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Lipoplex formation for normal and cholesterol-modified oligonucleotides is investigated by fluorescence correlation
spectroscopy (FCS). To overcome the problems related to the fitting of autocorrelation curves when fluorescence
bursts are present, the baseline fluorescence levels and the fluorescence bursts in the same trace were separately
analyzed. This approach was not previously used in FCS studies of lipoplexes and allowed a more detailed
characterization of this heterogeneous system. From the baseline levels, the number of free/bound DNA molecules
and the presence of tens to hundreds of nanometer-sized lipoplexes were estimated using various mathematical
models. Analysis of the fluorescent bursts provided an indication about the sizes of the lipoplexes, the number of
DNA molecules in these aggregates, and the relative amount of lipids in each aggregate. An explanation for the
higher transfection efficiency previously reported for one of the cholesterol-modified oligonucleotide compounds
was found in relation to the formation of large size lipoplexes.

Introduction DNA binding, and the presence of cholesterol and of phospho-
lipids triggering the formation of the inverted hexagonal piigse.

Numerous studies are presently performed to improve gene Understanding the structural characteristics on the one hand
delivery systems such as cationic liposomes, cationic polymers,and the kinetics and thermodynamics of lipoplex formation on
amphiphilic a-helical proteins with cationic amino acids, or  the other hand requires the use of complementary techniques
nanoparticles in view of their possible applications for gene (for a review, see ref 6). The structure and the size of DNA
therapy (in tumors, cystic fibrosis, or myopathies) or to cationic lipid complexes can be investigated by cryo-transmis-
manipulate the protein synthesis of cells in culture (e.g., to label gjon electron microscopy and X-ray diffractiéf.According
proteins of interest using autofluorescent proteins such as theyg these studies, lipoplexes have a multilamellar structure with
green fluorescent protein). These systems are preferred over th‘?epeat distances equivalent to the thickness of a lipid bilayer
viral vectors (with quite_ high transfection ability) pecause the 5nd a single DNA double helix. Hexagonal arrays were also
retroviruses used in vivo can cause mutagenesis and tumorgpserved, Alternatively, their size distribution can be evaluated
induction, as well as various immunological responses, beS|desby static/dynamic light scatteriri§1 by atomic force micros-
their lack of cell-specific targeting.* copy?2 or by light microscopy when complexes are above the

Lipoplexes are complexes formed between DNA and cationic resolution of the optical microscope-0.3 um).23 All of these
lipids (liposomes or micelles), while those formed between DNA results point to a very high heterogeneity of the lipoplex size,
and cationic polymers are known as polyplexes. Even though ranging from 100 or 200 nm up to-2 um.
their formation is simply driven by electrostatic forces, control-
ling the size and structure of lipoplexes (which are relevant for
the transfection efficiency) has proven to be a very complicated
process. Multiple factors can influence lipoplex formation, such
as the ratio between the number of negative charges in DNA
over the number of positive charges of the lipids, the fluidity
of the lipid bilayer and the formation of lipid domains after

On the other hand, information about the dynamics of the
molecular associations in lipoplexes and the quantification of
free and bound DNA can be obtained by fluorescence resonance
energy transfer (FRET) between fluorescent probe labeled lipid
vesicles/micelles and chromophores attached (covalently or not)
to DNA.1415 FRET can take place over distances of a few
nanometers, meaning that only the DNA bound to the surface
of liposomes will contribute to the variation of the measured
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to DNA association with lipid$§;'® while the separation of  molecule experiments (SPC-630, Becker & Hickl Gmbh,
complexes by electrophoresis or centrifugation was shown to Germany). Data are stored with a time resolution of 50 ns, so
induce further aggregatior. they can be imported (e.g., Labview, Matlab, or home-made

Recently, single-molecule (SM) techniques such as fluores- Programs) and rebinned on any time scale necessary for the
cence correlation spectroscopy (FCS) have been applied todifferent mathematical approaches. The advantages of this
investigate the interaction between DNA and cationic liic$ acquisition mode over the classical hardware autocorrelator have
or polymerd>27 as well as the delivery of these systems in Peen discussed by other groups as #ell.
living cells2829 There are several advantages when SM tech-  The data acquisition and analysis explained above are applied
niques are used. First, the ensemble methods can offer onlyto study the complexation (i.e., to quantify the amount of free
average information about the properties of these complexes.and bound DNA) of double-stranded oligonucleotides with the
On the contrary, SM techniques are particularly suitable to commercially available cationic lipid Lipofectamine (Invitro-
obtain information about highly heterogeneous systems suchgen). The final purpose of the experiment is the intracellular
as lipoplexes because they allow the study of each individual delivery of the antisense oligonucleotide specific for khiBR1
particle. In SM experiments, histograms for statistically relevant gene encoding the P-glycoprotein to block the synthesis of this
numbers of molecules/particles are constructed to characterizémembrane transporter responsible for the resistance of neoplasic
the behavior of the entire population. Second, as we will show Cells to chemotherap§l. The antisense oligonucleotide is
in this article, information about lipoplex size and quantification fluorescently labeled and is hybridized with complementary
of free and bound DNA can be simultaneously obtained in the sequences. Besides the normal complementary sequence, two
same experiment by applying SM techniques. This is in contrast types of cholesterol-modified oligonucleotides were used. One
with ensemble measurements, where complementary technique§ontains a single complementary oligonucleotide linked to
should be used (e.g., dynamic light scattering to evaluate thecholesterol, and the other one contains four complementary
complex sizes and FRET for the degree of DNA complexation). oligonucleotides attached to a cholesterol molecule. This strategy
Third, SM experiments can offer information that cannot be for the intracellular delivery of the antisenMDR1 sequence

extracted from ensemble measurements (e.g., the number ofvas chosen for several reasons. On the one hand, it was already
molecules in each complex). shown that increased transfection efficiency of oligonucleotides

is obtained when double-stranded DNA is used instead of single-
stranded formé&? On the other hand, cholesterol-modified
oligonucleotides were demonstrated to have an increased cellular
d association and improved transfection efficiedgin addition,

their delivery into cells can be obtained by using less toxic
eparticles (e.g., low-density lipoproteins), because cholesterol is
able to partition into the lipid fraction, thus avoiding the use of
cationic phospholipid$® The use of double-stranded cholesterol-
modified oligonucleotides was tested as a possibility to improve
the transfection efficienc§® In this case, the cholesterol-
modified sequence has only the role to transport the antisense

7 . - oligonucleotide, and even if it is temporarily trapped in

moments’' photon counting histogram, (PCHS)or fluores- endosomes (due to the possible association of cholesterol with

cence intensity distribution analysis (FIDA)are also not their membranes), the antisense sequence can be released and
applicable when rare but bright spikes are preséfio make . o q
further diffuse into the nucleus.

the analysis possible for this type of measurements, a statistical

method was developed by Van Craenenbroeck &t fibm

which the amount of bound ligand can be determined. Alter- Materials and Methods

natively, authors are either constructing autocorrelation curves

for samples showing only constant fluorescent levels and no DNA Sequences.The tetramethyl rhodamine (TMR)-labeled 20
fluorescence bursts, or they are only analyzing the count oligonucleotide antisense sequence corresponding to the gene encoding
distribution when bright fluorescent spikes are prede#tz2s the P-glycoproteit? (Figure 1) was obtained from Invitrogen and was
The autocorrelation functions built for traces showing fluores- hybridized with a complementary 18 oligonucleotide sequence (Invit-

cence bursts could be analyzed only in the case when their shapé&ogen). Hybridization of 1 nM TMR-labeled oligonucleotide and 1 nM
is not disturbed? complementary oligonucleotide was performed in a final volume of

30uL of phosphate-buffered saline (PBS) pH7.4 (Sigma) by heating
the samples at 80C for 3 min, followed by cooling down at room
emperature for 15 mif?

The DNA concentration was estimated by measuring the optical
nsity of the solutions at 260 nm with a Perkin-Elmer Lambda 40
spectrophotometer (Wellesley, MA), using the extinction coefficient

In FCS, data about diffusion and complexation kinetics are
extracted from the fluorescence intensity fluctuations originating
from the varying number of particles in the laser foés?2
When dealing with molecular association between the DNA an
the cationic lipids, the formation of very large particles can
occur, leading to the appearance of bursts (or spikes) in th
fluorescence trace. The presence of these spikes was recognize
to alter the shape of the autocorrelation curve, which cannot be
fitted with routine mathematical modets33-34Other methods
for the analysis of fluorescence intensity fluctuations, such as
high-order autocorrelation functiods3¢analysis of fluctuation

In our approach, we separate for each individual trace the
baseline fluorescence level and the fluorescent bursts, and
different analysis is carried out. For the constant levels between
bursts, the temporal fluorescence intensity fluctuations (auto- de
correlation curves) and the amplitudes of the fluorescence
intensity fluctuations (high-order autocorrelation functions) give \a1yes reported in the literatuf®.

Informatlon about the diffusion coefﬂuents and the number of The synthesis of the cholesterol-modified antisense 18 oligonucle-
free ligands as well as about the size of the nanometer-scaleytige strands was published elsewhérén one derivative, the 18
complexes. The histograms of fluorescence bursts offer statisticssequence was attached through a polylysine spacer to one cholesterol
abOUt the micrometer'scale |Ip0p|exes F|na”y, Ca|Cu|atI0n Of molecule (1DNA—Ch)’ and in a second one, four O|igonuc|e0’[ide
the amount of bound and free ligand is possible. In this way, a strands were attached to one cholesterol molecule (4DSH) (Figure
more detailed characterization of the highly heterogeneous 1).

system represented by lipoplexes is feasible. This analysis was The cholesterol-modified sequences were hybridized with the TMR-
possible by using a commercially available PC card for time labeled 20 oligonucleotide antisense sequence following the procedure
correlated single photon counting (TCSPC) developed for single- described above. CDV
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Figure 1. Schematic representation of the structures corresponding

to the antisense MDR1 and cholesterol-modified oligonucleotides
(1DNA—Ch and 4DNA—Ch).

Complexation between double-stranded DNA and Lipofectamine
(Invitrogen) was done in PBS. Samples were measured after 30 min
of incubation by placing a few drops on a glass coverslip cleaned by
sonication in acetone, NaOH, and Milli-Q water.

In the setup for single-molecule measurements (for a detailed
description, see ref 47), the excitation was performed by a continuous
He—Ne laser (543 nm) (05-LGP-193, Melles Griot). The light is
directed on the back aperture of an Olympus IX 70 inverted microscope.
An oil immersion lens (Zeiss 100, 1.4 NA) was used. Fluorescence
is collected by the same lens, then passed through a dichroic mirror
(Chroma Technology, Brattleboro, NY), a notch filter (Kaiser Optical
Systems, Ann Arbor, MI), and a long-pass filter (555 nm, Chroma
Technology, Brattleboro, NY), and focused on a 1@® pinhole,
corresponding to a selected observation areauoh1The emitted light

Margineanu et al.

Calibration of the system was done with sulforhodamine 101 to
determine the shape parameter of the laser fogasd then to calculate
the diffusion coefficient D) of DNA

2

D=%

3)

The ratior¢/zwas estimated from the fitting of the autocorrelation curve

of sulforhodamine and was used to calculate the confocal volume.
The fluorescence bursts were selected in the same home-made

program after filtering the raw data with a Lee filter, as described in

the literature®®

Results

Calibrating the Microscope. Fluorescence correlation spec-
troscopy is a method that can provide valuable information in
biology 315152 but data in the literature warn about possible
artifacts leading to misinterpretatiofsThe results are influ-
enced by the size of the confocal volume, the light distribution
within it, and the mathematical models applied for the curve
fitting. When using one-photon excitation, the size of the
confocal volume is given by the excitation wavelength, the
numerical aperture of the objective lens, and the sizes of the
pinholes®354 Typically, high numerical aperture objectives are
used, while the pinhole size is generally-5100 um, even
though pinholes as large as 2%0n were used for some
application$3-55 |t was shown that a large pinhole combined
with overfilling the back aperture of the objective lens generates
a non-Gaussian distribution of light The consequence is that
the obtained autocorrelation function cannot be fitted with the
model taking into account the triplet lifetime and the diffusion
time, and an additional component (e.g., chemical kinetics or a

was collected by an avalanche photodiode, and the detected signal wagecond diffusing component) has to be introduteBurther-

recorded with a TCSPC PC card (SPC 630, Becker & Hickl Gmbh,
Germany) using the FIFO mode (first-in, first-out). Triggering of the
card was done by applying a signal from a pulse generator. In this
configuration, the time lag between consecutive photons is detected.

The stored data are used to reconstruct the fluorescence intensity trace

(transient) with a time resolution of 50 ns. Autocorrelation curves were

generated using a home-made program and were analyzed in the

commercially available Origin program using a fitting function that
takes into account contributions of the intersystem crossing (triplet)

and one diffusion component (eq 1) or two diffusing components (eq
2)48,49

G(r) =
L (1= T+ T )

G(r)=1+ %(1 — T+ Te ey [ 12T
1+-2
TDDNA
1 fo) 1
o\ 7 T T 2 ¢ |2 @)
1+ (= 1+ 1+ (=
z TDDNA Dlipople z TDIipopIe

whereG(7) is the autocorrelation functiofN is the number of molecules
in the laser focusT is the triplet fractionuipiet is the lifetime of the
triplet staterp is the diffusion timep,,, is the diffusion time of free
DNA, 7oy, is the diffusion time of lipoplexed, is the fraction of
lipoplexes,ro is the radius of the laser focus, ands half of the long
axis of the laser focus.

more, using an oil immersion lens can also influence the
parameters of the confocal volume when the observation is done
too far from the coverglass due to the differences in the
refractive indices of oil and watét.
We tested the experimental conditions using sulforhodamine
101. The diffusion coefficient of the rhodamine derivatives in
water was considered to be 2.8 10719 m? s15 The
calculations were made with this value because there is not yet
a general consensus about the use of a higher valie(10-1°
m? s71) reported for small dyes such as rhodamine or Atto
compounds$857The laser beam was expanded with a telescopic
system to obtain the same size as the back aperture of the Zeiss
oil immersion lens used. (The ratbbetween the radius of the
back aperture and the radius of the laser beam was virtually 1,
a value within the limits calculated in ref 54 to give a Gaussian
light distribution in the focus.) Using an excitation power of
35 uW for the 543 nm wavelength, a pinhole size of 100
and working at 4um above the coverglass, the radius of the
confocal volume was calculated to he= 0.3 um (according
to eq 3). The value for was estimated from the ratio = ro/z
obtained after fitting the autocorrelation curve and was found
to be~2 um. rp andz were used to calculate the observation
volume, giving a value of~1.1 fL. Although using an oll
immersion lens and a short distance between the coverglass and
the focal volume might affect the absolute value of the diffusion
coefficients, we are reporting in the paper the relative values
of the diffusion coefficients, as obtained after the calibration of
the focal volume with rhodamine.

SM Experiments. A similar DNA concentration (2« 1078
M) was added to suspensions containing different amounts of
Lipofectamine (1.5, 4.9, 8.2, 11.5, and 14@§/mL). Figure ZCDV
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Figure 2. Traces recorded for nonmodified DNA at different Lipofectamine concentrations: (A) 0, (B) 1.5, (C) 4.9, (D) 8.2, (E) 11.5, and (F)
14.9 ug/mL. The insets are obtained by enlarging regions delineated in blue from each trace. All traces are represented on the same scale.

shows the fluorescence intensity traces obtained for the non-present in the laser focus can be determined by fitting the
modified DNA. Similar data were recorded for the cholesterol- autocorrelation curves. When no Lipofectamine is added to the
modified sequences. For the free DNA (no Lipofectamine DNA, the curves were analyzed using the model taking into
added), the highest fluorescence intensity level was measuredaccount only one diffusing component (eq 1). With the
(Figure 2A). Adding the lipids causes a decrease in the baselinepreviously determined, value of 0.3 um, the diffusion
intensity level due to the fact that part of the DNA molecules coefficientof the double-stranded DNA was estimated to be
are bound in large complexes (seen as spikes), so there are fewgl.2 &= 0.1) x 107 m? s (according to eq 1). This
free oligonucleotides. The higher the lipid concentration, the experimental value was found to be in agreement with the
lower the baseline intensity level, and more spikes are observedtheoretical value of the diffusion coefficient calculated for a
(Figures 2B-F). rodlike molecule of 7 nmx 2 nm (the approximate size of the
As explained in the Introduction, the baseline fluorescent double-stranded oligonucleotide with 20 base pairs (bp’s)). The
levels and the fluorescent bursts were separately analyzed withintheoretical value was 1.8 1071 m? s71 and was calculated

the same trace. according to the relatié8
Autocorrelation cupes were constructed for the constant
intensity levels between consecutive bursts, using intervals of kT(In L + V)
~30 s. At least 10 autocorrelation curves were obtained for each D= d (4)
data set. The diffusion coefficient and the number of particles 3yl cDV



3386 Biomacromolecules, Vol. 8, No. 11, 2007 Margineanu et al.

where L is the length of the moleculd is the molecule’s 2] A
diameter, angy = 0.38 (an end-effect correction factor). ]

No significant differences were observed for the diffusion 2.0 4
coefficient of the double strands containing cholesterol-modified |
sequences compared to the nonmodified DNA. The average .
values for the diffusion coefficients ai®; = (1.1 + 0.1) x % 1.6 -
101°m? st andDy = (1.2 & 0.1) x 1071° m? s for the

compounds bearing one and four oligonucleotides, respectively. 14 )

For spherical particlesa 2 times decrease in the diffusion 1.2 4

coefficient value can be observed only if the molecular weight 0.

increases 8 times, because of the third power dependence of ’ 0.01 0.1 1 10 100 1000
the diffusion coefficient on the molecular weight according to Time (ms)

the Stokes Einstein relation

_ _kr _ KT

D_ﬁﬂ Rh_ 3 M. \13 ®)
U 6| -
47t Ny

whereD is the diffusion coefficientk is Bolzmann’s constant,

T is the absolute temperaturg, is the viscosity,R, is the

hydrodynamic radius of the particlis] is the molecular weight,

Na is Avogadro’s number, and is the volume of the particle.
Therefore, the molecular weight of the cholesterol-modified

sequences does not seem to be high enough to discriminate then Time (ms)

from the nonmodified DNA based on their diffusion coefficients. o 010

The triplet contribution was around 33% for all of the § 0.05+
analyzed curves, a typical value obtained in FCS measurements ° 000
for rhodamine dyes. @ 0.05

In the presence of Lipofectamine, most of the autocorrelation B T R
; 0.01 0.1 1 10 100 1000
curves constructed from the baseline level between bursts were Time (rms)
analyzed with one diffusing component (eq 1), which was i
considered to be the unbound DNA (Figure 3A). However, when 719ure 3. (A) Examples of autocorrelation curves computed for a
. . 30 s time interval on the constant level between bursts for the

8.2 ug/mL l‘,'DOfECtamme Was used, half of the number of recorded traces: black, free DNA; blue, DNA and 1.5 ug/mL
autocorrelation curves obtained for the nonmodified DNA was | ipofectamine; orange, DNA and 4.9 ug/mL Lipofectamine; pink, DNA
fitted using a model with two diffusing terms (eq 2). The fact and 8.2 ug/mL Lipofectamine; red, DNA and 11.5 ug/mL Lipo-
that not all of the curves are fitted with the same model probably fectamine; green, DNA and 14.9 ug/mL Lipofectamine. The arrow
reflects the high spatial and temporal heterogeneity of the SystemShOWS the direction of the incregse of the Lipofectamine concentra_tion.
at this concentration. This means that lipoplexes with different SﬁzhEgz:ﬂﬁfgfsﬁg acugﬁ]c;;;e;ﬁ:'(zglgzli‘)’e d(;idzothtitec‘;‘:('edsgr?é:eo?t:ﬁg
SIz€s pass throth the confpcal volume as a function of t'me second component with a small contribution (DNA and 11.5 ug/mL
and also that the size of the lipoplexes can change as a funcuor\_ipofectamine). The result of two-component fitting is shown in green.
of time if this complex system is not in equilibrium. For 11.5 The corresponding residuals for one-component fitting (black) and
ug/mL Lipofectamine, the autocorrelation curves for both two-component fitting (green) are shown in the bottom panel.
nonmodified DNA and 1DNA-Ch showed a second diffusing
component (Figure 3B). The slower diffusing component was  The average values obtained by fitting 10 autocorrelation
assigned to the presence of small lipoplexes that do not give curves for each data set are listed in Table 2. They were used
fluorescent bursts when they are in focus. The values for the to calculate the percentage of the bound DNA in lipoplexes (vide
second diffusion coefficient are listed in Table 1. Assuming a infra).
spherical shape for these lipoplexes, their hydrodynamic radius By analyzingthe fluorescent burstsnformation abouthe
Ry can be calculated using the StokdSinstein relation (eq 5). durationandthe integrated number of counts per bucsin be
The average values of the hydrodynamic radii range betweenobtained (Figures 4AC). These parameters were estimated for
400 and 600 nm (Table 1). three Lipofectamine concentrations (8.2, 11.5, and Ad/aL).

The number of the freely diffusing moleculeshe laser focus In the presence of 14,89/mL Lipofectamine, bursts longer than
can be estimated from the amplitude of the autocorrelation 2 s can be observed for all three DNA compounds (Figure 4A),
curves and is given in Table 2. For a free DNA concentration but the integrated number of counts per burst is lower compared
of 2 x 1078 M and a confocal volume of 1.1 fL, there should to the other Lipofectamine concentrations. When the Lipo-
be~14 detected molecules. The experimental values are in veryfectamine concentration is reduced (1xg'mL), most of the
good agreement with the calculated one (Table 2, correspondingbursts last for less tlma2 s in thecase of 1IDNA-Ch and
to Oug/mL Lipofectamine concentration). By adding increasing nonmodified DNA (Figure 4B), while long bursts are still
amounts of Lipofectamine, the number of the free DNA observed for 4DNA-Ch. However, the integrated number of
molecules decreases (Table 2), because a fraction of them iscounts per burst increases compared to the previous Lipo-
trapped in lipoplexes. This is also visible in the increased fectamine concentration, especially for the nonmodified DNA.
amplitude of the autocorrelation functions due to the fact that By decreasing further the lipid concentration (8dZmL), longer
this parameter is inversely proportional to the number of bursts with higher integrated numbers of counts are observed
particles within the confocal volume (Figure 3A). for ADNA—Ch and 1DNA-Ch compared to DNA (Figure 4CEDV
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Table 1. Analysis Results for the Autocorrelation Curves Fitted Using Two Diffusing Components Corresponding to the Free DNA and the
Nanometer-Sized Lipoplexes

Lipofectamine DNA diffusion fraction of the second component average hydrodynamic
concentration coefficient second component diffusion coefficient radius
(mg/mL) DNA type (m?2s71) (%) (m2s™1) (nm)
8.2 DNA (1.240.1) x 10710 4.04 +2.59 (3.6+1.4)x 10718 600 + 72
115 1DNA—Ch (1.14+0.1) x 10710 2.77 + 0.60 (3.9+1.8) x 10718 575 + 195
115 DNA (1.240.1) x 10710 5.24 4+ 2.41 (4.940.5) x 10713 430 4+ 136
Table 2. Average Number of Freely Diffusing DNA Molecules in the large complexes do not always pass through the middle of
the Laser Focus at Different Lipofectamine Concentrations the laser focus and also that the excitation profile is not
Lipofectamine homogeneous. Furthermore, self-quenching or singlieiglet
concentration annihilation between the rhodamine molecules brought in close
(ug/mL) DNA 1DNA—Ch 4DNA—Ch proximity by DNA condensation in lipoplexes can take place.
0 135403 158+ 05 147406 AII of. these factors will reduce the detected fluorescgnqe
15 109419 112+ 05 148 +1.2 intensity, and therefore the real number of molecules within
4.9 42 +04 5.8+ 0.4 87407 these lipoplexes can be even higher.
8.2 1.7+01 290401 46+03 In samples with a high degree of polydispersity, such as
115 1.0+0.1 23+0.1 1.74+0.1 lipoplex suspensions, one could expect to find particles with
14.9 1.0+0.1 1.440.1 1.24+0.1 micrometer sizes that determine bursts in the fluorescent trace

(Figures 2B-F), aggregates with a diameter of a few hundreds
of nanometers discriminated in the baseline level by their long
One can assume that the longer the burst duration, the largergiffusion times (Figure 3B and Table 1), and even smaller
the particle diameter. The sizes of lipoplexes with diffusion times mgjecular clusters containing few DNA strands. In the last case,
on the order of seconds are in the micrometer range, but for ajf their molecular weight is not at least 8 times higher than that
very precise calculation of their hydrodynamic radius, correc- of the DNA double strand, then they cannot be differentiated
tions would have to be applied because the particles are notfrom the free DNA based on their diffusion coefficients (eq 5).
infinitely small com_pared to the diameter of the laser fotls. When different species cannot be discriminated in FCS based
However, bur_sts .W'th high integrated numbers of quoresce_nce on their diffusion coefficients, a different strategy consists of
counts contain high ““mb?rs of D.NA molequles. To qualllta- analyzing the amplitudes of the fluorescence fluctuations instead
tively estimate the proportion of Lipofectamine and DNA in ¢ 16 time scale of the diffusion processes, provided that the

different lipoplexes, the integrated number of counts per burst analyzed species have different brightnesses (as in the cases of
was divided by the duration of the burst, and the corresponding §imars or small oligomers). A first method propo&ettis the

histograms were constructed (Figures4E). One can observe  0jation of the amplitudes of the high-order autocorrelation

that the complexes with the highest integrated number of countsg,ction. From this analysis, the concentrations of monomers
fqr agien size (e, d|ff_US|on time) correspond to the Io_wer and oligomers as well as the average oligomerization factor (i.e.,
Lipofectamine concentration for all three DNA types (pinklines 4o imber of monomers in an aggregate) can be obtained.

in Figures 4D-F). The integrated number of counts normalized  ap,jiher approach is the analysis of fluctuation mom&hts,

for the burst duration decreases as the Lipofectamine concentrag, hich thenth power of the fluorescence fluctuation values is

tion increases. This means that the complexes contain 1ess DNAy5 0 jated, resulting in very large values of the fluctuation
and more lipids as the concentration of Lipofectamine increases. ;o nants corresponding to aggregates and allowing their
It'is significant to note the presence of very long bursts in giscrimination from the free monomers. More recently, the
the case of 4ADNA-Ch for all three Lipofectamine concentra- photon counting histogram (PCH#)and the fluorescence
tions shown in Figures 4AC. intensity distribution analysis (FIDAJ were proposed. Both
Information abouthe number of DNA molecules bound in  methods, even though developed independently, consist of
one complexan be obtained from the SM data. Inspection of successively convoluting the photon count distributions of each
the fluorescence intensity traces (Figure 2) shows a very high species with those of the other species. In this way, it is possible
heterogeneity regarding the peak number of counts for different to determine the concentration and the brightness for more than
spikes, in agreement with the data from literature about the two species with different brightnesses and/or numbers of
inhomogeneity of lipoplex size and compositioH.20 After monomers.
determining the number of free oligonucleotides from the  To check for the presence of lipoplexes formed with only a
amplitudes of the autocorrelation curves, the number of countsfeyy DNA molecules that could not be detected as a second
per molecule can be calculated by dividing the value of the diffusing component in the baseline fluorescence of the recorded
baseline intensity level by the number of free DNA molecules. tracesthe amplitudes of the high-order autocorrelation ces
The peak count rate of the bursts is then divided to the numberyere calculated for the constant levels between bursts according

of counts per molecule obtained from the baseline level in the to the method described by Palmer and Thomdte high-
same trace to estimate the number of DNA molecules trappedgrder fluorescence autocorrelation function is defined as

in one large complex. Similar values were obtained for all three

DNA types. For example, the number of DNA molecules i jrev i j

contained in complexes that give a peak count rates of 250 000 Gi(r) = [OF (t + 7)oF (OO . @F (OmF OO (6)
counts/0.5 s is~115, for complexes with 100 000 counts/0.5 s ' [IF(’[)Iﬂ+J

in the peak there are-50 DNA molecules, and for the ones

with 20 000 counts/0.5 s in the peak]10 DNA oligonucleotides whereF(t) is the recorded fluorescence signa(t) = F(t) —
are present. In these estimations, one has to keep in mind thatl(t)Tis the fluctuation of the fluorescence at timérom its

Ccbv
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Figure 4. (A—C) Scatter plots for the duration of bursts and the integrated number of counts per bursts obtained for three Lipofectamine

concentrations: (A) 14.9, (B) 11.5, and (C) 8.2 ug/mL. (D—E) Histograms

obtained by dividing the integrated number of fluorescent counts per

burst by the duration of the burst for (D) nonmodified DNA, (E) 1DNA—Ch, and (F) 4DNA—Ch.

average valuej, andj are integers, ant--Cdenotes thermo-
dynamic ensemble average.

The values of the total concentration of monom@ref the
fraction of monomers present in oligomeric fofrand of the
oligomerization factora. can be obtained as a solution of a
system of nonlinear equations

F
GL(0)=(1—f+01f)/Ct
2
Gl;io) = (1 f+ a?f)/c? @)
B 2
GlS(O) 3G11(0) — (1 —f4 agf)/ct3
Ya
where i
w'(T) dv
= f ") (n=2,3,4) (8)

YnT oo
(f WPy avy”

andw(r) denotes the product of the excitation intensity spatial
distribution and the light-detection spatial distribution.

The values ofy, were numerically computed assuming a
three-dimensional Gaussian profile of functiwu(r).®® High-
order fluorescence fluctuation autocorrelation functi@$t)

point. Next, an appropriate correction for special high-order
effects caused by detection efficiency and background presence
was carried out.

After determining the values af, f, andC;, one can easily
calculate the monomer concentrati@y, and the oligomer
concentratiorC, using the following expressions

C,=C(1-1 9)

C,=Cfla (20)

For 1.5ug/mL Lipofectamine, the oligomerization factor
was around 1, meaning that there are only free DNA molecules
diffusing. The low DNA-containing complexes are observed
starting from 4.9ug/mL Lipofectamine for the nonmodified
DNA and from 8.2ug/mL Lipofectamine for the cholesterol-
modified sequences (Table 3). The oligomerization number is
generally less than 8, explaining the fact that these lipoplexes
could not be detected by their diffusion coefficient.

The detected errors are quite large, probably because of both
spatial and temporal heterogeneity of the system, as previously
discussed.

The percentage of the bound DNwas calculated by
comparing the number of particles obtained from each auto-
correlation curve (free DNA) with the total number of DNA

were calculated from the detected fluorescence transients, whichparticles obtained when no lipids were added (Table 2), given

were discretized with time bins of 1Q. The values 06;(0)
were found by extrapolation of functior®;(t) to the zero time

the fact that the DNA concentration was constant in these
experiments. The concentration of lipoplexes containing@B-V
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Table 3. Parameters Obtained from the Analysis of the Amplitudes of the High-Order Autocorrelation Curves® 2
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Lipofectamine

concentration
(ug/mL) parameters 1DNA—-Ch 4DNA—Ch DNA
1.5 Qa <1 <1 <1
4.9 f (2.8 +0.8) x 101
a <1 <1 6.3+ 1.5
Co (3.3+1.3) x 101
Cm 51+1.6
8.2 f (1.7+£1.0) x 1071 (2.8+£2.1) x 107t (2.7+1.4) x 1071
a 6.2+ 1.3 10.0 £5.3 7.1+0.8
Co (1.0 £0.7) x 1072 (3.943.7) x 1071 (1.1+0.8) x 1071
Cn 25+0.2 57+13 1.8+04
11.5 f (23+1.1)x 101 (3.7+1.9) x 10t (39+1.7) x 101
a 7.0+ 1.7 89+22 7.0+£1.8
Co (1.1 +£0.6) x 101 (1.5 +1.3) x 10t (1.1 +£0.5) x 101
Cnm 27+0.9 1.84+0.2 11401
14.9 f (2.1 +£0.6) x 107 (0.8 £0.6) x 1071
a <1 75+0.7 100+ 4.2
Co (0.54+0.2) x 1071t (1.0 £0.9) x 1072
Cn 1.4+0.1 (8.6 +0.4) x 1071

a f = oligomers fraction; a. = oligomerization factor (number of monomers in an aggregate); C,, = monomer concentration (expressed as number of
molecules in the confocal volume); C, = oligomers concentration (expressed as number of molecules in the confocal volume).

100 DNA + Lipofectamine
o Free DNA Bound DNA
o H A
c 80 ~ N
g Tens nm-sized lipoplexes Hundreds nm-sized pm-sized lipoplexes
o (< 8 DNA molecules) lipoplexes H
< i : ;
Z 40 i H
[m] S S M v v
= 20 —e—DNA BASELINE  Aytocorrelation High order Two components
- © - 1DNACh LEVEL function autocorrelation autocorrelation
~e— 4DNA-Ch functions function i
0 T T T T v
0| i2) )| c4 | SE || GE | F105 2 14 8 BURSTS Duration, Counts

Lipofectamine concentration (pig/ml) Figure 6. Schematic representation of the information extracted using

Figure 5. Percentage of bound DNA determined from SM experi- different analysis methods from the fluorescent traces recorded for
ments. DNA in the presence of cationic lipids.

proximately eight DNA molecules (obtained from the high-order psts can be analyzed with routine models, allowing the
autocorrelation functions) was used to correct the values. The yetermination of diffusion coefficients and of the number of
percentage of the bound DNA as a function of the Lipofectamine paticles in the laser focus, as usually done in FCS. By using
concentration is represented in Figure 5. As more Lipofectamine ne same DNA concentration in all samples and adding
is added, the percentage of DNA bound in lipoplexes increases.increasing amounts of cationic lipids, the decrease of the
There are no significant differences between the nonmodified fjygrescence baseline levels (Figures-2® and the corre-
double-stranded DNA and 1DNACh. For the compound  sponding increase of the amplitudes of the autocorrelation
bearing four oligonucleotides attached to cholesterol, a slow fnction (Figure 3A) can be observed. They are consequences
increase of the bound fraction is observed for small Lipo- of the reduction of the number of freely diffusing DNA
fectamine concentrations, but this fraction reaches in the endyglecules. The presence of the free DNA is confirmed by the
similar values as for the other two compounds. characteristic value of its diffusion coefficient. Lipoplexes
hundreds of nanometers in size could be discriminated in the
baseline level based on their longer diffusion coefficients
compared to the free DNA (Figure 3B and Table 1). A puzzling
The differences in lipoplex formation for normal and cho- observation is that we could not discriminate in all of the
lesterol-modified oligonucleotides have been investigated by baseline levels the free DNA and the nanometer-sized lipoplexes
means of SM fluorescence spectroscopy. Using a simple based on distinct diffusion times. One would expect that the
experimental scheme in which only the DNA is fluorescently binding of small oligonucleotides (20 bp’s) to a lipid vesicle
labeled, multiple pieces of information could be simultaneously should significantly increase the DNA diffusion tirfeLipo-
obtained from these measurements by recording data with a timefectamine is a 3:1 (w/w) mixture of 2,3-dioleoyloXy{2(sper-
correlated single photon counting setup developed for SM minecarboxamido)ethyllN,N-dimethyl-1-propanaminium trif-
experiments and by separately analyzing the baseline fluores-luoroacetate (DOSPA) and dioleoyl phosphatidylethanolamine
cence intensity level and the fluorescent bursts (Figure 6).  (DOPE). Due to its large polar group, DOSPA favors the
The autocorrelation functions constructed only with the formation of micelle$,and DOPE (in a lower quantity) cannot
photons selected from the constant intensity levels betweencompensate for this tendency to form a lamellar phase (I&)BV

Discussion
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somes). Indeed, measurements using quasi-elastic light scatteringmplitude of the fluorescence intensity fluctuations. (Aggrega-
of Lipofectamine particles indicate that their size is less than 5 tion is prevented when there are not enough lipids to compensate
nm, which corresponds to micelles rather than to liposdthes. for the negative charges, and repulsive forces between DNA
When a mixture of DOSPA/DOPE is used, the presence of very strands dominatg) However, for 11.5 and 14.8g/mL Lipo-
small DNA-lipid particles (5-10 nm) coexisting with large  fectamine, no significant differences are observed between the
lipoplexes was demonstrated by cryo-transmission electronthree DNA types. Another finding for ADNAChH relates to the
microscopy’ Considering an average of 70?or the cross- longer diffusion times (i.e., very large lipoplexes) detected for
sectional area per lipid moleculdhis means that there are less the three ratios considered in Figures-4®, as compared to
than 100 lipid molecules in such a micelle. As a consequence, those of the other two compounds. This can be due to the fact
it is possible that the molecular weight of a micelle is not 8 that at high enough Lipofectamine concentrations four oligo-
times higher than that of the DNA sequences that were used,nucleotides are simultaneously immobilized in one complex,
so they cannot be distinguished by different diffusion times. generating larger lipoplexes. An explanation for the higher
However, a higher diffusion coefficient for DNAliposomes transfection efficiency previously reported by our group for this
can be expected only if the vesicles are not destabilized aftercompound* can thus be provided, because the results in the
the interaction. It was proposEd? that fast mixing of DNA literature indicate that using particles with large sizes increases
with small unilamellar vesicles occurs by preserving their the transfection efficiencit12:65
integrity in a first step, followed by their disruption and One possible problem when using fluorescence fluctuation
aggregation, but the authors recognize that the formation of analysis is the necessity to have only a few molecules in the
lipoplexes from micellar cationic lipids may occur through a detection volume. Therefore, the tested concentrations are in
different mechanism. The presence of these very small particlesthe nanomolar range, while relevant concentrations for living
containing generally<8 DNA molecules was concluded from cells can go up to micromolar. Therefore, the equilibrium of
the analysis of the high-order autocorrelation curves calculatedthe association reaction can be shifted, and the results cannot
also from the baseline level of the fluorescent traces (Table 3). be extrapolated directly to cellular experiments. One way to
Lipoplexes with micrometer sizes are observed as fluorescentovercome this problem is to use a mixture of labeled and
bursts in the recorded traces (Figures—&). Using SM nonlabeled reagents to achieve the same concentrations as for
measurements, each micrometer-sized partic]e passing througﬁranSfeCtiOﬁe or the use of even smaller detection volumes that
the focal volume can be analyzed. The duration of the burst allow working with higher fluorescent molecule concentra-
depends on the lipoplex size, and the intensity of the burst is tions®®%
dependent on the number of DNA molecules trapped in the
complex. The analysis in Figures 4B allows us to estimate
the relative proportions of DNA and lipids in lipoplexes. By
increasing the Lipofectamine concentration, particles with a
given size contain less DNA and more lipid molecules.
However, a precise quantification of lipids in each particle
should be done by fluorescently labeling the vesiles by
FRET—-FCS®% The maximum number of the DNA molecules
in one lipoplex was found to be in our case around 100, while
for lipoplexes formed from the association of a 40 bp oligo-
nucleotide with cationic liposomes containing only 1,2-dioleoyl-
3-trimethylammonium propane (DOTAP) this is approximately
200020 The difference could be related to the small sizes of
the Lipofectamine particles (as previously discussed) because

Itwas Qemongtrated that.the slzes of lipoplexes are determine mathematical models. The analysis of the fluorescent bursts gave
by the |n|t|a'l size of the lipid partlcleél. indications about the sizes of the micrometer-sized lipoplexes,
The maximum heterogeneity was observed for all of the the number of DNA molecules present in these large aggregates,
analyzed oligonucleotides when 118/mL Lipofectamine is  and the relative amounts of lipids in each aggregate. In our
used: Micrometer-sized lipoplexes appearing as numerous largeexperiments, the fluorescence intensity of one chromophore was
or small spikes coexist with tens to hundreds of nanometer- getected in one channel, but in SM measurements more options
sized lipoplexes. This can be an indication of a very high 5 designing the experiments are possible (i.e., detection of
instability of lipoplexes, which was correlated with high trans-  jifetime, anisotropy, or energy transfer).
fection efficiency in vivo’63When an excess of DNA or lipids A quantitative comparison between three types of DNA could
is present, the complexes are reported to be larger and moreyis, he done, and a possible explanation for the previously
stable? Our experimental data indicate indeed that for DNA  gpserved higher transfection efficiency of 4DN&h was found
plus 8.2 and 14.9g/mL Lipofectamine there are more lipo- i relation to the larger sizes of the aggregates. As suggested
plexes with longer diffusion times for IDNACh and normal  y other studied? the main advantage of the cholesterol
DNA than for 11.54g/mL Lipofectamine (Figures 4AC). modification will be the possibility of using other lipid formula-
The explanation for the reduced binding of 4DNE&h tions for transfection instead of the cationic derivatives, which
detected at low Lipofectamine concentrations is not yet obvious. possess a higher toxicity.
It is possible that due to the electrostatic attraction of four nearby
oligonucleotides more Lipofectamine is bound to the same Acknowledgment. Financial support from the KULeuven
molecule, while other molecules are not condensed. Alterna- research fund (GOA 2/01 and 2/06, Centers of Excellence
tively, we cannot completely exclude that what we consider INPAC and CECAT, IDO/02/014), the Federal Science Policy
“free” DNA is in fact one molecule condensed with few lipids  of Belgium (Grant No. IAP-VI/27), and the Institute for the
that cannot be identified by a different diffusion time or by the Promotion of Innovation by Science and Technology in Flam&ﬁﬁ/

Conclusions

We demonstrated that, when quantifying lipoplex formation,
SM fluorescence techniques could provide information that is
usually obtained only by combining complementary methods
in ensemble measurements. SM techniques are particularly
useful when highly heterogeneous systems are investigated. By
using a single photon counting PC card developed for single-
molecule experiments instead of a hardware autocorrelator, data
analysis is more flexible. By separately analyzing the baseline
fluorescence levels, the number of free and bound DNA
molecules, the presence of tens to of hundreds of nanometer-

ized lipoplexes could be estimated by applying various
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