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The delivery of nucleic acids with polycations offers tremendous
potential for developing highly specific treatments for various
therapeutic targets. Although materials have been developed and
studied for polynucleotide transfer, the biological mechanisms and
fate of the synthetic vehicle has remained elusive due to the
limitations with current labeling technologies. Here, we have
developed polymer beacons that allow the delivery of nucleic acids
to be visualized at different biological scales. The polycations have
been designed to contain repeated oligoethyleneamines, for bind-
ing and compacting nucleic acids into nanoparticles, and lan-
thanide (Ln) chelates [either luminescent europium (Eu3+) or para-
magnetic gadolinium (Gd3+)]. The chelated Lns allow the
visualization of the delivery vehicle both on the nm/um scale via
microscopy and on the sub-mm scale via MRI. We demonstrate that
these delivery beacons effectively bind and compact plasmid
(p)DNA into nanoparticles and protect nucleic acids from nuclease
damage. These delivery beacons efficiently deliver pDNA into
cultured cells and do not exhibit toxicity. Micrographs of cultured
cells exposed to the nanoparticle complexes formed with fluores-
cein-labeled pDNA and the europium-chelated polymers reveal
effective intracellular imaging of the delivery process. MRI of bulk
cells exposed to the complexes formulated with pDNA and the
gadolinium-chelated structures show bright image contrast, allow-
ing visualization of effective intracellular delivery on the tissue-
scale. Because of their versatility, these delivery beacons posses
remarkable potential for tracking and understanding nucleic acid
transfer in vitro, and have promise as in vivo theranostic agents.

intracellular imaging | nucleic acid delivery | theranostic | lanthanide

he delivery of therapeutic nucleic acids such as siRNA,

antisense agents, transcription factor decoys, and plasmid
(p)DNA offers an unprecedented opportunity for developing
highly specific treatments for many devastating diseases (1, 2).
The use of synthetic materials, such as polymers, for polynucle-
otide delivery has rapidly grown, and presents a wealth of
promising alternatives to conventional viral vectors (3-5), which
have caused serious problems in the clinic. Although much is
known about the infection pathways, advantages, and troubles of
viral vectors (6), researchers in the field of nonviral delivery are
just beginning to understand the transfection mechanisms, ben-
efits, and potential issues with the multitude of materials being
developed as macromolecular drug carriers (7, 8). Considering
that the delivery vehicle has a central role in the mechanisms,
kinetics, efficacy, and toxicity of nucleic acid medicines, little is
known about how the vehicle structure affects drug fate both in
vitro and in vivo. For this reason, smart biomaterials termed
“theranostic” agents are being developed that provide diagnostic
imaging, therapeutic delivery, and the ability to monitor treat-
ment efficacy (9). Indeed, the parallel development of novel
nucleic acid drugs and theranostic vehicles that offer disease
diagnosis, treatment, and the ability to understand the delivery
mechanisms/kinetics on a range of biological scales will advance
this field toward the discovery of personalized treatment
strategies.

www.pnas.org/cgi/doi/10.1073/pnas.0904860106

Tracking the delivery of nucleic acids within cells and tissues
has traditionally been accomplished by a number of methods
such as labeling nucleotides with fluorescent dyes (8), radiotrac-
ers (10), quantum dots (11, 12), and/or with various reporter
gene assays (4). Although these methods have yielded a means
of monitoring the presence and location of nucleic acids, many
issues have surfaced with labeling polymeric delivery vehicles
with these techniques. For example, the polymer labeling effi-
ciency is often poor, nonuniform, irreproducible, and difficult to
characterize. Also, dyes can alter the delivery mechanisms
and/or increase side-effects (11). For this reason, the develop-
ment of new material-based delivery systems that allow moni-
toring of both the nucleic acid and the delivery vehicle, on the
cellular and tissue scales, is essential to improve the delivery
efficiency, optimize the vehicle structure, and monitor treatment
efficacy in living systems.

Lanthanide (Ln) metals are endowed with several unique
properties that can be exploited for the development and study
of nonviral delivery vehicles. Complexes housing luminescent
Lns, such as europium (Eu?"), offer many unique advantages
over the aforementioned labeling methods due to their small
hydrophilic structures, long luminescence lifetimes, large Stokes
shifts, and their stability from quenching and photobleaching
(13, 14). The chelates of Lns are relatively nontoxic; structures
containing gadolinium (Gd*") are FDA-approved as MRI con-
trast agents due to their paramagnetic nature and slow electronic
relaxation time (15). Polymers and macromolecules containing
gadolinium chelates are being studied as new contrast agents,
because their large structures increase the rotational correlation
time, which improves resolution and sensitivity (16). Also, MRI
is advantageous for following drug delivery in vivo with very
high resolution, because it is a noninvasive and safe imaging
method (17).

The polymer delivery vehicles developed here offer a creative
and powerful method for tracking the delivery of nucleic acids.
As shown in Fig. 1, we have designed these previously unde-
scribed delivery beacons to contain systematically repeated Ln
chelates within an oligoethyleneamine backbone. We have found
that these materials can bind and compact pDNA into nano-
particles (termed polyplexes) that are taken up into cultured
human cervix adenocarcinoma (HeLa) cells in an effective and
nontoxic manner. We reveal that these delivery beacons offer a
dual imaging modality for tracking transport in vitro on the
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Fig. 1. Schematic representations of the two analogous polymeric imaging
beacons that differ in the ethyleneamine length (3a or 3b contain 3 or 4
ethyleneamines). The structures can be chelated with either Eu3* or Gd3* for
microscopy and MRI imaging, respectively.

nm/um scale via microscopy (using the luminescent Eu3*-
chelated structures) and for detection via MRI within bulk
cultured tissues on the sub-mm scale (using the paramagnetic
Gd3*-chelated materials). These scaffolds offer a unique motif
that can be readily tailored and optimized as both luminescent
and MRI theranostic delivery agents.

Results and Discussion

Polymer Synthesis and Polyplex Formation. The design of these
materials (Fig. 1) was inspired by the characteristics of successful
cationic nucleic acid delivery vehicles and the many elegant
macromolecular imaging agents being examined for disease
diagnosis. The amine-containing comonomer precursors were
synthesized using a series of protection/deprotection reactions
previously published by our lab to obtain 1a and 1b (Scheme S1)
(5). Next, DTPA-BA was reacted with 1a or 1b in dimethyl
sulfoxide at room temperature for 24 h to form two polymer
structures 2a and 2b with protected oligoethyleneamine units
and pendant carboxylates from the anhydride ring opening
during polymerization (Scheme S1). The Boc protecting groups
were removed yielding 3a and 3b, which were confirmed by
NMR analysis (SI Appendix). The deprotected precursors were
then chelated with the chloride salts of Eu3* and Gd** (con-
firmed via FT-IR and ICP-MS) (Tables S1 and S2). The final
Ln-chelated polymers were analyzed via GPC using a triple
detection system (refractive index, static light scattering, and
viscometry). A similar molecular mass, degree of polymeriza-
tion, and polydispersity were achieved for all polymer structures
3a, 3b, Eu3a, Eu3b Gd3a, and Gd3b (Table S3), which was
expected because all of the Ln-containing polymers were syn-
thesized from the same parent batches of 3a and 3b. Because of
similarities in polymer characteristics and the similar chemical
properties of Lns in the 3+ oxidation state, sound comparison
of polymer biological activity was possible between the different
analogs.

The polymers, 3a, 3b, Eu3a, Eu3b, Gd3a, and Gd3b, were
examined for their ability to complex pDNA using an electro-
phoretic gel shift assay (Fig. S1). Polyplexes were formulated at
N/P ratios (n = polymer secondary amine no.; P = DNA
phosphate no.) between 0 and 40 before being electrophoresed
in an agarose gel. Polymers Eu3a, Eu3b, Gd3a, and Gd3b began
to charge-neutralize pDNA at an N/P ratio of 5, and pDNA
migration was mostly suppressed at N/P of 20. With these
polymers, the N/P ratio needed to fully inhibit gel migration of
pDNA was higher than other polyamidoamine vehicles created
in our laboratory (5). The presence of the carboxylate groups
likely lowers the cationic charge on the polymer backbone. It is
interesting to note that the nonchelated polymers (3a and 3b) do
not bind with pDNA even at an N/P ratio of 100. This result is
likely due to the fact that the nonchelated polymers have

16914 | www.pnas.org/cgi/doi/10.1073/pnas.0904860106
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Fig. 2. Polyplex size and charge as observed by transmission electron mi-
croscopy, dynamic light scattering, and zeta potential measurements. (A) TEM
micrographs of (A/) Eu3a and (Aii) Eu3b polyplexes (N/P = 40). Polyplexes were
negatively stained with uranyl acetate. (Scale bar, 100 nm.) (B) DLS (bars) and
zeta potentials (lines) of polyplexes at various N/P ratios (the average and SD
of three measurements are shown).

negatively-charged carboxylates, which likely neutralize the pos-
itive charge from the amine groups on the polymer backbone
(Fig. S1).

The size and morphology of the polyplexes were then exam-
ined via transmission electron microscopy (TEM) and dynamic
light scattering (DLS). TEM micrographs indicate that the
polyplexes formulated with Eu3a and Eu3b and pDNA at N/P of
40 exhibit spherical morphology with particle diameters between
35 and 60 nm (Fig. 24). DLS and zeta potential data (Fig. 2B)
generally showed slightly larger particle sizes resulting from
measuring the hydrodynamic radii (sphere of hydration). In the
DLS studies, the size of Gd3a polyplexes slightly decreased with
the N/P ratio (from 74 to 66 nm); however, Gd3b polyplexes
generally increased in size with the N/P ratio (from 53 to 78 nm).
Zeta potential measurements reveal that polyplexes exhibited a
positive surface charge (between 20 and 40 mV) that increased
with the N/P ratio. We were unable to analyze polyplexes formed
with Eu3a and Eu3b via DLS and zeta potential measurements
due to laser/detector interference with the absorption/
luminescence emission bands of Eu3". The stability of these
polyplexes from nuclease degradation was examined by exposure
to high concentrations of FBS (33%), and pDNA integrity was
observed via gel electrophoresis. These data show there is no
evidence of pDNA degradation in the polyplexes at any time
point assayed (shown as the lack of formation of band 4, Fig. S2,
Gels Eu3a, Eu3b, Gd3a, and Gd3b). Also, the brightness of the
pDNA band in the polyplex gels (band 2, Fig. S2) remains
constant as a function of exposure time. In the control gel of
naked pDNA (gel pDNA, lanes 9-12), band 2 was absent, and
band 4 (degraded DNA) was clearly observed, indicating full
degradation after only 1 h of incubation in 25% FBS.

Cellular Delivery and Toxicity Studies. Toxicity assays were con-
ducted to assess the cellular uptake, toxicity, and transfection
efficiency of the polyplexes formulated with the polymer bea-
cons. HeLa cells were transfected with polyplexes formulated
with Cy5-pDNA and either Eu3a, Eu3b, Gd3a, or Gd3b. Four
hours after transfection, cellular uptake efficiency was deter-

Bryson et al.


http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SS1
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SS1
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Appendix_PDF
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=ST3
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF2

Lo L

P

1\

=y

A Cellular Uptake of Cy5-pDNA B Cell Viability
10° 100 1.2
= I
5 10 80 g 10
c 4 £
2 2 5 0.8
7] 60 G 7]
© 10t & 306
© 40 2 O
§ . 3 g5oa4
o 10 20 ® =]
= ' S0z 1 H I
'S
10% =l BC HENEENE 0 0.0 NS |

N W) Ny O S

» & \;v AP N S D S S S S S

n_,‘b " &°" E=m Cy5 Signal & 0»: 450 oF o o & e o o
‘g"’ P @ &SP P

QP N
\\?00’ '50(,9"“ "-’@) g

oe\" <

—*= % Cells

Fig. 3. The effect of lanthanide chelate and N/P ratio on polyplex uptake into Hela cells and cell viability. (A) Cellular uptake of polyplexes formulated using
Cy5-pDNA. The percentage of cells (line) containing Cy5 pDNA and mean fluorescence intensity (bar) of Cy5 in a population of at least 30,000 cells. (B) Cell viability
after exposure to polyplexes using unlabeled pDNA. The N/P ratio of the polyplex used is indicated after the polymer name on the x axis.

mined by monitoring the fluorescence intensity of Cy5-labeled  the same conditions (Fig. S3). When the luciferase expression
pDNA via flow cytometry. Cell viability experiments were  was compared (Fig. S4), these systems displayed slightly lower
conducted by assaying the cells for protein content 48 h after  gene expression (107-108 RLU/mg) compared with our positive
transfection. Toxicity was assessed by normalizing the results of  controls, G4 (10° RLU/mg) and Jet-PEI (10'° RLU/mg). How-
the protein assay to a control of untreated cells; this assay was  ever, as previously discussed, these polymer vehicles yielded
then used to calculate the fraction of viable cells in each well. The  higher cellular uptake than both positive controls and much
transfection efficiency was also monitored 48 h after transfection  lower toxicity than Jet-PEI (18, 19). Although we currently do
using a luciferase reporter gene expression assay (Fig. S4). These  not fully understand the small discrepancy between the uptake
results are reported as relative light units (RLUs) per milligram  and gene expression data, the imaging experiments (see below)
of protein. It should be mentioned that these conventional assays  indicate that a much higher fraction of the internalized poly-
only yield pDNA uptake and transcription efficiency, but dono  plexes are located in the cytoplasm, whereas a lower fraction is
yield information about the fate of the polymer (thus, the  found in the nucleus. Thus, nuclear entry may be the main
development and study of our intracellular delivery beacons; see  barrier for gene expression. Indeed, for many forms of nucleic
below). acid therapeutics, such as siRNA, high cytoplasmic delivery is
All polyplexes formed with these polymers promoted high  the ultimate goal. These delivery vehicles could be extremely
cellular uptake while maintaining hlgh viability, as depicted in useful in these therapeutic methodo]ogies.
Fig. 34. In this study, negative controls consisted of cells only and
pDNA only, whereas positive controls consisted of polyplexes  cCellular Imaging of the Polymer Beacons. Further investigation of
formed with Jet-PEI at an N/P = 5 and polyplexes formed with  the polymer beacons chelated with luminescent Eu?* was ex-
G4 at N/P of 20. Polymer G4 is a polyamidoamine delivery  amined via fluorescence microscopy. HeLa cells were trans-
vehicle previously developed by our group that consists of  fected with polyplexes formulated with FITC-labeled pDNA and
alternating meso-galactaramide units and four ethyleneamine  ¢jther Eu3a or Eu3b at an N/P ratio of 40. Figs. 4 and 5 each
groups (4). As shown, the delivery beacons yielded high pDNA represent one vertical optical slice obtained by deconvolution of

uptake (=100% of cells), and the intensity of Cy5 fluorescence 3 Z-stack series. The intracellular location of both FITC-pDNA
was higher than our positive controls, Jet-PEI and G4, indicating

that these vehicles are promising for further studies. Fig. 3B
reveals that the toxicity of these structures is very low; even at
very high polymer concentrations (high N/P ratios), cell viability
remained very high (between 80 and 100% cell viability) when
compared with our positive control Jet-PEI (cell viability only
40% at low N/P = 5). Similar high cell viability (>80%) is
verified when studied by an MTT assay with cells cultured under

A

Fig. 4. Deconvoluted micrographs of a Hela cell transfected with FITC- Fig. 5. Deconvoluted micrographs of a Hela cell transfected with FITC-
pDNA/Eu3a polyplexes. (A) FITC-pDNA fluorescence (green). (B) Eu3* lumines- pDNA/Eu3b polyplexes. (A) FITC-pDNA fluorescence (green). (B) Eu3* lumines-
cence within the Eu3a beacons (red). (C) An overlay of the FITC-pDNA and Eu3a cence within the Eu3b beacons (red). (C) An overlay of the FITC-pDNA and

images. Yellow pixels can be qualitatively used to visualize regions of colo- Eu3b images. Yellow pixels can be qualitatively used to visualize regions of
calization. (D) An overlay of image in C and a DIC image to show contrast of colocalization. (D) An overlay of image in Cand A DIC image to show contrast
the cell. (Scale bar, 20 um.) of the cell. (Scale bar, 20 um.)

Bryson et al. PNAS | October 6,2009 | vol.106 | no.40 | 16915

MEDICAL SCIENCES

CHEMISTRY


http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF4

Lo L

P

2N

(Figs. 44 and 5A4) and the polymers (Figs. 4B and 5B) can be
clearly observed. By overlaying the pDNA and polymer images
(Figs. 4C and 5C), colocalization can be qualitatively observed
by yellow punctate staining. Most of the staining resulting from
FITC-pDNA or Eu3*-polymer luminescence is localized to the
cytoplasm and a lower fraction appears in the nucleus. As
previously stated, this observation could be a contributing factor
to the lower luciferase gene expression, but could prove useful
in the development of cytoplasmic-targeted nucleic acid thera-
pies. Also, it is clear that a small amount of uncomplexed pDNA
is present within the cells whereas a larger fraction of free
polymer is observed in the cellular cytoplasm. We have observed
a similar result by formulating polyplexes at a lower N/P ratio of
20, where a high amount of free polymer was also observed in
the cells (Fig. S5). These phenomena could be attributed to the
excess used to formulate polyplexes at high N/P ratios, but may
indicate premature pDNA release during cellular uptake and
early intracellular trafficking (both are concerns in this area, but
not well understood). Also, for Eu3a, the intracellular staining
pattern is more punctate, whereas diffuse staining is more
apparent for Eu3b. These data could indicate that Eu3a is more
localized to endocytic vesicles, whereas Eu3b (with more sec-
ondary amines per repeat unit) could promote higher endocytic
release. These data reveal that our “proof of concept” polymer
beacons (and future derivatives) will be useful in understanding
intracellular polymer fate, as well as elucidating the mechanisms
of delivery.

Whereas the Eu3* polymer analogs can be visualized on the
nm/um scale within cells, the Gd*>" analogs provide the ability
to understand nucleic acid delivery within tissues on the sub-mm
scale. First, their relaxivity (r;) and relaxation rate constants
(R1) were determined. This characteristic of the polymers (ry,
determined by plotting 1/7; versus concentration) or polyplexes
(R, equivalent to 1/77) is used to understand the contrast
enhancement of the delivery beacons. We performed the relax-
ivity experiments on both the free Gd3a and Gd3b polymers (Fig.
6A4) in solution and commercial contrast agent, Gd3>*-DTPA
(Magnevist) at two different magnetic field strengths (60 MHz/
1.41 T and 400 MHz/9.4 T at 37 °C). Also, we tested the ability
of Gd3a and Gd3b polyplexes to enhance longitudinal water
proton relaxation (Fig. 6B). The relaxivities of both polymers in
solution were higher than the clinically-used chelate Gd3*-
DTPA, and a dramatic enhancement was observed at 1.41 T,
likely due to the slower rotational correlation time of the
delivery beacons. When comparing the longitudinal relaxation
rates (Ry) of free polymer to polyplexes at 1.41 T (Gd3*
concentration is identical) a dramatic relaxivity increase was
observed. This difference in relaxivity between free polymer and
polyplex could provide a unique method to track nucleic acid
release within tissues.

To further investigate the MRI contrast capabilities of the
Gd3*-chelate materials, HeLa cells were transfected with the
polyplexes formulated with Gd3a and Gd3b. As shown in Fig. 74,
tubes containing live transfected or untransfected cells were
subjected to a Tj-weighted pulse sequence, imaged for tissue
contrast, and then analyzed for water 'H Ty values. Untrans-
fected cells that do not contain Gd3a or Gd3b demonstrate
minimal image brightness/contrast (Fig. 74i), and this control
cell pellet has a higher 7; value (2.4 s; Fig. 7C) than cells
transfected with Gd3a and Gd3b polyplexes. Cells transfected
with Gd3a and Gd3b (Fig. 7 Aii and Aiii) show a clear enhance-
ment in the cellular image brightness and substantially lower 7;.
Fig. 7B shows the Tj-weighted images, using the same pulse
conditions as in Fig. 74, with 1 mM (based on the Gd3*
concentration) solutions (Fig. 7 Bii and Biii) versus a PBS
control. Because the beacon solutions are so bright relative to
the saline control, the control becomes unobservable. This is
confirmed by their 7' analysis at 9.4 T, which agrees with the MR

16916 | www.pnas.org/cgi/doi/10.1073/pnas.0904860106
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Fig. 6. The relaxivities and relaxation rate constants of water solutions
containing dissolved polymer and polyplexes, respectively. (A) Relaxivity (r1) of
aqueous solutions containing free polymer (Gd3a and Gd3b only) and Mag-
nevist at 400 MHz (9.4 T) and 60 MHz (1.41 T). Relaxivity was calculated from
four concentrations (5, 2.5, 1.25, and 0 mM) of each agent in water. (B) The
relaxation rate constants (R1) of polyplexes formed with Gd3a and Gd3b at a
concentration of 1 mM at 400 MHz (9.4 T) and 60 MHz (1.41 7).

imaging experiment. These promising data clearly show the
potential of our imaging beacons to trace the spatial and
temporal delivery of nucleic acids within bulk cells and/or tissues.

This proof-of-concept study has revealed that our nucleic acid
delivery beacons show great promise in the development of
innovative techniques to understand the delivery, trafficking
mechanisms, and fate of nonviral delivery vehicles on differing
biological scales. The Ln metals offer many unique properties,
which can be exploited to enhance these imaging techniques. The
Eu3*-chelated polymers can be visualized by their luminescence

CT.2.37s 0.65s 0.83s 2.86s 0.22s 0.20s

Fig. 7. MRI data for cells transfected with Gd3a/pDNA and Gd3b/pDNA
polyplexes. The cells were thoroughly washed and gravity pelleted into Ep-
pendorf tubes. (A) Transfected cell pellets and controls: (Ai) Pellet of un-
treated Hela cells, (Aii) cell pellets transfected with Gd3a polyplexes (N/P =
40), and (Aiii) cells transfected with Gd3b polyplexes (N/P = 40). Solid arrows
indicate the buffer-cell interface in each sample. The perturbations at the top
of the buffer (open arrows) are due to bubbles at the buffer-air interface. The
darker spots in the cell pellet are due to cell density gradients. (B) MR images
of (Bi) PBS buffer, (Bii) Gd3a ([Gd3*] = 1 mM), and (Bii)) Gd3b ([Gd3*] = 1 mM)
using the same pulse parameters as above. PBS is completely dark because of
the high Ty contrast relative to Gd3a/b solutions. (C) Ty quantification of cell
and solution samples imaged. Cell samples were allowed to settle into NMR
tubes for 24 h and then analyzed with an inversion recovery pulse sequence.

Bryson et al.


http://www.pnas.org/cgi/data/0904860106/DCSupplemental/Supplemental_PDF#nameddest=SF5

Lo L

P

1\

=y

within cultured cells on the nm/um scale for tracking the
intracellular delivery of polyplexes. For larger-scale MR imag-
ing, the paramagnetic nature of the Gd3"-chelated polymers
offers a safe and noninvasive probe for following nucleic acid
delivery within tissues on the sub-mm scale. These scaffolds have
potential for monitoring in vivo delivery in a spatial and tem-
poral manner and can be used intact (without removal of the
imaging probe) due to their nontoxic and effective delivery
profile. Indeed, these creative and powerful materials can be
broadly applied and exploited by researchers for the discovery of
unique nucleic acid drug/vehicle conjugates and to understand
and treat many devastating diseases.

Materials and Methods

Materials. Diethylenetriaminepentacetic acid (DTPA) and ethyl trifluoroac-
etate were obtained from Alfa Aesar Chemical. All other reagents and sol-
vents used in the synthesis were obtained from Aldrich and were used without
further purification. Monomers 1a and 1b were synthesized following a
previously published procedure developed in our lab (5). DTPA-bisanhydride
(BA) was prepared using a standard procedure. Data for the full character-
ization of all previously uncharacterized compounds can be found in S/
Appendix.

Cell Culture Materials. Media and supplements were purchased from Gibco/
Invitrogen. Hela cells were purchased from ATCC and cultured according to
specified conditions. Plasmid DNA, pCMVb and gWiz-Luc, were purchased
from PlasmidFactory and Aldevron, respectively. Nuclease free water, Opti-
MEM, and DMEM (supplemented with 10% FBS/100 units/mL penicillin/100
pg/mL streptomycin/0.25 ug/mL amphotericin) and PBS were all purchased
from Invitrogen. Luciferase substrate reagent and cell culture lysis buffer used
in the transfection efficiency assays were purchased from Promega. A DC
protein assay kit used in the viability assay was purchased from Bio-Rad.
FITC-labeled pDNA and the Cy5 nucleic acid labeling kit was purchased from
Mirus.

Synthesis of Poly([N? N3, N*-tris(tert-butoxycarbonyl)tetraethylenetriamine]-
amidodiethylenetriaminetriaacetic acid), 2a. Polymer 2a was prepared by dis-
solving monomer 1a (3.63 g, 7.41 mmol) in 25 mL of DMSO at room temper-
ature. DTPA-BA (2.64 g, 7.41 mmol) was dissolved in 5 mL of DMSO and added
directly to the solution of 1a under constant stirring. The polymerization was
carried out for 18 h, after which the solution was pipetted into a 6,000- to
8,000-Da MWCO dialysis bag (Spectrum laboratories) and dialyzed extensively
against methanol for 18 h, after which the solution was removed from the bag
and evaporated in vacuo to yield 2a as an orange viscous oil (yield = 3.88 g,
47%).

Synthesis of Poly([N? N3, N*, NP-tetrakis(tert-butoxycarbonyl)pentaethylenetetra-
minelamidodiethylenetriaminetriaacetic acid), 2b. Polymer 2b was prepared
according to an identical procedure used to prepare 2a except monomer 1b
(4.77 g, 7.54 mmol) was polymerized with DTPA-BA (2.69 g, 7.54 mmol)
yielding a deep amber oil (yield = 4.17 g, 56%).

General Synthesis of Poly[(tetraethylenetriamine)amidodiethylenetriamine-
triaacetic acid], 3a and Poly[(pentaethylenetetramine)amidodiethylenetri-
aminetriaacetic acid], 3b. An aliquot of 5 mmol of each protected polymer (2a
or 2b) was dissolved in 20 mL of CH,Cl, and cooled to 0 °C. Next, 20 mL of
trifluoroacetic acid was added to each solution, and the reaction was warmed
to room temperature. The reactions were allowed to proceed for 3 h, after
which the solvents were removed in vacuo and each mixture was redissolved
in water. Both water solutions were brought to a pH = 6 using a 1 M sodium
bicarbonate. The solutions were each deposited in a separate 6,000- to
8,000-Da MWCO dialysis bag (Spectrum laboratories) and dialyzed against
ultrapure water for 24 h. The dialyzed solutions were lyophilized to yield the
fluffy, unchelated polymers 3a and 3b (yields = 1.88 g, 76%; 1.97 g, 80%,
respectively).

General Synthesis of Poly[(tetraethylenetriamine)amido(Ln3+)diethylene-
triaminetriacetate], Eu3a or Gd3a, and Poly[(pentaethylenetetramine)amido-
(Ln3+)diethylenetriaminetriacetate], Eu3b or Gd3b. A 2-mmol aliquot of each
unchelated polymer, 3a and 3b, was dissolved in 20 mL of ultrapure water at
room temp. Next, 2 mmol of LnCl; (either EuCls or GdCl3) was dissolved in 5 mL
of water and dripped into the respective polymer solution in three separate
aliquots. The pH was adjusted to pH = 6 after each aliquot addition. The
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solution was allowed to stir for 2 h and then was dialyzed in a 6,000- to
8,000-Da MWCO bag against ultrapure water for 24 h. Dialyzed solutions were
lyophilized to yield fluffy off-white polymers Gd3a, Gd3b, Eu3a, and Eu3b
(yields = Gd3a = 1.20g, 86%; Gd3b = 1.19 g, 80%; Eu3a = 1.13 9, 81%; Eu3b =
1.17 g, 79%).

Polymer and Polyplex Characterization. The molecular mass and polydispersity
for polymers 3a, 3b, Eu3a, Eu3b, Gd3a, and Gd3b were measured with a
Viscotek GPCmax instrument equipped with a GMPWy, (aqueous phase)
column coupled to a triple detection system (static light scattering, viscometry,
and refractive index) as shown in Table S3. A solution of 0.5 M sodium acetate
containing 20% acetonitrile was used as the mobile phase. Agarose gel
electrophoreses shift assays and TEM studies (Philips EM 420 Scanning TEM)
were performed according to previously published methods (4, 5).

Nuclease Degradation Assay. The ability of the polymers to protect pDNA from
nuclease degradation was analyzed according to modified form of a previ-
ously published procedure (20). Each polymer (5 uL) was combined with
pCMVB (1 pg in 5 uL of water) to form polyplexes at N/P = 40. After 30 min,
FBS (5 uL) was added to each polyplex solution, and the samples were
incubated for 0, 1, 2, 4, and 6 h, at 37 °C. The samples were then treated with
10% SDS (2 uL), and then stored at 4 °C until all samples were finished
incubating. All trials were then incubated at 60 °C for 18 h to release the
polymer from the pDNA. Loading buffer (2 uL, Blue Juice; Invitrogen) was
added to an aliquot of each polyplex solution and loaded onto an agarose gel
(0.6%, 3 pL ethidium bromide) in 20 uL aliquots, and electrophoresed to
analyze for plasmid degradation. Plasmid DNA only and FBS were used as
negative controls.

DLS and Zeta Potential Measurements. Polyplex sizes and zeta potential were
measured using a Zetasizer (Nano ZS) DLS instrument with a 633 nm laser
(Malvern Instruments). Polyplexes were formed at N/P ratios at 10, 20, 30, 40,
and 50 by combining equal volumes of a polymer solution in ultrapure water
with a 0.02 mg mL~" pDNA solution and allowing the polyplexes to form
for 1 h.

Cellular Delivery of pDNA and Cell Viability Analysis. Twenty-four hours before
transfection, Hela cells were seeded in six well plates at a density of 250,000
cells per well and incubated in supplemented DMEM (10% FBS) at 37 °C and
5% CO,. Polyplexes were formulated by adding 250 uL solutions of each
polymeror control dissolved in water (concentration calculated based on N/P
ratios of 40 and 60) to 5 ug of Cy5-labeled pDNA (250 pL solution). Just before
transfection, 1 mL Opti-MEM was added to each polyplex solution. Cells were
aspirated of old media, washed with 1 mL PBS, and the appropriate polyplex
solution was added to each well. Cells were then incubated at 37 °C under a
5% CO, atmosphere for 4 h. The cell suspensions were then prepared for
analysis as previously described (5). HeLa cell suspensions were analyzed on a
FACS Canto Il flow cytometer equipped with a 633 nm helium-neon laser.
Mean Cy5 fluorescence intensity was measured using the appropriate forward
and side scatter gates. A control of untransfected cells was used to create a
gate such that <1% of cell-associated autofluorescence is detected in the Cy5
channel. This gating strategy was used for subsequent samples of transfected
cells to determine the percentage of cells transfected. For gene expression
analysis, polyplexes were formulated in an identical manner as above except
with GWiz-luc pDNA and allowed to transfect cells for 48 h before assaying for
luciferase activity according to previously published methods. Cell viability
was characterized by measuring the amount of protein in cell lysates using a
Bio-Rad DC protein assay kit in triplicate. Viability is reported as the fraction
of protein in each sample normalized to a control of untransfected cells.

Fluorescence Microscopy. Twenty-four hours before transfection, cells were
seeded in six well plates containing 25 mm no. 1 glass coverslips at a density
of 50,000 cells per well. Just before transfection, polyplexes were formed as
noted above for the cellular uptake assays except 200 uL of polymer solution
was added to 200 uL of FITC-labeled pDNA ([pDNA] = 0.02 mg/mL; N/P = 40).
Cells were removed from the incubator, aspirated of old media, washed with
2 mL PBS, and 2 mL Opti-MEM was added to each well. To transfect cells, 1 mL
Opti-MEM from each well was added to the appropriate polyplex solution,
pipetted up and down to mix, and returned to the well to deliver a total of 4
g DNA per well. Four hours after transfection, 2.4 mL of supplemented
DMEM was added to each well. Twenty-four hours after transfection, cells
were aspirated of old media, washed three times with 1 mL PBS, and fixed for
2 h using 2% paraformaldehyde in PBS (pH 7.4) at 4 °C. Afterward, coverslips
were removed from each well and carefully washed four times with 0.5 mL
PBS. Coverslips were then mounted in Prolong antifade mounting media
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(Molecular Probes) and allowed to dry at room temperature overnight. Cells
were observed using a Zeiss Axioplan Imaging 2 infinity-corrected, upright
scope, a 63X oil objective (N.A. 1.4), and standard filter sets for FITC and
Rhodamine. To visualize Europium luminescence, a custom filter set (excita-
tion max 405 nm = 40 nm, dichroic 440 nm LP, emission max 610 = 75 nm) was
built from filters purchased from Chroma. Images of each cell were collected
as z-stacks with a z-spacing of 0.27 um (Eu3a and Eu3b) using an Orca-ER CCD
camera (Hamamatsu). The resulting images were processed using AutoQuant
Autodeblur (Media Cybernetics). Data correction for each z-stack was applied
for bias and flatfield frame and optical density. Then, stacks were processed
using 3D blind deconvolution over 50 iterations. The final fluorescence images
were minimally processed for background subtraction, brightness, and con-
trast. To increase fine detail in some DIC images, filters for pseudoflatfield
and kalman stack were applied. After deconvolution, all image processing
was completed using ImageJ open source software (National Institutes of
Health) (21).

Inversion Recovery Experiments of Polyplexes in Solution. 7y measurements
were carried out on Bruker AMX-400MHz (9.4 T) and Anasazi FT-NMR 60MHz
(1.41 T) NMR spectrometers for all samples. Polyplexes were formed at an
N/P = 40 such that the concentration of Gd3* was 1 mM. After an incubation
time of 30 min the longitudinal relaxation rate constant (T;) for each solution
was measured using an inversion recovery pulse sequence (180°-d{90°-
acquire) at 298 K. Arrayed data [n(dt) = 10] were processed using Acorn NUTS
software and fit to a three-parameter model. The inverse of the T; data were
used to determine the longitudinal relaxation rate constants (Ry) imparted by
the polyplexes. Solution concentration data for beacons Gd3a and Gd3b, as
well as the Magnevist control were used to calculate relaxivity (r1) by gener-
ating a curve fit to (1/T7) = [Gd3*](r) + b, where b = (1/Ty) for the working
solvent (water).
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MRI of Transfected Hela Cells. Twenty-four hours before transfection, HelLa
cells were seeded in 10 flasks (with a surface area of 75 cm?) at a density of
4.0 X 106 cells per flask. Polyplexes were prepared 1 h before transfection
using BCMV pDNA and the respective polymer at an N/P ratio of 40. Cells were
transfected in 15 mL Opti-MEM using 80 ug pDNA/flask. Nontransfected cells
were subjected to the same media changes as the transfected cells. Four hours
after transfection, 15 mL of DMEM containing 10% FBS was added to each
well. Twenty-four hours after transfection, cells were aspirated of media,
washed extensively with PBS and collected via trypsination. Cells were pel-
leted and resuspended in PBS twice, then pelleted again in 0.5 mL Eppendorf
tubes for analysis. All MR images were acquired with a Bruker Avance Il NMR
spectrometer equipped with a Micro2.5imaging probe featuringa 3 cm rf coil.
The images were acquired using a RARE-inversion recovery T1-weighted pulse
sequence. Acquisition parameters are as follows: TR (repetition time) = 3,500
msec; Tl (inversion time) = 1,200 msec; TE (echo time) = 8.5 msec; FOV = 3 X
3 cm; and resolution = 256 X 256. Ty measurements of these same cell pellets
and controls were carried out using the same parameters on a Bruker AMX-
400 MHz spectrometer. For the T, experiments, the HelLa cell pellets used for
the MRI experiment were suspended in PBS buffer to make turbid solutions
that were deposited into NMR tubes and allowed to rest for 24 h. On settling,
each tube contained ~4 cm of sedimented Hela cell pellets. NMR tubes were
placed so the entirety of the HelLa pellet was within the NMR coil. The
longitudinal relaxation rate constant (T;) for each pellet and the control
solutions were measured using an inversion recovery pulse sequence (180° —
di¢ — 90° — acquire) at 298 K. Arrayed data [n(d:) = 10] was processed using
Acorn NUTS software and fit to a three-parameter model.
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