by nucleases.

Analyzing intracellular unpacking and DNA
degradation

Combining quantitative ratiometric FRET analysis with SMD
may resolve subpopulations of nanocomplexes and DNA hav-
ing E23 and E12 values that signify intermediate stages of
unpacking and degradation, respectively. These intermedi-
ate stages can be correlated to energy transfer efficiencies
calculated from images of transfected cells, giving a more
accurate description of unpacking and DNA degradation
kinetics within cells. HEK293 cells were transfected with

Figure 5 Temporal characterization of two-step QD-FRET nanocomplexes. (a) Changes in E12 efficiencies for DNA degradation and
(b) E23 efficiencies for dissociation of QD/Cy3/Cy5-chitosan nanocomplexes (NC) were monitored for 60 min. Nanocomplexes were
untreated (�) or disrupted by treatment with heparin (Hep) and chitosanase (Ch) (gray �), or disrupted in combination with DNase
I (�). Efficiencies were normalized to the initial value before treatment (mean ± SD, n = 3).
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triple-labeled chitosan and PEG-b-PPA nanocomplexes to
study the intracellular release and degradation of pDNA by
two-step QD-FRET. At least three distinct states of pDNA
were observed by calculating E12 and E23 efficiencies on
a pixel-by-pixel basis using Eqs. (1) and (2), respectively
(Supporting Information). At 4 h post-transfection, chitosan
nanocomplexes remained stable or began dissociating since
E23 efficiencies were below 0.6 (Fig. 6a). As a result, most of
the pDNA associated with chitosan maintained its integrity
since their E12 efficiencies were above 0.5 in value. In con-
trast, nearly all the pDNA were dissociated from PEG-b-PPA
micelles as indicated by E23 efficiencies below 0.4 (Fig. 6b).

The free pDNA showed a range of E12 efficiencies but some
pDNA clearly have E12 efficiencies less than 0.2, indicat-
ing that these plasmids were degraded as a consequence of
being rapidly released. Microinjected pDNA were reported
to be degraded within 2 h [3,4,29]. The unpacking kinetics
observed was consistent for chitosan [16] and PEG-b-PPA,
which formed relatively less stable complexes (unpublished
data). The PEG conjugation may increase the colloidal sta-
bility of PEG-b-PPA micelles but reduce the complex stability
of the micelles [11]. These results underscore the delicate
balance between maintaining stability to preserve DNA and
allowing for its release to increase bioavailability.

Figure 6 Intracellular analysis by two-step QD-FRET. HEK293 cells were transfected with (a) QD/Cy3/Cy5-chitosan and (b)
QD/Cy3/Cy5-PEG-b-PPA nanocomplexes. The combined image of QD, Cy3, and Cy5 channels at 4 h post-transfection shows colo-
calized signals relative to the nucleus (blue). Individual QD (green), Cy3 (yellow), Cy5 (purple) channels, E12 efficiencies, and E23

efficiencies are shown for the region of interest (dashed box). Energy transfer efficiencies for DNA degradation (E12) and unpacking
(E23) were calculated on a pixel-by-pixel basis and their values are indicated by the pseudo-color scale. Examples of condensed
pDNA within nanocomplexes (purple arrow), released intact pDNA (yellow arrow), and degraded pDNA (green arrow) are shown.
Scale bar = 10 �m.
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Discussion

We have demonstrated a two-step QD-FRET approach to
simultaneously and non-invasively monitor DNA condensa-
tion and integrity. The use of QDs as the donor allowed
efficient stepwise energy transfer to a relay ND and acceptor
Cy5. At least three distinct states of pDNA were distin-
guished by FRET-mediated emission from the ND and/or Cy5
and by quantitative ratiometric analysis of E12 or E23 efficien-
cies. After considering applicable quantification methods
[30—32], the ratiometric analysis presented here was chosen
to be the most meaningful method to compare data across
different detection platforms used in this study: spectroflu-
orometry, 3-channel SMD, fluorescence microplate reader,
and confocal microscopy. We obtained similar results across
these platforms, suggesting that the ratiometric analysis was
an appropriate metric in the single [14] and two-step QD-
FRET systems to monitor DNA integrity and condensation.

Condensed, free and intact, or partially degraded pDNA
were identified in acellular and intracellular conditions.
Given the Forster distances for the QD/Cy3 pair and Cy3/Cy5
pair were 5.8 nm [24] and 6.0 nm [28], respectively, the high
sensitivity of energy transfer to changes in donor—acceptor
distance and ratios allowed various stages of unpacking and
degradation to be detected. The E12 efficiency is sensitive
to the diffusion of small oligomers away as DNA was being
cleaved which reduced the acceptor—donor ratio. Similarly,
E23 is sensitive to the separation between the pDNA and
gene carriers as they dissociate. There is also a possibil-
ity that the QD and Cy5 may participate in energy transfer
[23], but any such energy transfer is expected to be mini-
mal due to the small spectral overlap. Any effect of QD-Cy5
energy transfer (E13) is expected to be negligible in our
analysis since E13 would contribute only in the case of com-
pact nanocomplexes. Further, the narrow emission spectra
of QDs allowed efficient energy transfer mainly through the
intermediate ND to the final acceptor Cy5. Intercalated or
covalently bound nuclear dyes were both compatible relays
within this versatile two-step QD-FRET system. Unlike pre-
vious reports which have used relay fluorophores solely to
increase the effective distance range for QD-FRET [17], the
Cy3 in this system serves as both a relay fluorophore as well
as an indicator of DNA integrity by intramolecular FRET.

This versatility was again demonstrated by applying two-
step QD-FRET to analyze different polymers. Chitosan and
PEG-b-PPA formed nanocomplexes with contrasting struc-
tures and unpacking rates which are factors that play a role
in determining eventual transfection efficiency. Consider-
ing that the mean luciferase expression levels were at least
10× lower for chitosan than PEG-b-PPA in hepatocytes at 6 h
post-transfection (0.02 and 0.36 ng luciferase/mg protein,
respectively) and 48 h post-transfection [22,33], the intra-
cellular analysis of E12 and E23 suggested that the slower
unpacking of chitosan nanocomplexes may have preserved
DNA integrity but ultimately hampered its ability to release
DNA, reducing its intracellular bioavailability. In contrast,
PEG-b-PPA micelles dissociated readily in cells, rendering
DNA accessible for transcription but also susceptible to
degradation which had less of an impact on transfection effi-
ciency in this case. From this comparison, two-step QD-FRET
resolved mechanistic differences in the cellular processing
of different gene carriers and identified the relative impor-

tance of unpacking and protection specific to individual
carriers and their effect on short- and long-term transgene
expression.

In conclusion, two-step QD-FRET is a sensitive and versa-
tile platform to study rate-limiting barriers to efficient gene
transfer. To our knowledge, this is the first report where
DNA dissociation from nanocomplexes and subsequent DNA
degradation may be tracked in a simultaneous and non-
invasive manner. This is also the first attempt in using
stepwise QD-FRET as a sensing system to identify various
states of DNA. Quantitative ratiometric analysis of energy
transfer efficiencies was correlated to at least three dis-
tinct states of DNA condensation and integrity. Condensed,
free and intact, or partially degraded pDNA were identi-
fied in a single particle manner and within cells. Different
nuclear dyes and gene carriers were compared to demon-
strate the potential applicability of this method to other
types of vectors. Thus, two-step QD-FRET is poised to expe-
dite the design of more efficient vectors for nanomedicine
by offering a more accurate mechanistic understanding of
critical barriers to gene delivery.

Experimental

Labeling of plasmid DNA and polymeric gene
carriers

Plasmid DNA (pEGFP-C1, 4.9 kb, Clontech, Mountain View,
CA) was labeled with nuclear dyes and streptavidin-
functionalized QD525 (Qdot 525 ITK, Invitrogen, Carlsbad,
CA) as described previously [15]. Briefly, pDNA were biotiny-
lated as described by the manufacturer (Label IT Biotin,
Mirus Bio, Madison, WI) but scaled to have ∼1—2 biotin labels
per pDNA. The number of QDs labeled onto each pDNA is esti-
mated to be ∼1—3 [15]. Prior to QD-labeling, biotinylated
plasmid was labeled with either one of two cyanine-based
nuclear dyes which have different DNA-binding mecha-
nisms but similar spectral characteristics for comparison.
An intercalating dye, BOBO-3 (Invitrogen, Carlsbad, CA),
and a covalently binding dye, Cy3 (Label IT Cy3, Mirus
Bio, Madison, WI), were selected based on their excitation
and emission spectra to allow for efficient energy trans-
fer [17,24]. The primary amines of the cationic polymeric
gene carriers were labeled with N-hydroxy-succinimide-
functionalized Cy5 (Amersham Biosciences, Piscataway, NJ)
through carbodiimide chemistry. A solution of Cy5 dye was
gradually added to aqueous solutions of chitosan (390 kDa,
83.5% deacetylated, Vanson, Redmond, WA) or PEG-b-PPA
(synthesized as described in [22]) and stirred continu-
ously for at least 12 h. For chitosan, the reaction mixture
was maintained at pH ∼6.5 to keep chitosan soluble. Any
remaining free dye was removed by dialysis to obtain only
Cy5-labeled polymer. See Supporting Information for full
details on labeling.

Synthesis of two-step QD-FRET nanocomplexes

The QD/BOBO-pDNA or QD/Cy3-pDNA was electrostatically
complexed with a Cy5-labeled chitosan or PEG-b-PPA to form
triple-labeled nanocomplexes (QD/ND-pDNA/Cy5-polymer).
Nanocomplexes were prepared from chitosan as described
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previously [15]. Briefly, Cy5-chitosan (pH 5.5—5.7; 0.1% in
25 mM acetic acid solution) and QD-labeled pDNA in 50 mM
of sodium sulfate solution were both heated to 55 ◦C sepa-
rately. Equal volumes of both solutions were quickly mixed
under high vortexing. Chitosan nanocomplexes were formed
at an N/P ratio (primary amine to phosphate ratio) of 4:1.
The synthesis of nanocomplexes formed with PEG-b-PPA are
described elsewhere [22]. Briefly, pDNA was added to an
aqueous solution of PEG-b-PPA. Complexes were formed at
an N/P ratio of 8:1 by adding equal volumes of polymer
solution to the DNA solution and then vigorously mixed. All
polyplexes were then used without further purification. Flu-
orescence emission spectra of QD/ND/Cy5-nanocomplexes
were scanned by a spectrofluorometer (Spex FluoroLog-3,
Horiba Jobin Yvon, Edison, NJ). The excitation wavelengths
for QD/BOBO-3 and QD/Cy3-labeled nanocomplexes were
425 nm and 405 nm, respectively. See Supporting Information
for full details on characterizing polyplex size and zeta
potential.

Ratiometric analysis of FRET efficiencies

A ratiometric method [14,18] was used to calculate effi-
ciencies for energy transfers between the QD and ND (E12)
and between the ND and Cy5 (E23), separately, according to
following equations:

E12 = IND

IQD525 + IND
(1)

E23 = ICy5

IND + ICy5
(2)

where IQD525, IND, and ICy5 represent the burst or signal inten-
sities obtained from each corresponding channel and ND is
either BOBO-3 or Cy3.

Disruption of nanocomplexes and degradation of
DNA

QD/Cy3-pDNA was degraded with DNase I (2 U/(g pDNA; New
England Biolabs, Ipswich, MA) for 1 h at 37 ◦C. To inhibit
DNase I, 10% by volume of 400 mM TAE buffer supplemented
with 10 mM EDTA was added. While keeping the total DNA
amount constant per sample, mixtures of degraded and
intact QD/Cy3-pDNA were prepared and its emission spectra
scanned with an excitation at 405 nm. The calibration curve
relating E12 efficiency according to Eq. (1) to the fraction of
degraded pDNA was determined by least squares fitting of
an exponential function to the experimental E12 data nor-
malized to E12 value of intact QD/Cy3-pDNA (Origin v6.0,
OriginLab, Northampton, MA). The kinetics of QD/Cy3/Cy5-
chitosan nanocomplex dissociation and DNA degradation
were monitored for 1 h at 37 ◦C. Triplicate wells contain-
ing QD/Cy3/Cy5-chitosan nanocomplexes were treated with
heparin sulfate (8 �g/�g pDNA; Sigma—Aldrich, St. Louis,
MO) and chitosanase (14 �g enzyme/�g polymer; Seikagaku
America, Ijamsville, MD) and/or DNase I (2 U/�g pDNA).
FRET efficiencies E12 and E23 were calculated according to
Eqs. (1) and (2), respectively, and normalized to the initial
value. See Supporting Information for full details on data
acquisition.

3-Channel single molecule detection

The custom setup used for single molecule detection is sim-
ilar to the one reported previously [15]. Energy transfer
efficiencies were analyzed and distributions of E12 and E23

were obtained for each 100-s measurement. The probability
histogram, based on the distributions of E12 and E23, was then
normalized according to the number of total events to keep
the sum of probabilities (area under the curve) for each his-
togram equal to unity and plotted from the average of three
independent measurements. See Supporting Information for
full details on data acquisition.

Confocal imaging

HEK293 cells (ATCC, Manassas, VA) were transfected with
QD-FRET polyplexes containing 0.5 �g DNA in 0.5 ml of
reduced-serum media (Opti-MEM, Invitrogen, Carlsbad, CA)
for 4 h at 37 ◦C. At 4 h post-transfection, the cells were fixed
with 4% paraformaldehyde and stained with a nuclear dye
(Hoechst 33342, Molecular Probes, Carlsbad, CA). Imaging
was performed with a confocal microscope (LSM 510 Meta,
Carl Zeiss, Thornwood, NY) using the multi-track mode.
Corresponding pixels of 12-bit images from each individual
QD525, Cy3, or Cy5 channel were used to calculate FRET
efficiencies according to Eqs. (1) and (2) and presented as a
pseudo-color image and scale. The background values for
E12 were found to be <0.1 and E23 to be negligible. See
Supporting Information for full details on image acquisition
and assessing transfection efficiency.

Supporting information available

Supplementary methods and figures; QD/BOBO/Cy5 spec-
tra; concentration dependent quenching of QD by free
BOBO; DNA retention of QD/BOBO/Cy5-chitosan nanocom-
plexes; schematic of three-color single molecule detection
setup; spectra of intact and disrupted QD/Cy3/Cy5-chitosan
nanocomplexes.
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