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8 Purpose. The aim of this study was to analyze linear calf thymus DNA (ct DNA) nanoparticle formation

9 with N 4,N 9-dioleoylspermine and N1-cholesteryl spermine carbamate.

10 Methods. Fluorescence correlation spectroscopy (FCS) was used to determine the quality of ct DNA

11 condensed by lipopolyamines. ct DNA was prelabeled with PicoGreen
\

(PG) to allow fluorescence

12 intensity fluctuation measurement and analysis.

13 Results. N4,N9-Dioleoylspermine efficiently condensed ct DNA into pointlike molecules with diffusion

14 coefficient (D) = 1.8 � 10j12 m2/s and particle number (PN) = 0.7 [at ammonium/phosphate (N/P)

15 charge ratio=1.0Y1.5]. The determined PN values are close to the theoretical value of 0.6, providing

16 evidence that the DNA conformation has been fully transformed, and thus a single nanoparticle has

17 been detected. N1-Cholesteryl spermine carbamate showed (slightly) poorer DNA condensation

18 efficiency, even at higher N/P ratios (N/P = 1.5Y2.5) with D = 1.3 � 10j12 m2/s and PN value of 5.2.

19 N4,N9-Dioleoylspermine is a more efficient DNA-condensing agent than N1-cholesteryl spermine

20 carbamate.

21 Conclusions. FCS measurement using PG as the probe is a novel analytical method to detect single

22 nanoparticles of condensed DNA in nonviral gene therapy formulation studies.

24 KEY WORDS: fluorescence correlation spectroscopy; lipopolyamines; N 4,N 9-dioleoyl spermine; N1-
25 cholesteryl spermine carbamate; single nanoparticle.

27 INTRODUCTION

28 Nonviral gene therapy (NVGT), a new treatment strategy
29 using (synthetic) chemical-based vectors, has been employed
30 to treat genetic disorders as well as other nongenetic diseases,

31especially cancer. The focus on nonviral vectors for DNA
32delivery has shown a remarkable increase worldwide (1Y4).
33Unlike conventional chemical-based medicines, the thera-
34peutic DNA in gene therapy is used as (a prodrug for) the
35pharmacologically active ingredient and formulated appro-
36priately for administration to patients’ cells, aiming for de-
37sired gene expression to therapeutic protein in patients. The
38success rate in gene therapy still drags behind expectations
39due to the lack of safe and efficient gene delivery (vector)
40formulations (5Y7). A prerequisite step in gene delivery is
41DNA nanoparticle formation, which allows the reduction and
42charge neutralization of DNA. This DNA condensation pro-
43cess is initiated by the interaction of positively charged
44NVGT vectors with negatively charged phosphate groups on
45the DNA double helix (8Y12), leading to the formation of a
46DNA nanoparticle by means of a lipopolyamine vector and
47self-assembly. After nanoparticle formation they must enter
48cells, most likely by endocytosis, escape from the endo-
49someYlysosomal system, and gain entry to the nucleus where
50gene expression takes place.
51The lipidYpolyamine conjugates (lipopolyamines) are
52efficient gene delivery vectors, achieving high DNA packaging
53and improved in vivo gene delivery results. These molecules
54incorporate a lipophilic moiety (mainly long-chain hydrocar-
55bon or steroidal lipids) and positively charged amine group(s),
56such as spermidine or spermine (5,13Y16). DNA binding by
57lipopolyamine vectors plays an important role in gene
58delivery success. DNA condensation affords nanoparticles
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59 with the appropriate size to enter cells and gives protection
60 from nuclease (DNase), important properties when consid-
61 ering serum stability for in vivo applications. Disassociation
62 of DNA from the vector at the right time is crucial, possibly
63 after escaping from the endosome and just before reaching,
64 or immediately after entering, the nucleus. However, the
65 mechanisms of association and dissociation between lipo-
66 polyamines and DNA are still not well understood (5,13Y18).
67 The specifics of the mechanisms of gene delivery using
68 NVGT, at the level of molecular pharmaceutics, follows:
69 DNA typically self-assembles with the lipopolyamine to form
70 a nanoparticle by charge neutralization. The DNA complex
71 can enter cells mainly by endocytosis. DNA complexes are
72 encapsulated in the endosomal vesicles, which are susceptible
73 to enzymatic degradation. These particles must be released
74 from the endosomes before the lysosome is fused to the en-
75 dosomes. Translocation into the nucleus involves the trans-
76 portation of DNA through the nuclear pore complex (NPC)
77 (or during mitosis). The last step of gene delivery is success-
78 ful gene expression.
79 Fluorescence correlation spectroscopy (FCS) is a new
80 technique to study molecular interactions based on fluores-
81 cence, combining steady-state fluorescence spectroscopy and
82 confocal microscopy (19,20). In conventional fluorescence
83 spectroscopy, a relatively large volume of sample is illumi-
84 nated by an excitation laser. The average fluorescence in-
85 tensity is recorded with high background noise, leading to
86 limitation in resolution and sensitivity. With the confocal mi-
87 croscopy technology, the (very small) sample volume (the
88 Bconfocal volume,^ V, of about 1 fL) is defined by a focused
89 laser beam and a confocal pinhole. This volume is small
90 enough to host only one molecule at detectable practical
91 concentrations; hence, FCS is also regarded as Bsingle-
92 molecule spectroscopy^ (SMS) (21,22). The fluorescence is
93 collected with a high-aperture microscope objective and
94 monitored by a sensitive single-photon counting detector.
95 The measured fluorescence from single molecules fluctuates
96 with time, and these temporal fluctuations are autocorre-
97 lated. The normalized fluorescence fluctuation autocorrela-
98 tion function provides two types of information: The
99 magnitude is inversely related to the average number of
100 observed fluorescent molecules, and the rate and shape of the
101 temporal decay reflects the dynamic properties of the ob-
102 served molecules. This autocorrelation function allows faster
103 and slower diffusing particles to be differentiated (19Y25).
104 The FCS technique has been used to study dynamic pro-
105 cesses, on the molecular scale, including DNA nanoparticle
106 formation in drug delivery (26Y28). There were also some
107 studies on oligonucleotideYlipid complex using FCS, in addi-
108 tion to polynucleotide (DNA) (29Y34). This study is aimed at
109 the analysis of (single) DNA nanoparticle formation employ-
110 ing two lipopolyamines, N 4,N 9-dioleoylspermine and N1-
111 cholesteryl spermine carbamate, and linear calf thymus DNA
112 (ct DNA).

113 MATERIALS AND METHODS

114 Materials

115 PicoGreen\ (PG), Rhodamine-6G (R6G), and Alexa
116 Fluor-488 (AF488) were obtained from Molecular Probes

117(Eugene, OR, USA). Ethidium bromide (EthBr), ct DNA
118(minimum size 13 kbp), and chemicals used to prepare 4-(2-
119hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES)
120buffers were purchased from Sigma-Aldrich (Poole, Dorset,
121UK). HEPES buffer was composed of 2 mM HEPES, 20
122mM NaCl, 10 mM EDTA, and MilliQ water. The final pH
123was adjusted to 7.4 with aq NaOH solution. The HEPES
124buffer was filtered through a 0.45-mm membrane before use.
125N4,N9-Dioleoylspermine and N1-cholesteryl spermine
126carbamate were synthesized as we have previously reported
127(35,36).

128PicoGreen Concentration Determination

129PG is patented and its concentration was not provided by
130Molecular Probes. Diluted PG solution absorbance was
131measured with a UV spectrophotometer at 500 nm. The molar
132concentration was then calculated by using the molar absorp-
133tivity from the literature (70,000 Mj1 cmj1 at 500 nm) (37).
134The PG solution supplied by Molecular Probes was found to
135be 220 mM, and therefore its 1/200 dilution (i.e., at the
136recommended dilution by the manufacturer) is 1.1 mM.

137DNA Sample Preparation and Quantification

138ct DNA sample was dissolved in HEPES buffer and
139stored at j80-C. For quantification of DNA, a 5-mL sample
140was diluted to 1 mL with water and the UV absorbance was
141measured at 260 and 280 nm on a GeneQuant II spectropho-
142tometer. TE buffer (5 mL diluted to 1 mL in water) was used as
143a standard reference. The A260/A280 ratio was calculated to
144analyze the purity of the DNA (38,39).

145ConfoCor\\\ Instrument Setup

146FCS was performed on a ConfoCor\1 (Carl Zeiss,
147Jena, Germany). ConfoCor1 is a PC-controlled fluorescence
148correlation-adapted AXIOVERT 135 TV microscope
149equipped with an x-y-z adjustable pinhole, avalanche
150Photodiode SPCM-200-PQ, ALV-hardware correlator, and
151CCD camera. The Ar+-laser beam (excitation wavelength
152514 nm, excitation intensity 1 mW) was focused by using a
153water-immersion microscope objective at an open focal light
154cell. The same objective, a dichroic mirror, proper band-pass
155filters, and a pinhole in the image space block collected
156fluorescent light. The volume of the confocal excitation
157element, calibrated with AF488 or R6G, was determined to
158be about 1 fL (0.9 T 0.1 fL).

159Studies of DNA Binding of PicoGreen using FCS

160A DNA sample for measurement (1 nM DNA, 200 mL)
161was loaded into one of eight-chamber cover glasses (NUNC\)
162with the glass bottom facing the ConfoCor water-immersion
163microscope objective. A small volume of PG (1:200 v/v di-
164lution in HEPES buffer) was added stepwise into the DNA
165solution and the solution was incubated for 10 min before
166recording the fluctuation signal (30 s/time, 20 times/measure-
167ment). A calibration curve of DNA intercalation by PG was
168then prepared to determine the optimal dye/kbp ratio for FCS
169experiment.

2 Adjimatera, Kral, Hof, and Blagbrough
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170 Studies of Lipopolyamine-Mediated DNA Condensation
171 Using FCS

172 A DNA sample for measurement (1 nM DNA, 200 mL)
173 was loaded into one of eight-chamber cover glasses, followed
174 by the addition of PG at the optimal dye/kbp ratio. After 10
175 min incubation, the DNA solution was titrated by DNA-
176 condensing agents, i.e., N 4,N 9-dioleoylspermine or N1-
177 cholesteryl spermine carbamate. FCS reading was recorded
178 (30 s/time, 20 times per measurement).
179 The composition of DNA complexes is related to the net
180 charge of the system and expressed as N/P charge ratio (N/P =
181 ammonium/phosphate) (40). Ammonium equivalents of the
182 cationic component were determined from the protonation
183 degree (from the pKa of each amino functional group). In
184 HEPES (pH 7.4), N 4,N 9-dioleoylspermine carries 2.0
185 ammonium equiv/mol (pKa = 10.8) (41), and N1-cholesteryl
186 spermine carbamate (pKa = 10.9, 8.6, 7.3) (35,36) provides 2.4
187 ammonium equiv/mol. The charge number was calculated by
188 using the Henderson-Hasselbach equation. The number of
189 phosphate equivalents was derived from the concentration of
190 DNA measured at 260 nm.

191 FCS Data Analysis

192 FCS analysis was processed by using the ConfoCor\ II
193 software. The fluorescence intensity signal I(t) fluctuating
194 around a temporal average [I(t) = bI(t)À + dI(t)] was processed
195 with a digital hardware correlator interface yielding the
196 normalized autocorrelation function or G(t). This function
197 is expressed as (21,42):

G �ð Þ ¼ I tð Þ � I t � �ð Þh i
I tð Þh i2

ð1Þ

199 Assuming small pointlike noninteracting molecules freely
200 diffusing in a space much larger than the detection volume,
201 showing up only triplet state dynamics, G(t) takes the form
202 (21,42):

G �ð Þ ¼ 1þ 1� T þ Te��=�tr
� �

1

PN 1�T½ �

� �
1

1þ �=�Dð Þ

� �
1

1þ �=�Dð Þ w1=w2ð Þ2

� �1=2 ð2Þ

204 where T is a triplet fraction, ttr is a triplet decay time, PN is
205 the apparent particle number, tD is a diffusion time, and w1

206 and w2 are, respectively, the lateral and axial radii of the
207 detection volume. The shape of the confocal volume for
208 calculation purposes was assumed to be a cylinder (42), based
209 on a special optical situation where the pinhole diameter and/
210 or the objective lens were adjusted, and this volume (V ) is
211 V ¼ �52

1 252ð Þ. The derivation of equations for the applied
212 models makes use of the natural laws applied in classical
213 methods of perturbation kinetics, as the only difference is in
214 the source of fluctuations. The parameters tD and PN are
215 related with macroscopic values of concentration c, and the
216 rate of diffusion, called the diffusion constant (43) or diffu-
217 sion coefficient (D) (21) via:

�D ¼
w 2

1

4D
ð3Þ

219and

PN ¼ cNA�w2
1 2w 2 ¼ cNAV ð4Þ

222The diffusion coefficient (D) for spherically symmetric
223molecules is related to the hydrodynamic radius rh via the
224Einstein-Stokes equation:

D ¼ w2
1

4�D
¼ kBTc

6��rh
ð5Þ

226where kB is the Boltzmann constant; here T is thermody-
227namic temperature, h is dynamic viscosity, and rh is hydro-
228dynamic radius. The hydrodynamic radius can be calculated
229from molecular mass M using:

rh ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3M

4��NA

3

s

ð6Þ

231where r is the mean density of the molecule and NA is
232Avogadro’s number.
233The translational diffusion coefficient (D) depends large-
234ly on the shape of the molecule. For rodlike molecules, such
235as a DNA molecule, D can be estimated as:

D ¼ AkBTc

3��L
ð7Þ

237where L corresponds to the length of the rod [for a DNA it is
238the rise per base pair (0.34 nm) multiplied by the number of
239base pairs], d is a diameter of the rod (2.38 nm for DNA),
240and A represents a correction factor:

A ¼ ln L=dð Þ þ 0:312þ 0:565= L=dð Þ � 0:1
.

L=dð Þ2 ð8Þ

242This shows that the diffusion coefficient (D) of a 1000-bp
243DNA is approximately five times smaller and tD five times
244larger for a rodlike-shaped molecule than for a spherical one.

245RESULTS AND DISCUSSION

246Measurement of the Confocal Volume in FCS

247In this experiment, two fluorescent molecules, R6G
248(lex = 495 nm, lem = 519 nm) and AF488 (lex = 525 nm, lem =
249555 nm) (Fig. 1) were chosen to measure the confocal volume
250in FCS. These fluorophores (44) have high absorption
251coefficients (R6G = 116,000 Mj1 cmj1, AF488 = 71,000
252Mj1 cmj1) and less photobleaching, which support their use
253as standard dyes. The fluorescence signal from R6G or
254AF488 in (MilliQ) water was measured by FCS. Diffusion
255time (tD) was determined from the fluctuation caused by the
256diffusion of these dyes in and out of the confocal volume.
257Unsurprisingly, using Eq. (3), as the standard diffusion
258coefficient (D) of both dyes is 2.8 � 10j10 m2/s, and tD

259from experiments, the excitation volume was determined to
260be about 1 fL (0.9 T 0.1 fL) independently of the dye used.
261The dimensions of the confocal volume in our experiments
262are as follows: w1 = 0.29 T 0.05 mm, w2 = 1.69 T 0.02 mm,
263illustrated in Fig. 7.

3FCS Analysis of a DNA–Lipopolyamine Single Nanoparticle
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265 EthBr fluorescence quenching assay, using a steady-state
266 fluorimeter, has been intensively used to determine DNA
267 condensation (45). DNA intercalation with EthBr, studied
268 using the FCS technique, was first reported by Magde’s
269 research group (46,47). The DNA-binding constant of EthBr
270 and DNA diffusion coefficient using FCS were reported. Kral
271 et al. (48,49) recently studied DNA condensation by using
272 EthBr and propidium iodide in FCS. The count rate (CR),
273 diffusion time (tD), and particle number (PN) observed by
274 FCS at the single-molecule level, and their correlations, can
275 be used to differentiate the nature of DNA/oligonucleoti-
276 deYpolycation interactions (33,43,48Y50). Although EthBr is
277 a commonly used dye in DNA-condensation studies, it was
278 found to have effects on DNA structure at high concentra-
279 tion. The helical axis of DNA was dislocated by +1.0 A-, and
280 the helix was twisted by 10-, giving rise to an angular
281 unwinding of j26-, and the intercalated base pairs are tilted
282 relative to one another by 8- (51). Manning’s theory (12)
283 suggested that EthBr intercalation lengthens the DNA by

284about 0.27 nm to the total contour length of ct DNA (52).
285This possible DNA conformational alteration is generally not
286a concern in steady-state fluorescence spectroscopy with a
287larger population to be measured, but this is detectable with
288the high sensitivity of FCS. Additionally, the higher rate of
289EthBr release from DNA may also lead to a significant
290reduction in fluorescence, making fluorescence analysis more
291complex. This in turn leads to the search for new fluorescent
292dyes that can be used without significant change in DNA
293conformation and also possess high absorption coefficients
294(which allows them to be used at low concentrations) to
295avoid interference in the DNA condensation behavior
296mediated by NVGT vectors.
297Recently, a new unsymmetrical monomethine cyanine
298dye, PicoGreen\ (PG) (Fig. 2), was introduced as a patented
299fluorescent dye from Roth, Haughland, and coworkers at
300Molecular Probes (53,54). Its chemical structure was recently
301reported by Zipper et al., confirmed by nuclear magnetic
302resonance and mass spectroscopy techniques and named as
303[2-[N-bis-(3-dimethyl-aminopropyl)-amino]-4-[2,3-dihydro-3-
304methyl-(benzo-1,3-thiazol-2-yl)-methylidene]-1-phenyl-qui-

Fig. 1. Standard fluorophores in FCS confocal volume determination: (i) R6G and (ii) AF488; (iii) EthBr is a common DNA fluorescent

probe.

a b

c

Fig. 2. PicoGreen
\

(PG)Van unsymmetrical monomethine cyanine

dye containing a polyamine side chain to improve DNA-binding

affinity with three mesomers (a, b, c).

4 Adjimatera, Kral, Hof, and Blagbrough
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305 nolinium]+ (Fig. 2a) (37). However, this name could also be
306 (Chemical Abstracts 9th CI) 2-[bis(3-dimethylaminopropyl)
307 amino]-4-(3-methyl-2(3H)-benzothiazolylidene)methyl-1-
308 phenyl-quinolinium (55) [178918-98-4] and/or 2-[bis-(3-di-
309 methylaminopropyl) amino]-1-phenyl-4(1H)-quinolinylidene)
310 methyl)-3-methyl-benzothiazolium (56) [771577-99-2]. The
311 charge due to quaternization of the aromatic N atoms is
312 delocalized, probably equally well shown residing on the
313 N-methyl-benzothiazolium (Fig. 2a) (56) and on the N-
314 phenyl-quinolinium (Fig. 2b) (55), in a solvent- and environ-
315 ment-dependent manner. There is also a contribution from
316 the third mesomer, including the lone-pair electrons on the
317 anilino tertiary amine, as its ammonium ion (Fig. 2c) (57).
318 From DNA intercalation structureYactivity relationship
319 considerations, PG carries three positive charges, i.e., one on
320 nitrogen in the conjugated, mesomeric heteroaromatic sys-
321 tem and two at the 3-dimethylaminopropyl residues. The
322 cationic side chain of PG (compared to EthBr) contributes to
323 higher affinity for double-stranded DNA (dsDNA). Biphasic
324 mode binding was reported for PG interaction with dsDNA.
325 Base-pair intercalation happens at low dye/base pair ratio,
326 and external binding (minor groove) was found at higher
327 dye/base pair ratio. At low dye/base pair ratio, PG shows no
328 base sequence specificity. Zipper et al. (37) recently reported
329 that there is no difference in binding on polydA.dT and
330 polydG.dC, using differential absorption spectroscopy at 494
331 nm, if PG labeling ratio smaller than 100 dye/kbp was used.
332 However, the fluorescence intensities of PGYDNA com-
333 plexes were related to the DNA sequence at higher ratios
334 (37). The increase in fluorescence intensity of PG upon
335 binding to DNA is about 1000-fold (absorption coefficient
336 70,000 Mj1 cmj1), and this makes the background fluores-
337 cence from free dye negligible. A small red shift of the peak
338 absorption (from 498 nm for free dye to 500 nm for the
339 bound dye) was observed for PG (58). Interestingly, PG
340 binds selectively to single-stranded DNA (ssDNA, low
341 affinity) and dsDNA (high affinity) at 525 nm, unlike EthBr
342 at 610 nm. Thus, the use of PG with EthBr simultaneously at
343 dual wavelength (525 and 610 nm) was recently established as
344 a novel efficient tool to determine the DNA unwinding con-
345 dition (ssDNA/dsDNA ratio) (59,60). The low affinity of PG
346 for ssDNA helps to ensure that the fluorescence detection
347 mainly arises from dsDNAYPG interactions.

348 ct DNA–PicoGreen Interaction Study

349 Linear ct DNA has been used extensively as a model
350 DNA for condensation studies due to its commercial
351 availability and low cost. ct DNA is composed of a random-
352 sequence double-stranded polynucleotide with A-T (58%)
353 and G-C (42%) (61), which makes this DNA ideal for our
354 studies and minimizes the effects from possible base-specific
355 DNA-condensing agents. ct DNA is a linear DNA with
356 minimum kbp = 13 (MW 8580 MDa). Its contour length is 4.4
357 mm as calculated from the equation L = NDNA � a, given
358 NDNA is the average number of DNA monomer (base pairs)
359 and a = monomer length (i.e., 0.34 nm for DNA duplex).
360 PG was used in our study to monitor ct DNA. PG
361 intercalation affinity to dsDNA is higher, and it also has a
362 higher absorption coefficient than EthBr. Fluorescence of
363 free PG is low; thus, background fluorescence is negligible. In

364our experiments, fluorescence fluctuation was observed and
365recorded over the increase of PG concentration (i.e., labeling
366ratio). Experimental G(t) functions were satisfactorily fitted
367to a theoretical diffusion model with a single fluorescent
368type. Typical normalized autocorrelation functions G(t) are
369plotted as shown in Fig. 3.
370The objective of the PG calibration assay is to explore
371the useful range of DNA labeling ratio by PG. The ideal ratio
372should give sufficient fluorescence signal with less interfer-
373ence in DNA conformation from intercalating dyes. PG,
374when intercalating into dsDNA, give fluorescence fluctuation
375signals directly recorded as Bcount rate^ (CR). From Fig. 4(i),
376we see that CR increases in linear relationship with the
377amount of PG added, i.e., at dye molecules/kbp ratio of 5Y40,
378and greater tolerance to the higher labeling ratio is a general
379trend for monointercalating dyes. Therefore, the sensitivity
380of the nucleic acid labeling dye to the ratio may be primarily
381dependent on the dissociation constant of its secondary
382binding mode. The higher the dye dissociation of the second
383binding mode, the greater the useful range of labeling ratio
384(compared to TOTO-1) (58). Another two parameters in
385FCS, diffusion time tD [Fig. 4(ii)] and PN [Fig. 4(iii)], remain
386constant as initial values at the start of experiments based on
387the monocomponent diffusion model. This suggests that PG
388has no influence over the hydrodynamic properties of DNA
389molecules. PG can be used at a very low level (i.e., 5Y40 dye
390molecules/kbp), compared to a similar study using EthBr
391(43,48,49). The stability of PG-labeled DNA samples is also
392high, which means that the dilution of sample does not affect
393the accuracy of the measurement (58). The stability of the
394dyeYDNA complexes after dilution is also important for a

Fig. 3. Examples of (i) normalized autocorrelation functions, G(t),

and (ii) the relative count rates for ct DNA 1 nM (200 mL)

intercalated with PG (1.1 � 10j6 M) 30 mL and Cdye/kbp is 13. The

nature of multilabeling DNA (long-chain molecules) causes an

overestimation of PN (apparent PN), compared to the PN of singly

labeled small molecules.

5FCS Analysis of a DNA–Lipopolyamine Single Nanoparticle
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395 titration study of DNA condensation that involves the
396 dilution of the sample (i.e., volume addition with DNA-
397 condensing agent).
398 Considering the characteristics of DNA, ct DNA has a
399 high tD, which is due to its significantly greater size than
400 circular plasmids; different-length DNAs diffuse differently
401 in solution. The previous fluorescence recovery after photo-
402 bleaching (FRAP) study using FITC-labeled DNA revealed
403 that Dw (diffusion coefficient in water) was dependent on
404 DNA size, Dw = 4.9 � 10j10 m2/s � (bp size)j0.72 (for 21- to

4056000-bp linear dsDNA). DNA diffusion coefficient decreased
406by increasing DNA size indicating the complex hydrodynamic
407properties of DNA with respect to translational diffusion (62).
408Similarly, Bjorling et al. (63) reported that the relative
409translational diffusion coefficient decreased linearly with
410the length of dsDNA fragments (at least up to 500 bp) by
411using FCS in the study of DNA products formed during PCR.
412Dw of ct DNA from calculation (5.3 � 10j13 m2/s) is similar
413to the experimental FCS result (7 � 10j13 m2/s). Deviation of
414tD found in our FCS experiments and from calculation in ct
415DNA may be related to the polydispersity of ct DNA, which
416means that different lengths of linear DNA were measured
417together. However, as the DNA condensation process is
418regarded as an all-or-none process, it is possible to monitor
419the nanoparticle formation using ct DNA (64,65).
420In Fig. 4(i), we see that CR increases linearly with dye
421concentration showing the high efficiency of PG fluorescence
422on DNA binding, with little effect on DNA hydrodynamic
423changes from the dye itself. From the labeling ratios
424measured and the data shown in Fig. 4, the useful concen-
425tration range of PG lies within dye molecules/kbp = 5Y40,
426where PN is stable [Fig. 4(ii)], and there are no significant
427changes in diffusion time [i.e., stable conditions; Fig. 4(iii)].
428In further experiments (see below), we chose a ratio of 13.
429FCS enables the direct measurement of the average number
430of fluorescent molecules (particles), the particle number
431(PN), diffusing through the volume element. PN was
432interpreted from the autocorrelation curve, described as
433G(0) = 1 + (1/N). From Fig. 4(ii), PN calculated from G(t)
434of PG molecules bound to ct DNA was 43.1 T 8.1, which is a
435large overestimation of the concentration-derived theoretical
436PN (around 0.6 for 1 nM ct DNA). The detected fluctuations
437are not only due to the diffusion of the entire (multiply
438labeled ) DNA molecules. This overestimation of PN might
439be due to the fact that the multiple-labeled uncondensed ct
440DNA (contour length = 4.4 mm) is of a size similar to the
441illuminated confocal element V (2w1 = 0.58 mm, 2w2 = 3.38
442mm). This leads to a high number of fluctuations in the
443fluorescence intensity, i.e., lower G(t), especially when
444considering that the laser focus during the measurements
445could excite only a part of the entire chain, and thus finally
446lead to a higher PN. Moreover, after condensation, the DNA
447molecule is much smaller and the apparent PN equals the
448concentration-derived PN. Thus, it is clear that the overesti-
449mation of PN is due to fluctuations caused by the diffusion of
450parts of the DNA molecule in and out of the focus; more
451fluorescent events increase the apparent PN. However, from
452this experiment, we cannot conclude that the reason for the
453large PN is independent segmental motions. In our opinion,
454computer simulations will be needed to understand fully the
455physical origin of the observed high apparent PN.

456ct DNA Condensation by Lipopolyamines

457Two lipopolyamines were synthesized and used in these
458experiments. Both are designed to incorporate a spermine
459backbone conjugated with a lipophilic moiety, i.e., the oleoyl
460groups [two amide links; Fig. 5(i)] (35) and the cholesteryl
461group [carbamate link; Fig. 5(ii)] (36). Both our novel DNA
462vectors show effective condensation (i.e., yielding 90%
463fluorescence reduction in the EthBr fluorometric assay at

Fig. 4. PG labeling calibration using ct DNA. Different volumes of

PG (1.1 mM) were added into 200 mL of 1 nM DNA and incubated

for 10 min. G(t) was recorded at each dye-labeling ratio. FCS

parameters were calculated and plotted against dye concentration,

i.e., (i) count rate (CR), (ii) particle number (PN), and (iii) diffusion

time (tD).
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464 N/P charge ratios as low as 1.5Y2.0) and high transfection
465 efficiency. One aim of this study is to understand more of
466 the mechanisms by which these two vectors interact with
467 DNA, as a single molecule (in this case, specifically
468 regarded as a single nanoparticle) by FCS using PG.
469 From the calibration curve [Fig. 4(i)], optimal dye ratio
470 used for ct DNA labeling was in the range of 5Y40. PG was
471 prepared in 1:200 dilution (according to the manufacturer’s
472 protocol); using too much dye would alter the total volume of
473 sample solution. In the DNA condensation experiment, the
474 PG volume added was 30 mL (which is equivalent to dye/kbp
475 ratio = 13). Fluorescence fluctuation was monitored while
476 adding N 4,N 9-dioleoylspermine and N1-cholesteryl spermine
477 carbamate in solution to a sample containing PG-labeled
478 DNA.
479 As the N/P ratio was increased (Fig. 6), DNA phosphate
480 groups were gradually neutralized by (positively charged)
481 ammonium groups of N 4,N 9-dioleoylspermine and N1-
482 cholesteryl spermine carbamate. G(t) was recorded and
483 FCS parameters (diffusion coefficient and PN) were then
484 calculated throughout the DNA condensation process. The
485 indication of DNA condensation occurrence is the dramatic
486 decrease of tD and PN particularly for a system with
487 macromolecules where a single monitored molecule is not
488 small enough to fit in the confocal volume. From Fig. 6, the
489 diffusion coefficient (D) increased on the addition of
490 lipopolyamines in both DNA condensation experiments. As
491 faster movement of DNA resulted from condensation, we
492 conclude that smaller (compacted) nanoparticles have been
493 formed. PN also decreased (Fig. 6), whereas measured CR
494 remained constant.
495 There are experimentally different diffusion coefficients
496 for ct DNA molecules seen at the start of each experiment;
497 this we assign to different lengths of ct DNA and is within
498 experimental error. Samples of ct DNA are not by them-
499 selves homogeneous (e.g., they differ in length of nucleotide
500 sequence); therefore, at the single molecule level, they are
501 differently labeled by PG. This is reflected in the experimen-
502 tal differences recorded in the starting PN (at N/P = 0)
503 without invalidating the use of ct DNA in such spectroscopic
504 studies.
505 PN is a direct parameter to prove the number of
506 fluorescent molecules, which here reports on the DNA
507 concentration. In the model with pointlike molecules, PN is

508described by the equation PN ¼ C � V �NA, where C =
509molarity of detected molecules (DNA 1 nM), V = confocal
510volume (1 fL), and NA = 6.023 � 1023. By using this equation,
511and as the DNA concentrations used in our experiments
512were kept constant at 1 nM, the theoretical PN to be
513achieved is around 0.6. The PN achieved at N/P = 1.0Y1.5
514for ct DNA condensed by N 4,N 9-dioleoylspermine was 0.7.
515This evidence confirms that DNA was condensed into a
516pointlike molecule by the C18-substituted lipopolyamine,
517which fulfils the assumptions of FCS and further validates the

Fig. 5. (i) N4,N 9-Dioleoylspermine, (ii) N 1-cholesteryl spermine carbamate.

Fig. 6. FCS study of DNA nanoparticle formation: ct DNA (1 nM,

200 mL) was condensed with lipopolyamines, using PG as a reporter

probe. (i) ct DNA condensation by N 4,N 9-dioleoylspermine (PG at

dye/kbp = 13). (ii) ct DNA condensation by N1-cholesteryl spermine

carbamate (PG at dye/kbp = 13).
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518 use of FCS as a sensitive method in DNA formulation studies
519 (which is indeed a pointlike molecule, when compared to the
520 typical confocal volume, as shown in Fig. 7) (66). This result
521 is in agreement with other physical studies on DNA particle
522 size, when completely condensed at the nanoscale level
523 (35,36).

524 Pointlike Molecule Detection in ct DNA Condensation

525 Similar results were also found for DNA condensation
526 with N1-cholesteryl spermine carbamateVdecrease in tD and
527 PN. The PN value 5.2 was achieved at N/P = 1.5Y2.5 for ct
528 DNA condensed by N1-cholesteryl spermine carbamate.
529 From a comparison of these PN results with those obtained
530 with N 4,N 9-dioleoylspermine, we conclude that N1-chole-
531 steryl spermine carbamate is a poorer DNA-condensing
532 agent than N 4,N 9-dioleoylspermine. Additionally, conden-
533 sation occurred at higher N/P ratios (N/P = 1.5Y2.5) than
534 condensation achieved with N 4,N 9-dioleoylspermine (N/P =
535 1.0Y1.5). Considering the positive-charge number of N 4,N 9-
536 dioleoylspermine is less than that of N1-cholesteryl spermine
537 carbamate (i.e., 2.0 compared to 2.4), we conclude that more
538 efficient DNA condensation is possibly due to the respective
539 regiochemical distribution of these two positive charges to-
540 gether with their lipid moieties (C18 vs. cholesterol).
541 Pointlike molecules obtained from ct DNA condensation
542 by N 4,N 9-dioleoylspermine have an average tD of 12.0 ms
543 (D = 1.8 � 10j12 m2/s). These nanoparticles diffuse about
544 three times faster than free DNA (D = 0.71 � 10j12 m2/s).
545 Similar diffusion behavior of ct DNA complexed with N1-
546 cholesteryl spermine carbamate was also found at 14.0 ms
547 (D = 1.3 � 10j12 m2/s), although the PN has not fulfilled the
548 pointlike molecules hypothesis (i.e., not approximating to
549 0.6). Considering the change in the magnitude of diffusion
550 coefficient (D) between free and condensed DNA, mediated
551 by both our two lipopolyamines and at appropriate N/P ratios
552 to achieve full DNA condensation, provides evidence for the
553 dramatic change that is DNA condensation. Moreover, D is,
554 in general for pointlike molecules, a rather insensitive pa-
555 rameter and could incorporate some error (about 10%). On
556 the other hand, PN is much more sensitive, and it accurately

557shows differences between both condensing agents. Thus,
558N 4,N 9-dioleoylspermine is a more efficient DNA-condensing
559agent (PN approaching 0.6) than N1-cholesteryl spermine
560carbamate.
561In conclusion, employing the reported FCS experiments,
562we were able to monitor lipopolyamineYDNA complex
563formation at the single molecule level. In comparison to
564other DNA markers, PG used in our FCS study has several
565advantages: It does not change the hydrodynamic properties
566of DNA, and it does not influence the lipopolyamine
567concentrations necessary for condensation. Additionally,
568due to its high brightness, PG requires 10-fold lower staining
569when compared with previously used markers. PG has higher
570affinity than EthBr and other related dyes for dsDNA, in
571part because of the polyamine moiety structural modifica-
572tion, which efficiently forms salt bridges with DNA phos-
573phate anions; taken together with DNA intercalation, this is
574known as biphasic binding. Finally, count rate is practically
575invariant to the condensation process, indicating that dye
576release is not interfering with the condensation process.
577As demonstrated using our lipopolyamines, FCS directly
578visualizes the condensation process by tracking changes in
579diffusion coefficients and particle numbers. In the experi-
580ments reported herein, the PN value, which is the most ac-
581curate readout parameter of an FCS experiment, gives
582quantitative information on the packing density of DNAY
583lipopolyamine aggregates. Thus, direct information on the
584quality of condensing molecules can be derived. This an-
585alytical platform, FCS, provides detailed information and
586insight about DNA and its interaction with gene carriers,
587which is crucial to the development of safe and effective
588nonviral gene delivery vectors.
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Fig. 7. DNA molecules in the FCS confocal volume (V); (i) a free (no lipopolyamine) ct DNA

molecule (ribbon) labeled by intercalated PG (both open and filled circles), but only a fraction of

fluorophores (filled circles) lie within the confocal volume and are therefore excited. (ii) A

lipopolyamine-condensed DNA where all the PG reporter molecules now lie within the confocal

volume, and all are therefore excited; this nanometer-sized complex acts as a pointlike molecule (a

single nanoparticle). Left, V is approximated to a cylinder of typical volume 1 fL, which is small

enough to host only one particle of condensed DNA. The dimensions of the volume element were

determined by using the standard fluorophores (R6G and AF488).
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