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a  b  s  t  r  a  c  t

Non-covalent  complexes  between  low  molecular  weight  poly(ethylene  imine)  (PEI 400  and  800)  and
single-stranded  oligodeoxynucleotides  (ODNs)  were  prepared  in  aqueous  solution  by  combining  poly-
mer and  ODN  in  molar  ratios  ranging  from  1:10  to  10:1.  Five  ODNs  were  investigated,  including  d(TTTTT),
d(CCCCC),  d(AAAAA),  d(GGGGG)  and d(GCGAT).  The  compositions,  solution  stabilities  and  gas-phase
stabilities  of  the  complexes  (termed  polyplexes)  were  examined  by  electrospray  ionization  mass  spec-
trometry  (ESI-MS)  and  tandem  mass  spectrometry  (MS2).  Independent  of the  mixing  ratio  of the  reactants,
the polyplex  with  1:1  polymer-to-nucleotide  stoichiometry,  PN,  is the  dominant  product,  while  the
polyplexes  PN2 and  P2N  are  observed  as  byproducts  with  all ODNs.  The  relative  polyplex  ion  abun-
dances  in  the  ESI  mass  spectra  reveal  the  following  order  of  solution  stabilities  for the  major  product  PN:
PEI-d(TTTTT)  > PEI-d(GGGGG)  ≈  PEI-d(GCGAT)  ≈  PEI-d(CCCCC)  > PEI-d(AAAAA).  The  gas-phase  stabilities,

2
ene delivery assessed  by  MS and  collisionally  activated  dissociation,  follow  the same  order,  providing  evidence  that
the polyplex  structures  in  aqueous  solution  and  the  more  hydrophobic  environment  of  the  gas-phase
are  very  similar.  PEI 800  leads  to  more  stable  polyplexes  than  PEI  400.  PEI–ODN  polyplexes  have  been
used  in  gene  delivery.  The  particularly  high  binding  affinity  of  d(TTTTT)  vs.  the  other  ODNs  suggests  that
sequence-specific  delivery  systems  could  be  developed  by  appropriate  design  of  the  size and  composition
of  the  polymeric  delivery  vehicle.
. Introduction

Gene therapy involves the delivery of appropriate genetic mate-
ial to target cells, where it may  replace defect genetic material,
nhibit the production of a deleterious protein or cause the pro-
uction of a therapeutic protein [1].  Cationic polymers, such as
oly(ethylene imine) (PEI), are increasingly explored as delivery
ehicles (vectors) of genes or oligonucleotides to cells, as they
re less cytotoxic, less costly, and more easily prepared than
raditionally used viral vectors [1–6]. Cationic polymers are posi-
ively charged at physiological pH and, thus, can develop attractive
lectrostatic interactions with nucleic acids and oligonucleotides,
hich generally carry negative charges [1].  The resulting com-
lexes have been termed polyplexes and usually have a net positive
harge, which helps them to penetrate the negatively charged cell
embrane and escape degradation until they reach their ultimate
estination, the cell nucleus [1,2,5].
Although a number of studies have been reported about

he cytotoxicity, transfection efficiency and degradability of

∗ Corresponding author. Tel.: +1 330 972 7699; fax: +1 330 972 6085.
E-mail address: wesdemiotis@uakron.edu (C. Wesdemiotis).

387-3806/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.06.035
© 2010 Elsevier B.V. All rights reserved.

polyplexes [1,2,5],  information about their compositions and
binding interactions at the molecular level is scarce [4,7].
This issue is addressed here with the first characterization of
PEI/oligodeoxynucleotide (ODN) polyplexes by electrospray ion-
ization mass spectrometry (ESI-MS) [8],  tandem mass spectrometry
(MS2) and traveling wave ion mobility mass spectrometry (TWIM-
MS)  [9].  The stoichiometry and charge state distributions of the
complexes formed by PEI 400 and PEI 800 with a series of
single-stranded pentadeoxynucleotides are examined, as are the
corresponding complex stabilities in solution and the solvent-free
environment.

2. Materials and methods

2.1. Materials

PEI 400 and PEI 800 were acquired from Sigma/Aldrich (Mil-
waukee, WI)  and BASF (Ludwigshafen, Germany), respectively,
and aqueous ammonium hydroxide (28–30%) from EMD  Chem-

icals (Gibbstown, NJ). HPLC-grade water, ammonium acetate,
the single-stranded pentadeoxynucleotides 5′-d(TTTTT)-3′, 5′-
d(CCCCC)-3′, 5′-d(AAAAA)-3′, 5′-d(GGGGG)-3′ and 5′-d(GCGAT)-3′

were purchased from Fisher (Fair Lawn, NJ), as were all solvents.

dx.doi.org/10.1016/j.ijms.2010.06.035
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:wesdemiotis@uakron.edu
dx.doi.org/10.1016/j.ijms.2010.06.035
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Fig. 1. ESI mass spectra of (a) PEI 400 and (b, c) the PEI–ODN polyplexes formed after
mixing PEI 400 and 5′-d(TTTTT)-3′ in the molar ratios 1:1 (b) and 5:1 (c). The signs *
and & designate [M+H]+ ions of linear and cyclic PEI oligomers with the compositions
H2N(CH2CH2NH)nH and (CH2CH2NH)n , respectively. The signs = and + designate
PEI fragments with the compositions H2N(CH2CH2NH)mCH2CH2NH+ CHCH3 and
CH3CH N(CH2CH2NH)mCH2CH2NH+ CHCH3, respectively. The signs # and ∧ des-
ignate PEI-d(TTTTT) polyplexes containing linear (#) or cyclic (∧) PEI and having the
PEI-to-ODN stoichiometry 1:1 (PN). The signs ∼ and ∧ designate polyplexes with the
stoichiometries PN2 (∼) or P2N (!). The superscripted charges indicate degree of pro-
D. Smiljanic, C. Wesdemiotis / International J

ll chemicals were used as received without further purifica-
ion.

.2. Sample preparation

A 10-mM ammonium acetate buffer was prepared in HPLC-
rade water and its pH was adjusted to 7.2 by adding a few droplets
f aqueous ammonium hydroxide. This buffer was used to prepare
ndividual 0.5-mM solutions of the polymers and pentadeoxynu-
leotides. Polymer and nucleotide solutions were mixed in the
atios of 1:10, 1:5, 1:1, 5:1 or 10:1, and the resulting mixtures were
ntroduced into the ESI source by direct infusion at a flow rate of

 �L/min.

.3. Mass spectrometry experiments

All experiments were performed with a Synapt HDMS
uadrupole/time-of-flight (Q/ToF) tandem mass spectrometer
Waters, Beverly, MA)  equipped with ESI and TWIM-MS  capabil-
ties [9,10].  The instrument contains a triwave device between the

 and ToF mass analyzers, consisting of three cells arranged in the
rder trap cell, ion mobility cell and transfer cell. ESI mass spec-
ra were acquired in positive mode by setting the spray voltage at
.5 kV, the source temperature at 110 ◦C, the sampling cone volt-
ge at 35 V, the extraction cone voltage at 3.2 V, the desolvation gas
ow rate at 400 L/h (N2), the desolvation temperature at 160 ◦C,
he quadrupole mass analyzer in RF-only mode, the trap cell colli-
ion energy at 4.0 eV and the transfer cell collision energy at 6.0 eV.
nder these conditions, all ions leaving the ESI source pass the
uadrupole and triwave regions and are orthogonally accelerated

nto the ToF mass analyzer for m/z  analysis. For the acquisition
f MS2 spectra, a specific PEI–ODN complex (precursor ion) was
ass-selected with Q using an isolation width of 4.5 and under-
ent collisionally activated dissociation (CAD) with Ar in the trap

ell at an Ar gas flow of 1.5 mL/min. MS2 (CAD) spectra were mea-
ured as a function of trap collision energy, which was  varied within
–45 eV to induce fragmentation. The product ions formed in this
rocess were subsequently mass-analyzed by the ToF part.

Fragmentation efficiency curves were constructed from MS2

pectra of [M+2H]2+ ions by plotting the relative abundance of
he selected PEI–ODN complex vs. the corresponding center-of-

ass collision energy (Ecm) [11]. Relative abundance was  calculated
y dividing the complex intensity, I(complex2+), by the sum

(complex2+) + 1/2 [I(PEI+) + I(ODN+)] [12,13]; Elab was calculated
rom the applied laboratory-frame collision energy (Elab) using
he equation Ecm = Elab × (mAr/(mAr + mprecursor)), where mAr and

precursor designate the masses of Ar atoms and the precursor
on, respectively. The points were fitted into sigmoid curves, con-
tructed using the Origin 8.1 graphing software [14], in order to
educe the corresponding E50 values, which are the collision ener-
ies at which 50% of the PEI–ODN precursor ions were depleted due
o CAD [12,13,15].  The E50 value derived for each PEI–ODN complex
s an average of three measurements.

The normalized intensities of the PEI–ODN complexes were used
o determine the effect of solution phase composition on the stoi-
hiometry of the resulting non-covalent complexes and the relative
olution stabilities of the complexes [13,16–18].  Normalized inten-
ities were obtained from peak heights by dividing the PEI–ODN
omplex intensity by that of uncomplexed ODN. The most abundant
EI–ODN oligomers (4 for PEI 400 and 12 for PEI 800) were used in
his calculation. All detectable charge states of the PEI–ODN com-

lexes and uncomplexed ODNs were considered. The uncomplexed
DNs dissociated partly during ESI analysis. The ODN fragment

ntensities were added to those of intact ODN for the calculation
f normalized intensities.
tonation. Monoisotopic m/z values are given on top of select peaks. The ions at m/z
1459.3 and 730.1 arise from singly and doubly protonated d(TTTTT), respectively,
and the ions at m/z 1235.2 and 616.1 are the corresponding w4

+/w4
2+ fragments.

Two-dimensional TWIM-MS  plots were acquired on all ions
exiting the ESI source (Q in RF-only mode), using a traveling wave
velocity of 675 m/s  and a traveling wave height of 17.2 V. The IM
gas (N2) flow was  set at 22.7 mL/min and the trap and transfer cell
potentials were kept at 6.0 and 4.0 V, respectively, during the IM
measurement.

3. Results and discussion

3.1. Polyplexes with PEI 400

The poly(ethylene imine)s used for polyplex formation were
supplied as mixtures of linear and branched oligomers; both have a
43-Da repeat unit, amine end groups and the nominal composition
H2N(CH2CH2NH)nH. The [M+H]+ ions of such oligomers give rise to
the main distribution in the ESI mass spectrum of PEI 400, which
appears m/z 43n  + 18 (labeled by * in Fig. 1a). A second distribution
results from oligomers that are missing NH3; these are observed at
m/z 43n  + 1 (& in Fig. 1a) and agree well with cyclized structures,
which are typical byproducts in PEI syntheses. Two  more distribu-
tions are detected, mainly in the low-mass range; these correspond
to PEI fragments formed during ESI (+ and = in Fig. 1a) [19]. The aver-
age molecular weight (Mn) calculated from the ESI mass spectrum
for the main polymer distribution, i.e., for H2N(CH2CH2NH)nH, is
295; hence, the average PEI 400 oligomer contains 6–7 repeat units
and 7–8 N atoms (potential protonation and hydrogen bonding
sites).

PEI 400 was  mixed with the pentadeoxynucleotides 5′-
d(TTTTT)-3′, 5′-d(CCCCC)-3′, 5′-d(AAAAA)-3′, 5′-d(GGGGG)-3′ and
5′-d(GCGAT)-3′ in the molar ratios 10:1, 5:1, 1:1, 1:5 and 1:10.
After the mixtures were allowed to equilibrate for 10 min, ESI

mass spectra were acquired to identify the polyplexes formed.
With all ODNs and molar ratios examined, the PEI–ODN polyplex
with 1:1 stoichiometry is the dominant product, as attested in
Fig. 1b and c for the PEI/d(TTTTT) complex formed from polymer-
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Fig. 3. ESI mass spectra of (a) PEI 800 and (b, c) the PEI–ODN polyplexes formed after
mixing PEI 800 and 5′-d(TTTTT)-3′ in the molar ratios 1:1 (b) and 5:1 (c). The signs
*  and ‡  designate [M+H]+ and [M+2H]2+ ions, respectively, of linear PEI oligomers
with the composition H2N(CH2CH2NH)nH; the sign & designates [M+H]+ ions of
cyclic PEI oligomers with the composition (CH2CH2NH)n . The signs = and + desig-
nate PEI fragments with the compositions H2N(CH2CH2NH)mCH2CH2NH+ CHCH3

and CH3CH N(CH2CH2NH)mCH2CH2NH+ CHCH3, respectively. The sign # desig-
nates PEI-d(TTTTT) polyplexes with the linear PEI oligomers and the PEI-to-ODN
stoichiometry 1:1 (PN). The sign ∼ designates polyplexes with the stoichiometry
PN2. The superscripted charges indicate degree of protonation. Monoisotopic m/z
values are given on top of select peaks. The ions at m/z 1459.3 and 730.1 arise from

+

ig. 2. Relative intensity of the PEI-d(TTTTT) polyplexes with polymer-to-ODN sto-
chiometry of 1:1 (PN) vs. the total PEI 400 concentration in the PEI/ODN solution.

o-ODN ratios of 1:1 and 5:1, respectively. The 1:1 stoichiometry is
bserved in charge state +2, as [M+2H]2+, as well as in charge state
1, as [M+H]+, with the latter increasing in relative abundance at
igher polymer-to-ODN molar ratios (cf. Fig. 1). For brevity, the
otations PN2+ and PN+ will be used for the polyplexes, with P
nd N representing the polymer and oligodeoxynucleotide, respec-
ively, and the superscript providing the corresponding charge
tate. At higher ODN concentrations, doubly and triply protonated
omplexes with the stoichiometry PN2 appear as minor product
Fig. 1b). Inversely, a higher polymer concentration coproduces
mall amounts of P2N2+/P2N+ complexes (Fig. 1c).

Both the major PEI distribution with the nominal composition
2N(CH2CH2NH)nH (* in Fig. 1a) as well as the minor, cyclized PEI
istribution (& in Fig. 1a) form complexes (# and ∧, respectively,

n Fig. 1b and c). No complexes are observed with the PEI fragment
eries (+ and = in Fig. 1a). The fraction of polyplexes that contain
yclic PEI (∧) is somewhat smaller than the fraction of cyclic struc-
ures in PEI (&), pointing out that cyclic oligomers yield less stable
omplexes with ODNs.

Table 1 summarizes the relative intensities of the polyplexes
btained from mixtures with polymer-to-oligonucleotide molar
atios of 1:1 and 5:1. Only polyplexes containing the major PEI
istribution were considered in the calculation of these intensi-
ies. The yield of the major product, viz. the PN complex with
:1 polymer-to-oligonucleotide stoichiometry, increases signifi-
antly with the molar PEI/ODN ratio of the reactants, as expected.
t all mixing ratios, the most abundant PN complex is observed

or d(TTTTT), with the relative intensities of the other com-
lexes following the order PEI-d(TTTTT) > PEI-d(GGGGG) ≈ PEI-
(CCCCC) ≈ PEI-d(GCGAT) > PEI-d(AAAAA). The relative intensities
f the polyplexes correlate linearly with the PEI concentration;
his is shown in Fig. 2 for the complex of d(TTTTT). Such relation-
hip reveals that the ESI mass spectra provide snapshots of the
N/N solution concentrations and that the relative intensities of
he PEI–ODN complexes reasonably approximate the correspond-
ng relative solution stabilities (cf. footnote ‘a’ in Table 1). Based
n this fact, the relative PN intensities in Table 1 indicate that
(TTTTT) produces the most stable and d(AAAAA) the least stable
:1 polyplex with PEI, while the other pentadeoxynucleotides yield
olyplexes of intermediate stability.

The most stable PN2 complex is also formed with d(TTTTT), but

he most stable P2N complex is formed with d(GGGGG), cf. Table 1.
uch a change in the order of polyplex stabilities could result from a
hange in the secondary ODN structure when a further constituent
s added to the non-covalent complex.
singly and doubly protonated d(TTTTT), respectively, and the ion at m/z 1235.2 is
the corresponding w4

+ fragment. At the higher polymer concentration (bottom),
heavier PEI oligomers (*) dominate in the low-mass end of the spectrum.

It is noteworthy that the molecular weight distribution of the
polyplexes is narrower than that of PEI 400 (cf. Fig. 1), indicat-
ing that only a select range of PEI sizes can form stable complexes
with pentadeoxynucleotides. The number of ethylene imine repeat
units in the four most abundant PN2+ ions is 4–7 for PEI-d(TTTTT),
5–8 for PEI-d(GGGGG), PEI-d(CCCCC) and PEI-d(GCGAT) and 6–9 for
PEI-d(AAAAA), while the four most abundant ions within the corre-
sponding PN+ series carry 4–7 repeat units in all cases. From these
data, the N-atom/P-atom ratios of the polyplexes can be calculated,
which is defined as the number the N atoms in the PEI component
divided by the number of P atoms in the nucleic acid component.
Considering that non-cyclic PEIs contain one more N atom than
their number of repeat units and that the number of P atoms in
the ODNs studied is five, the N-atom/P-atom ratios of the poly-
plexes (PN stoichiometry) fall within the range (5–9)/5 = 1.0–1.8.
For the in vivo or in vitro delivery of nucleic acids and oligodeoxynu-
cleotides, N-atom/P-atom ratios of 5–10 or larger are generally
used, which maximize polyplex formation according to agarose gel
electrophoresis analyses [2,3,5,20].  The excess PEI, as compared
to the complex stoichiometry, shifts the complexation equilib-
rium toward the polyplex and adds more positive charge which
is believed to facilitate transfection through the cell membrane [1].

3.2. Comparison of PEI 400 vs. PEI 800

The ESI mass spectrum of PEI 800 (Fig. 3a) shows very sim-
ilar characteristics to those described for PEI 400 (vide supra).
The major distribution, appearing at m/z 43n + 18, originates again

from [M+H] ions of amine-terminated oligomers which, as men-
tioned above, contain mixtures of linear and branched chains
(each branch converts one CH2CH2NH subunit to CH2CH2N and
another one to CH2CH2NH2, which does not alter the overall PEI
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Table 1
PEI–ODN (PN) polyplexes formed between PEI 400 and single-stranded pentadeoxynucleotides.

PEI/ODN mixing ratio 1:1 5:1

Complex stoichiometry 1:1 1:2 1:1 2:1
ODN  (N) [PN]/[N]a [PN2]/[N]b [PN]/[N]a [P2N]/[N]c

5′-d(TTTTT)-3′ 1.90 0.35 3.89 0.27
5′-d(CCCCC)-3′ 0.41 0.09 1.06 0.25
5′-d(AAAAA)-3′ 0.08 0.06 0.26 0.06
5′-d(GGGGG)-3′ 0.55 0.18 1.17 0.63
5′-d(GCGAT)-3′ 0.42 0.18 0.83 0.19

a ([PN2+] + [PN+])/[N]free ([N]free is the sum of the intensities of all uncomplexed ODN species, viz. N2+, N+ and their 2+/1+ fragments); ±10%. The complexation reaction
P  + N � PN is associated with an equilibrium constant (binding affinity) Kb = [PN]/([N][P]), with [N] and [P] representing the molar concentrations of free ODN and PEI,
respectively. Rewriting this equation as [PN]/[N] = Kb[P] shows that the [PN]/[N] concentration ratio is proportional to both the binding affinity Kb (a measure of the complex
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responding intrinsic polyplex stabilities. The E50 values of the
five PEI–ODN complexes studied (Table 2) indicate the intrinsic
stability order PEI-d(TTTTT) > PEI-d(GGGGG) ≈ PEI-d(CCCCC) ≈ PEI-
d(GCGAT) > PEI-d(AAAAA), which is identical with the solution
tability in solution) as well as the concentration of free polymer, [P], which increas
b ([PN2

2+ + [PN2
3+])/[N]free; ±20%.

c ([P2N+] + [P2N2+])/[N]free; ±20%.

omposition). The proportion of cyclized oligomers, observed at
/z 43n  + 1, is smaller with PEI 800 than PEI 400; on the other
and, the larger poly(ethylene imine) generates a sizable [M+2H]2+

istribution (∼40% of the [M+H]+ distribution), which was  near
oise level in the ESI mass spectrum of PEI 400 (cf. Fig. 1a). The
verage molecular weight (Mn) calculated from the singly and dou-
ly protonated oligomers for the main polymer distribution, viz.
2N(CH2CH2NH)nH, is ∼530, indicating that the average PEI 800
ligomer carries ∼12 repeat units and ∼13 N atoms.

It should be noted at this point that the Mn values obtained from
he mass spectra are lower than those reported by the supplier (400
r 800), which were measured by gel permeation chromatogra-
hy (GPC). Aggregation due to hydrogen bonding could cause the
verestimation in the GPC results [21,22].

The effect of increasing the molecular weight of the
oly(ethylene imine) carrier was tested with d(TTTTT). Fig. 3b and c
how the ESI mass spectra obtained if polymer and ODN are mixed
n molar ratios of 1:1 and 5:1, respectively. As with PEI 400, the
olyplex with 1:1 stoichiometry (PN) is the predominant (Fig. 3b)
r solely detected (Fig. 3c) product. The PN complexes of PEI 800
orm mainly doubly protonated PN2+ ions (as with PEI 400) along
ith some singly charged PN+ and triply charged PN3+. The rela-

ive intensity of PN, calculated by adding the intensities of the PN
omplexes in all charge states and dividing the resulting sum by the
ntensity of free ODN and its fragments in all charge states, increases
rom 4.39 to 9.78 when the polymer-to-oligodeoxynucleotide ratio
s increased from 1: 1 to 5:1; the corresponding values with PEI 400

ere 1.90 and 3.89, respectively. The larger PN/N intensity ratios
ith PEI 800 indicate a higher stability for the polyplexes with PEI

00, most likely because the higher number of basic and hydrogen
onding sites in the larger polymer leads to stronger non-covalent

nteractions and higher binding affinities.
PN complexes with 4–25 ethylene imine repeat units are

etected in the spectra of Fig. 3. This range is comparable with
he range of poly(ethylene imine) n-mers observed in the ESI

ass spectrum of PEI 800 (n = 2–27). Thus, essentially the entire
inear/branched PEI distribution reacts to form polyplexes. The
verage molecular weight (Mn) of the PEI attached to d(TTTTT), cal-
ulated from the PN2+ distributions in Fig. 3, is 480 when polymer
nd pentanucleotide are combined in the ratio of 1:1 (Fig. 3b) and
70 when the combination ratio is 5:1 (Fig. 3c). An increased PEI
oncentration (i.e., 5:1) favors disproportionally complexation with
he heavier oligomers because of their higher binding affinities to
(TTTTT).

Interestingly, the cyclic components of PEI 800 do not react with

(TTTTT) to any appreciably degree (Fig. 3), in contrast to the cyclic
omponents of PEI 400 which reacted (Fig. 1), albeit with an overall
ower yield than the corresponding linear oligomers (vide supra).
he increased binding affinities of larger linear/branched oligomers
th the total concentration of polymer (cf. Fig. 2).

(more of them are present in PEI 800) and the poorer binding affini-
ties of cyclic structures (less are present in PEI 800) reconcile these
differences.

3.3. Intrinsic stability of polyplexes

The single-stage ESI mass spectra discussed thus far reveal
information about the relative solution stabilities of the poly-
plexes which, in turn, depend on the corresponding intrinsic (i.e.,
gas-phase) stabilities and on solvation effects. Intrinsic stabili-
ties were independently assessed by tandem mass spectrometry
(MS2) experiments on PEI–ODN complexes with PEI 400. Specifi-
cally, PN2+ ions containing the 5-mer (i.e., P = H2N(CH2CH2NH)5H)
were isolated and induced to decompose by collisionally activated
dissociation (CAD). During this process, all PN2+ precursor ions
examined undergo one major dissociation to yield their P+ and N+

constituents, as exemplified in Fig. 4 by the MS2 (CAD) spectra of
PEI-d(TTTTT) and PEI-d(GCGAT).

The MS2 (CAD) spectra of PN2+ were acquired as a function
of the center-of-mass collision energy (Ecm), in order to con-
struct fragmentation efficiency curves. Fig. 5 shows three examples,
referring to the polyplexes of d(TTTTT), d(GCGAT) and d(AAAAA).
The collision energies causing 50% of the PN2+ precursor ions to
dissociate, termed E50 energies, represent a measure of the cor-
Fig. 4. MS2 (CAD) mass spectra of PN2+ polyplex ions containing (a) d(TTTTTT) and
(b)  d(GCGAT). The oligomers selected (m/z 846.7 and 868.2, respectively) contain 5
ethylene imine repeat units. The laboratory-frame collision energies were (a) 14 eV
and (b) 13 eV.



152 D. Smiljanic, C. Wesdemiotis / International Journal of Mass Spectrometry 304 (2011) 148– 153

Fig. 5. Fragmentation efficiency curves (relative abundance of PN2+ precursor ion
vs.  center-of-mass collision energy) of polyplexes containing a PEI with 5 repeat
units and d(TTTTT), d(AAAAA) or d(GCGAT).

Table 2
E50 values of PN2+ polyplexes between PEI 400 (P) and pentadeoxynucleotides (N).

ODN (N) E50 (eV)a

5′-d(TTTTT)-3′ 0.35
5′-d(CCCCC)-3′ 0.29
5′-d(AAAAA)-3′ 0.23
5′-d(GGGGG)-3′ 0.29
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Fig. 7. Two-dimensional ESI-TWIM-MS plot (m/z vs. ion drift time) of the polyplexes
formed after mixing PEI 400 and 5′-d(TTTTT)-3′ in the molar ratio 5:1. The regions
marked by the encircled arrows correspond to: 1, protonated PEI (P+); 2, singly
protonated d(TTTTT), N+, and w4

+ fragment; 3, doubly protonated d(TTTTT), N2+,
and w4

2+ fragment; 4, PN+ polyplexes; 5, PN2+ polyplexes; 6, PN2
2+ polyplexes; 7,

PN2
3+ polyplexes; 8, P2N+ polyplexes; 9, P2N2

2+ polyplexes; 10, PN3
3+ polyplexes;
5′-d(GCGAT)-3′ 0.29

a ±0.04.

tability order of these polyplexes. Such agreement strongly sug-
ests that the PEI–ODN complexes have similar structures in the
as-phase and in solution (at physiological conditions).

From the singly charged PN+ distributions, only the polyplexes
f d(TTTTT), d(AAAAA) and d(CCCCC) were sufficiently intense to
roduce MS2 spectra with useable signal-to-noise ratios (Fig. 6).
he complex of d(TTTTT) dissociates exclusively to P+, whereas
he complexes of d(AAAAA) and d(CCCCC) lead to mixtures of P+

nd N+. Because of the absence of charge repulsion in PN+, these
ons require higher collision energies for dissociation into their
onstituents than PN2+ ions. Additionally, competitive and con-

ecutive reactions become possible within the ODN component of
EI-d(CCCCC), cf. Fig. 6c. Due to these complications, energetics data
ere not derived from the singly protonated polyplexes.

ig. 6. MS2 (CAD) mass spectra of PN+ polyplex ions containing (a) d(TTTTTT), (b)
(AAAAA) and (c) d(GGGGG). The oligomers selected (m/z 1691.6, 1736.6 and 1616.5,
espectively) contain 5 ethylene imine repeat units. The laboratory-frame collision
nergies were (a, b) 38 eV and (c) 39 eV. The top and, especially, the bottom spec-
rum show a distribution of polymer ions, indicating admixtures in the selected PN+

recursor ions (see ion mobility section).
11,  P4N3
4+ polyplexes. The four trend lines shown connect regions with identical

charge states (+1 to +4 from right to left).

3.4. Ion mobility separation of the polyplexes

Ion mobility mass spectrometry (IM-MS) can separate ions
according to their mass, charge and shape [23–34].  Charge- and
shape-sensitive dispersion permits the separation of isomers and
isobars and deconvolutes the isotope patterns of overlapping
charge states, enhancing the resolving power and sensitivity of
mass spectrometry. Traveling wave ion mobility mass spectrom-
etry (TWIM-MS) [9,10],  a recent variant of IM-MS, was employed
to corroborate the presence of the polyplexes observed in the ESI
mass spectra and identify any additional complex stoichiometries
hidden under the dominating products. These experiments were
performed with the PEI 400/d(TTTTT) system (polymer-to-ODN
molar ratio 5:1), which yields the highest absolute intensities with
the best signal-to-noise ratio.

Fig. 7 shows a two-dimensional TWIM-MS  plot (m/z vs. drift
time) for all ions exiting the ESI source. After IM separation through
the traveling wave IM cell and m/z analysis by the orthogonal ToF
analyzer, several families of ions could be identified, which have
been marked 1–11. Fig. 8 shows the spectra of the regions which
are not readily detected in the ESI mass spectrum because they have
very small intensities and/or overlap with more abundant ions or
other charge states.

Regions 1–3 contain the reactants; PEI is observed in region
1 (distributions as in Fig. 1a) and the ODN and its w4 fragment
in regions 2 (charge state +1) and 3 (charge state +2). All other
areas contain non-covalent complexes, with the major PN poly-
plex appearing in region 4 (PN+ distribution) and region 5 (PN2+

distribution). The minor products PN2 and P2N are detected in
regions 6/7 and 8 in the form of PN2

2+/PN2
3+ and P2N+ distribu-

tions, respectively. All these ions were clearly discerned in the ESI
mass spectrum of Fig. 1c. IM separation enables the detection of
three further minor products in regions 9–11. The corresponding
mass spectra confirm the compositions P2N2

2+ for region 9 (Fig. 8a),
PN3

3+ for region 10 (Fig. 8b) and P4N3
4+ for region 11 (Fig. 8c).

Ion drift times through the IM cell decrease with the number
of charges due to the greater mobilities of the higher charge states

in the traveling wave field. Different charge states follow distinct
trend lines that are clearly separated from each other. Note that
the PN+ distribution of the major polyplex is superimposed with
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Fig. 8. Mass spectra of regions 9 (a), 10 (b) and 11 (c) in the ESI-TWIM-MS diagram
of Fig. 7. The m/z  ratios and isotope distributions agree well with the compositions
P2N2

2+, PN3
3+ and P4N3

4+, respectively. The distributions labeled by % contain one
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yclic and one non-cyclic PEI oligomer; all other distributions contain only non-
yclic PEI oligomers. The abundances of m/z 1691.5 (a), m/z  1536.7 (b) and m/z 1563.7
elative to that of m/z 846.3 (Fig. 1c) are 2.0%, 0.5% and 0.3%, respectively.

he minor P2N2
2+ distribution (cf. Figs. 1c and 8c),  which explains

he appearance of several P+ fragments in the MS2 spectra of mass-
elected PN+ oligomers (cf. Fig. 6).

. Conclusions

Our study represents the first microstructure characterization of
olyplexes composed of poly(ethylene imine) and oligodeoxynu-
leotides by ESI mass spectrometry. For the polymer and ODN sizes
nvestigated, the polyplex with 1:1 polymer-to-ODN stoichiome-
ry, PN, is the principal product independent of the reactant mixing
atio. Complexes with the stoichiometries PN2 and P2N are formed
s minor products, their yields increasing with the concentration
f oligonucleotide and polymer, respectively. Other compositions
such as P2N2 and PN3) are formed in trace amounts that are
etectable only after charge state deconvolution using TWIM-MS.

The relative intensities of the polyplex ions in ESI mass spectra
re shown to reflect the corresponding polyplex solution stabilities;

 similar relationship has been reported for the relative intensi-
ies of DNA duplexes [13,17,18] and ODN-drug conjugates [16].
he solution and gas-phase stabilities of the polyplexes studied
ollow identical orders, consistent with very similar structures
n both phases. With the polymer systems studied (PEI 400 and
00), thymine-rich nucleotides give rise to the most stable and
denine-rich nucleotides to the least stable polyplexes. This selec-
ivity suggests that polymer structure and size may  be tuned to
avor complex formation with specific nucleic acid sequences.

Our current study encompassed pentadeoxynucleotides and
ow molecular weight PEIs. Future studies will probe larger

olyplex constituents, other cationic polymers (for example,
oly(lysine) or poly(ethylene imine)–poly(ethylene oxide) copoly-
ers), ODNs with different sequences (but rich in specific

ucleobases) and single- vs. double stranded ODNs. Dissecting the

[
[
[

[
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effect of such determinants on polyplex composition and stability
could lead to the design of more efficient transfection vectors.
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