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Abstract
Targeted sodium-iodide symporter (NIS) gene transfer can be considered as a promising approach
for diagnostics of specific types of cancer. For this purpose we used targeted polyplexes based on
PEI–PEG–MC1SP block-copolymer containing MC1SP-peptide, a ligand specific for
melanocortin receptor-1 (MC1R) overexpressed on melanoma cells. Targeted polyplexes
demonstrated enhanced NIS gene transfer compared to non-targeted (lacking MC1SP) ones in
vitro. Using dorsal skinfold chamber and intravital microscopy we evaluated accumulation and
microdistribution of quantum dot-labeled polyplexes in tumor and normal subcutaneous tissues up
to 4 hours after intravenous injection. Polyplexes demonstrated significantly higher total
accumulation in tumor tissue in comparison with subcutaneous ones (control). Targeted and non-
targeted polyplexes extravasated and penetrated into the tumor tissue up to 20 μm from the vessel
walls. In contrast, in normal subcutaneous tissue polyplexes penetrated less than 5 μm from the
vessel walls with the level of extravasated polyplexes 400-fold less than in tumor. Accumulated
polyplexes in tumor tissue caused NIS gene expression. Subsequent 123I- intravenous injection
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resulted in 6.8 ± 1.1 and 4.5 ± 0.8 % ID/g (p < 0.001) iodide accumulation in tumors in the case of
targeted and non-targeted polyplexes, respectively, as was shown using SPECT/CT.

1. Introduction
Targeted gene delivery has a high potential for medical applications aimed therapy and early
non-invasive diagnostics of cancer. There are a variety of vectors (or gene carriers) and
strategies of targeted gene delivery. These gene carriers are nanoparticles with sizes ranged
from several dozen to several hundred nanometers. As all nanoparticles and
macromolecules, they are able to unspecific accumulation in tumor (“passive targeting”)
owing to “enhanced permeability and retention” (EPR) effect [1]. This effect is caused by
increased uptake of macromolecules by solid tumors that can occur mainly due to a
combination of poor lymphatic drainage and increased vascular permeability present within
the tumor microenvironment [2, 3, 4]. Indeed, vascular tumor endothelium is disorganized
with large fenestrations up to 600 nm and even more whereas in most of normal tissues the
size of fenestrae does not exceed 5-12 nm [5]. In drug delivery to solid tumors, passive
targeting is usually achieved using an appropriate particle size that allows selective
extravasation into the tumor interstitial fluid due to increased vascular permeability of the
tumor vasculature. On the other hand, drug targeting approaches tend to increase cellular
internalization of the drug. Targeting of nanomedicines with a specific ligand to over-
expressed receptors on the surface of cancer cells (“active targeting”) is one of the most
commonly used approach for targeted delivery of therapeutic vehicles [6, 7, 8]. This
approach was applied for polyplexes by their targeting with a ligand to α(v)β(3) integrin
receptors [9], receptors for epidermal growth factor [10], transferrin [11], folate [12], etc.
There are some factors (e.g. high cell density, high interstitial fluid pressure in tumor)
impeding extravasation and penetration of nanomedicines into tumor interstitium that
significantly decrease observed therapeutic effect [13]. There are several ways to overcome
penetration barrier and improve intratumoral distribution [14], some of them have clinical
records [15]. Eventually, the issue about impact of extravasation and penetration factors on
efficacy of gene delivery in particular with targeted and non-targeted polyplexes still
remains open.

One of the most promising approaches for cancer therapy and diagnostics is Na+,I--
symporter (NIS) gene transfer. In recent years the application of the NIS gene delivery and
associated radiotracers as a reporter system for imaging gene expression aimed cancer
diagnostics has reached the clinical trials [16]. NIS is an integral plasma membrane protein
that provides active accumulation of iodide in several tissues of mammals including thyroid,
salivary glands, gastric and rectal mucosa and the lactating mammary glands [17]. Owing to
ability of NIS to transport iodide as well as pertechnetate, perrhenate and astatine, NIS gene
delivery is very promising strategy for both diagnostics (99mTc, 123I, 124I, 125I) and
radiotherapy (131I, 211At, 188Re, 186Re) of cancer [18]. There are many studies
demonstrating feasibility of NIS gene transfer for ectopic expression (i.e. in tumors) using
both viral [19, 20] and non-viral vectors [21, 22].

The current study aimed evaluation of the potential of polyethylenimine-polyethylenglycol
(PEI-PEG)-based polyplexes targeted with the synthetic MC1SP-peptide, a ligand highly
specific for melanocortin receptor-1, for diagnostics of murine melanomas using small-
animal single photon emission computed tomography/X-ray computer tomography (SPECT/
CT) and NIS as a reporter gene. Earlier we showed the advantage of MC1SP-targeted
polyplexes for therapeutic gene transfer in murine melanoma tumors after local
administration in comparison with non-targeted ones [23].
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We also aimed to clarify the processes of polyplex accumulation, extravasation and
penetration into tumor tissue using dorsal skinfold chamber and intravital confocal
microscopy. We hope that our data will make it possible to find new approaches for
improvement of polyplex-mediated NIS gene transfer resulted in enhancement of
radioisotope accumulation in tumor.

2. Materials and Methods
2.1. Polymers and plasmids

Block-copolymers of linear 25 kDa polyethylenimine (PEI) (Polysciences, Warrington, PA),
and heterobifunctional polyethylene glycol MAL-dPEG24™-NHS ester (PEG) (Quanta
BioDesign, Powell, OH), were synthetized as described previously [23]. On the next step,
MC1SP-oligopeptide CGYGPKKKRKVSGSGSSIISHFRWGKPV (Rusbiolink, Moscow,
Russia) was covalently attached to the PEI–PEG block-copolymer [23].

pCMV-NIS, pEGFP-N1 (Clontech, Mountain View, CA) and pGL3-BV (Promega,
Madison, WI) encoding rat sodium-iodine symporter under cytomegalovirus immediate
early promoter (CMV), enhanced green fluorescence protein under the same promoter and
firefly luciferase without promoter, respectively, were propagated in Escherichia coli
(DH5α), purified by EndoFree Plasmid Maxi or Giga Kit (Qiagen, Hilden, Germany), and
stored at – 40 °С.

For obtaining of pCMV-NIS vector full-length open reading frame (ORF) rNIS was cloned
from thyroid cDNA of Rattus norvegicus. сDNA fragment (1857 bp) corresponding to the
full-length ORF of rNIS (NCBI Reference Sequence: NM_052983.2) was amplified using
two primers (5’-CCACCATGGAGGGTGCGGAGGC-3’ and 5’-
CGGTACCCTCAGAGGTTGGTCTCCA-3’). The forward primer was designed to
introduce a Kozak sequence. PCR reaction was performed using the Encyclo PCR Kit
(Evrogen, Moscow, Russia). PCR product was purified, cloned into the pAL-TA plasmid
(Evrogen) and sequenced. On the next step, EcoRI-EcoRI fragment carrying ORF rNIS was
excised and cloned into pGL3-pCMV-FCU1 vector [24] in place of FCU1 fusion gene.

Labeling of plasmid DNA with QD605 quantum dots ITK Streptavidin Conjugate
(Invitrogen/Molecular Probes, Eugene, OR) for experiments with intravital microscopy was
performed as described earlier [23, 25].

2.2. Preparation of polyplexes
Polyplexes were prepared in sterile buffer solution (5% D-glucose, 5 mM HEPES, pH 7.4).
Briefly, the polymer solution was added rapidly to the DNA and mixed by vortex followed
by 20 min incubation at room temperature prior to use. Final concentration of plasmid DNA
in polyplex solution was 20 μg per ml for in vitro and 200 μg per ml for in vivo
experiments. Prepared targeted and non-targeted polyplexes had the similar hydrodynamic
diameters and ζ-potentials that were measured by Dynamic Light Scattering Methods using
a ZetaPALS instrument (Brookhaven Instruments, Holtsville, NY) as described earlier [23].

2.3. Cell culture
Cloudman S91 mouse melanoma cells (clone M3) and the same cell line stably expressing
the H2A-GFP gene encoding histone H2A and GFP fusion protein under CMV-promoter or
rat NIS gene under melanoma-specific MIA-promoter of the human melanoma inhibitory
activity gene (hMIA), hereafter called M3, M3 H2A-GFP and M3 NIS cells, respectively,
were cultured in DMEM/F12 medium supplemented with 10 % fetal bovine serum (both
Gibco Invitrogen, Eugene, OR). The medium for M3 H2A-GFP and M3 NIS cells also
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contained geneticin (Acros Organics, Pittsburgh, PA) at 400 μg per ml or puromycin (Fisher
BioReagents, Pittsburgh, PA) at 0.4 μg per ml, respectively. All cultured cells were grown at
37 °С in a humidified 5 % CO2 atmosphere.

Stably transfected cell line M3 NIS was obtained using pMIA-NIS mammalian expression
vector [26] carrying ORF rNIS under control chimeric melanoma-specific promoter. ClaI-
ClaI fragment containing expression cassette 3ET-pMIA-NIS-SVLPA was excised, filled in
with Klenow fragment and cloned into lentiviral vector pLVX-Puro (Clontech) in place of
the ClaI-XbaI fragment containing pCMV promoter. To obtain viral particles, HEK293T
cells were cotransfected with plasmids 3ET-pMIA-NIS-pLVX-Puro, pVSV-G (Clontech)
and pCMV-dR8.91 using Lipofectamine® 2000 Reagent (Life Technologies, Carlsbad, CA),
according to the manufacturer’s recommendation. M3 cells 48 h after lentiviral infection
were cultured for two weeks in selective media containing 0.4 μg/mL puromycin. Obtained
M3 NIS cell line was subsequently screened by 125I uptake analysis during three weeks.

Stably transfected cell line M3 H2A-GFP was obtained using pCMV-H2A-GFP vector
(kindly provided by Dr. Tatiana Soboleva, John Curtin School of Medical Research,
Australian National University, Canberra, Australia) and Lipofectamine® 2000 Reagent
according to the manufacturer’s recommendations. After transfection cells were cultured for
two weeks in selective media containing 400 μg/ml geniticin. To obtain the stable cell line,
cell sorting flow cytometry was applied. Obtained M3 H2A-GFP cell line was subsequently
screened by flow cytometry.

2.4. 125I accumulation in M3 cells transfected with NIS gene
M3 cells were seeded onto 24-well plates, 25 000 cells per well, and cultivated in serum-
containing medium for 24 h. The medium was changed and polyplex solutions were added
to the cells to final DNA concentration of 0.5 μg per ml. To determine the kinetics of NIS
expression in transfected cells, after a selected time (6, 12, 18, 24, 36, 48, 62 or 72 h) the
cells were washed once with Hanks’ balanced salt solution (PanEco, Moscow, Russia),
containing 10 mM HEPES, pH 7.4. Afterwards the same solution containing 5.5 mM
glucose and 1 μM Na125I (Isotope, Moscow, Russia) with activity of 0.1 μCi was added to
the cells, followed by incubation for 1 h. In control wells the cells were incubated in the
same solution with 50 μM NaClO4. Then the cells were rapidly rinsed and lysed with 0.5 М
NaOH. The cell-associated radioactivity was measured with gamma-counter (RiaGamma
1271, LKB, Sweden). The radioactivity was normalized to the amount of cells counted in
the control wells without 125I−.

To determine the iodide uptake in relation to the incubation time, M3 cells after 24 hours of
incubation with polyplexes were cultured with 0.1 μ]Ci Na125I for 2, 5, 10, 15, 30, 45, 60,
75 and 90 min. Subsequent washing and counting steps were performed as described above.

2.5. Animals
Our experiments were performed on 6- to 8-week-old female DBA/2 mice (Stolbovaya,
Moscow Region, Russia). The animals were maintained under specific pathogen-free
conditions with access to mouse chow and water ad libitum. The experimental protocol was
approved by the Institute Commission for Animals.

2.6. Imaging and analysis of polyplex microdistribution in murine melanoma tumor and
normal subcutaneous tissues

2.6.1. Dorsal skinfold chamber implantation and establishment of melanoma
tumors—Dorsal skinfold chamber (DSC) consisting of two titanium plates (Irola
Verwaltungs Gmbh, Freiburg, Germany) was surgically implanted according to Erten et al. |
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27|. During the procedure, the animals were anesthetized by intraperitoneal injection of 320
mg per kg of avertin in Hanks' solution. Three days later 5 × 105 of M3 cells in 1 μl of PBS
were injected into the space between intact skin and the glass window of DSC using 1-μl
Hamilton syringe. Tumors reached sufficient for observation volume at the 7-9th day after
inoculation.

2.6.2. Intravital confocal microscopy—Accumulation and microdistribution of
QD605-labeled polyplexes in tumor and normal subcutaneous tissues were studied using
intravital confocal laser scanning microscopy. Mice were anesthetized using 1 % isoflurane
(Abbott Laboratories Ltd, UK) and then given an intravenous injection of 0.4 mg 150 kDa
FITC-dextran (Sigma, St. Louis, MO) in 100 μl of PBS for visualization of vessels.
Immediately after that, targeted or non-targeted polyplexes, containing 80 μg of QD605-
labeled plasmid DNA were injected intravenously. Areas of 450 × 450 μm in subcutaneous
or tumor tissue were chosen for analysis using Zeiss LSM 510 META NLO (Carl Zeiss,
Oberkochen, Germany) confocal laser scanning microscope equipped with Plan-
NEOFLUAR ×10/0.30 lens. Images were obtained using multi-track Z-stack mode (10-12
optical sections for every stack with 8 μm step) at 15, 30, 45, 60, 90, 120, 180 and 240 min
after polyplex administration. QD605 were registered using 2-photon excitation at 890 nm
and 591 – 612 nm pass band for emission. Blood vessels stained with FITC-dextran were
visualized by an argon laser at λex = 488 nm and 500 – 550 nm pass band for emission.
Background images were captured before polyplex injection.

2.6.3. Analysis of polyplex microdistribution—Obtained images were analyzed using
Image-Pro PLUS 5.0 software (Media Cybernetics Inc., Silver Spring, MD). For evaluation
of polyplex circulation time in the bloodstream and polyplex pharmacokinetics in tumor or
normal subcutaneous tissues including vessels, summarized voxel volumes in QD605
channel (after autofluorescence subtraction) were calculated and normalized to the chosen
volumes of the corresponding tissues for each time point. Thus, polyplex concentration was
evaluated in voxel volumes per mm3 of tissue by analogy with [25, 28]. For analysis of
polyplex extravasation and microdistribution in tumor or normal subcutaneous tissue, pixel
areas of fluorescent objects in QD605 channel (after autofluorescence subtraction) on the
vessel wall surface defined by FITC staining and different distances (0-4, 4-8, 8-12, 12-16
and 16-20 μm) from it in the depth of tissue were calculated and normalized to the total
areas around chosen vessels (including lumens of these vessels) for each time point. We
found significant linear correlation r > 0.996 (p < 0.001) between these units and the
summarized voxel volumes in the same channel per mm3 of tissue including vessels (Suppl.
Fig. 1), that were defined earlier. On the next step, 3 calculated pixel areas were converted
into voxel volumes per mm of tissue by multiplying by proportionality coefficient that was
calculated using the previousely obtained correlation. Thus, concentrations of polyplexes in
the blood-stream, on the vessel wall surface and inside tumor or normal subcutaneous tissue
were defined in the same units of voxel volumes per mm3 of tissue.

2.7. NIS gene transfer and SPECT/CT imaging—M3 or M3 NIS mouse melanoma
tumors were established in female DBA/2 mice by subcutaneous injection of 2 × 106 cells
suspended in 20 μl DMEM/F12 media into the flank region. The experiments were started
when tumors had reached a tumor volume of 200 mm3 after 10-days pretreatment with L-
thyroxine (Berlin-Chemie, Berlin, Germany) (5 mg/l) in their drinking water to maximally
reduce iodide accumulation in thyroid [22]. 12, 24 or 48 hours after intravenous
administration of targeted or non-targeted polyplexes (80 μg DNA per mouse), animals (5
mice per group) were anesthetized using 1 % isoflurane and then injected intravenously with
19 MBq of 123I (FSUE Federal center of nuclear medicine projects design and development,
Moscow, Russia), followed by monitoring of radioiodine biodistribution on U-SPECT-II/CT
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(MiLabs, Utrecht, the Netherlands) scanner during almost 3 hours (13 time frames of 10 min
each) using 1.0-mm-diameter pinhole collimator tube. Obtained images were reconstructed
merging the last 6 timeframes. For X-ray computer tomography (CT) the accurate scanning
mode (2 frames of 7.5 min) was chosen. Quantitative analysis of images after 3D-
reconstruction was performed using PMOD 3.4 software (PMOD Technologies Ltd.,
Switzerland).

2.8. Statistical analysis
All experiments were performed at least in triplicate. Error bars represent SE or SD as
indicated in the legends. Between-group differences were analyzed using one-way ANOVA
followed by a post hoc Dunnett's t-test. A value of p < 0.05 was considered to be significant.

3. Results and discussion
3.1. In vitro NIS gene transfer

Transfection of M3 murine melanoma cells with non-targeted polyplexes containing pCMV-
NIS plasmid and following incubation with 125I led to fast iodide uptake by the cells (τ½ = 9
mm) (Fig. 1a). We also 125 evaluated kinetics of NIS expression in M3 cells by measuring
accumulated 125I radioactivity up to 72 hours after polyplex-mediated transfection. NIS
expression increased with time and reached the maximal rate at 48 hours (Fig. 1b). M3 cells
transfected with targeted polyplexes showed 2-fold higher 125I accumulation in comparison
with cells transfected with non-targeted polyplexes. Iodide uptake in transfected cells was
blocked by addition of sodium perchlorate, a specific inhibitor of NIS (Fig. 1c). Thus, we
confinned feasibility of using NIS as a reporter gene along with the advantage of MClSP-
targeted polyplexes for in vitro gene transfer over non-targeted ones.

3.2. Polyplex accumulation, extravasation and penetration in murine melanoma tumor and
normal subcutaneous tissue

3.2.1. Uptake characteristics of targeted polyplexes in tumor and normal
subcutaneous tissue—The transport of gene carriers in living organism is the multistep
process including circulation within a blood vessel, extravasation with subsequent diffusion
in tumor interstitial space, adhesion on the cell surface, uptake and intracellular transport of
DNA into the nuclei of cancer cells [29]. Quantitative investigation of the dynamics of such
delivery is crucial in enabling the development of more effective gene delivery systems.
First of all, we have investigated uptake kinetics of targeted quantum QD605-labeled
polyplexes in normal subcutaneous and subcutaneous M3 melanoma tumor tissue (including
vessels) of syngeneic DBA/2 mice after intravenous administration. For this purpose, we
used DSC [30] and intravital confocal microscopy applied for studies of both tumor
vascularization [31] and microdistribution of fluorescently labeled macromolecules [32].
Polyplex concentration was defined as summarized “voxel volume” in QD605 channel
normalized to the tissue volume of interest after subtraction of preliminary measured
background level. We observed very fast accumulation with subsequent 75 % decrease in
concentration of polyplexes in tumor from 15 min up to 4 hours after intravenous
administration as well as in normal subcutaneous tissue (Fig. 2). However, the difference in
polyplex concentration between tumor and subcutaneous tissues including blood vessels was
more than 10 times at 4 hours post-injection. We also evaluated circulation time of
polyplexes in the blood-stream which is an important characteristic affecting transfection
efficiency in vivo [33]. Intravital confocal microscopy in combination with DSC makes it
possible to calculate concentration of fluorescently labeled nanoparticles with time in blood
to a high degree of accuracy [34]. Polyplex concentration was determined inside collecting
venules (30-40 μm in width) or tumor vessels (30-80 μm in width) that were visualized
using FITC-dextran in the same way as mentioned above. Polyplex circulation half-time was
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estimated to be ca. 18 min (Fig. 2). Perhaps, increase in circulation time of polyplexes may
improve the EPR effect [35], thus probably increasing their tumor accumulation.

3.2.2. Detailed analysis of polyplex microdistribution—Co-localization of QD605-
labeled polyplexes with FITC-dextran-labeled blood vessels showed that the major part of
“in tumor-accumulated” polyplexes retained on vessel wall surface as well as in normal
subcutaneous tissue (Fig. 3). Significant part of polyplexes in tumor formed large aggregates
on the vessel wall surface, but not in the blood-stream. In normal subcutaneous tissue the
amount of bound to the vessel wall polyplexes and large polyplex aggregates was
significantly less (Fig. 3). The mechanisms by which cationic nanoparticles selectively
target tumor endothelium are still hypothetical. This observation may in part result from
essential structural and functional distinctions between tumor and normal capillaries. The
vessel wall structure is composed of a single layer of endothelial cells lining microvessels
surrounded by a basement membrane which contains negatively charged polysaccharides,
especially hyaluronan [36]. Tumor vessel walls have large openings between defective
endothelial cells where basement membrane matrix may contact with blood [3, 4].
Interaction of hyaluronan or other negatively charged components of basement membrane
matrix with positively charged polyplexes in tumor vessels probably may result in enhanced
binding and formation of aggregates in contrast to normal subcutaneous tissue where
basement membrane is isolated with layer of endothelium with small fenestrations.
Moreover, preferential retaining of cationic nanoparticles in tumor vessels occurs
presumably due to charge-dependent binding and uptake by a potentially altered glycocalyx
of tumor endothelium [37]. There are also mosaic vessels in solid tumors where both
endothelial cells and cancer cells form the luminal surface [38]. Recently, it was shown that
MC1R overexpression in melanoma cells enhanced the synthesis of syndecan-2, a cell
surface heparan sulfate proteoglycan [39]. Therefore, the presence of negatively charged
areas due to syndecan-2 overexpression in mosaic vessels of melanoma tumor may also
enhance polyplex binding. Anyway, this question requires further investigation.

Subsequent elimination of bound to the vessel wall polyplexes and large polyplex
aggregates with time occurred in tumor (Fig. 3, 4a) as well as in normal subcutaneous tissue
(Fig. 3, 4b). Perhaps this is owing to the polyplex unpacking on the endothelial cell surface
and subsequent release of QD605-labeled DNA into the blood stream. It also may be due to
opsonization with plasma proteins [40, 41] and uptake by phagocytic cells [41]. At last,
elimination of bound to the vessel wall polyplexes could be explained by polyplex recycling
[42, 43, 44] from the lining cells after endocytosis.

In tumor only a part of primarily bound to the vessel wall surface polyplexes was
extravasated and penetrated into the tumor tissue. About 60 % of this amount was
extravasated during the first 15 minutes post-injection. The limited extravasation of
polyplexes in tumor indicates the presence of extravasation barrier caused by high cell and
extracellular matrix density, and high intratumoral fluid pressure. At the same time in
normal subcutaneous tissue, amount of extravasated polyplexes was 400 times less than in
tumor tissue (Fig. 4a, b). It is a striking illustration of the EPR effect in the considered tumor
model.

In order to quantify polyplex extravasation and accumulation in tumor or normal
subcutaneous tissues, we have developed the mathematical model (see Supplementary Data
and Suppl. Fig. 2) which describes kinetics of polyplex clearance, adhesion on vessel wall
surface and extravasation processes. Calculations made on the basis of developed kinetics
models resulted in one-order higher values of the polyplex binding to the vessel wall surface
rate constant (Suppl. Table. 1) that confirms our assumption about structural differences
which determine binding affinity for polyplexes. Defined dissociation rate constants of
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polyplexes from the vessel wall in both tumor and normal subcutaneous tissues were almost
equal (Suppl. Table. 1). This fact indicates similarity of mechanisms of polyplex elimination
from the tumor and normal tissues. Mathematical modeling also resulted in two-order higher
values of the polyplex extravasation rate constant (Suppl. Table. 1). Thus,
pathophysiological irregularities in tumor vasculature provide faster binding and enhanced
permeability into tumor tissue in comparison with subcutaneous ones.

3.2.3. Impact of the ligand targeting on polyplex extravasation and penetration
deep into tissue—Using intravital microscopy in combination with DSC we have also
evaluated the impact of the ligand targeting of polyplexes with MC1SP-peptide on their
accumulation, extravasation and penetration into the tumor tissue. We did not revealed any
differences in accumulation and extravasation kinetics in tumor between targeted polyplexes
and non-targeted ones (Fig. 4b). Therefore, targeting of polyplexes with the specific ligand
did not improve their penetration into tumor tissues. It could be explained by primarily
passive way of accumulation due to EPR effect. The similar results were obtained also for
other nanocarriers after incorporating ligands for specific binding to cancer cells [45, 46].
However, attachment of a ligand to overexpressed receptors on the cancer cell surface to
nanoparticles may increase cellular uptake of these vehicles [47]. It was also shown that
targeting of polyplexes with a ligand to EGFR [48], or melanocortin-1 receptors [23]
resulted in faster cellular accumulation via receptor-mediated endocytosis and enhanced
transfection efficacy. Thus, faster cellular uptake is an important condition in terms of
successful gene delivery.

For analysis of polyplex penetration into the tumor and normal subcutaneous tissues,
quantitative distributions were plotted in dependence of distance from the vessel wall and
post-injection time (Fig. 5). According to our data, the maximal distance of polyplex
penetration into the tumor tissue (Fig. 5a and b) was about 20 μm. About 40 % of
extravasated polyplexes stopped up to 4 μm from the vessel wall, about 90 % — up to 12
μm. In contrast, in normal subcutaneous tissues polyplexes penetrated less than 3 μm from
the vessel walls (Fig. 5c). Visualization of microvessels with FITC-dextran in M3 H2A-GFP
tumor with nuclear localization of histone H2A and GFP fusion protein identified that the
nearest cancer cell nuclei are located from 1 up to 6-7 μm from the vessel wall (Suppl. Fig.
3). Therefore, extravasated polyplexes can reach the nuclei of cancer cells.

There were no differences between targeted and non-targeted polyplexes microdistribution
kinetics across the tumor tissue, though targeting of macromolecules or nanoparticles with a
ligand can lead to arising of “binding site barrier” in vivo [49] limiting penetration of
targeted polyplexes. This phenomenon is due to the fact that penetration of ligand-
containing macromolecules into tumors could be prevented by their strong binding to target
cells possessing receptors/determinants for the ligands. The effect of binding site barrier had
been firstly revealed for antibodies [50] as well as for targeted polymeric particles [46]. We
did not observe the effect of “binding site barrier” for the both types of our polyplexes
probably due to their big hydrodynamic diameters (41.2 ± 4.0 and 43.5 ± 4.7 nm for targeted
and non-targeted ones, respectively) which could hamper diffusion of the both types of
polyplexes. For instance, according to Lee et al. (2010) [46], the effect of “binding site
barrier” was observed only with 25 nm-sized nanoparticles but not with 60 nm ones
indicating dependence of tissue penetration on particles’ size. The next factor responsible for
impeded diffusion of macromolecules (including polyplexes) is negatively charged
basement membrane of endothelium [36], extracellular matrix [51] or melanoma cancer
cells surface [39]. The point is that many of the solid tumors have increased content of
glycosaminoglycans and especially hyaluronan [52, 53]. Our targeted polyplexes as well as
non-targeted ones have positive zeta-potentials (22.7 ± 1.0 and 19.4 ± 0.5 mV for targeted
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and non-targeted polyplexes, respectively) that also could decrease extravasation and
penetration into tumor tissue [54].

3.3. SPECT/CT imaging of 123I accumulation in tumor after NIS gene transfer
To investigate the efficacy of NIS gene transfer into murine M3 melanoma tumor in whole,
we applied single-photon emission computed tomography (SPECT) as one of the most often
clinically used method to visualize accumulation of radiotracers in certain tissues [55]. To
find the optimal conditions of tumor imaging in tumor-bearing mice after polyplex-mediated
transfection with NIS, we evaluated radioactivity accumulation kinetics in M3 NIS tumor
with stable NIS transfection. The measurements showed that radioactivity accumulation
reached a plateau at 90 min after radioiodine intravenous injection that retained for at least 3
hours post-injection (Suppl. Fig. 4). On the next step we studied kinetics of polyplex-
mediated transgene expression measured by 123I accumulation in tumor at preset time after
administration of targeted polyplexes. According to our data, the maximum of 123I
accumulation in tumor was obtained at 24 hours after polyplex injection and reached 6.8 ±
1.1 % ID/g that made it possible to visualize the tumor (Fig. 6a, b, c see also Supplemental
Video). The similar kinetics of NIS expression in tumor transfected with polyplexes based
on polypropylenimine dendrimers was revealed by Chisholm et al. (2009) [21]. Thus, our
results in compliance with Chisholm’s data both confirm transient nature of gene transfer
using polymer-based vectors. In non-transfected control group and in the group injected with
the targeted polyplexes containing plasmid without promoter, accumulated dose in tumor
was about 2.4 ± 0.4 and 2.8 ± 0.3 % ID/g (Fig. 6d). In spite of indistinguishabilities between
targeted and non-targeted polyplexes’ accumulation and tumor microdistribution (see
above), we observed a 2-fold increase in I accumulation in tumor transfected with PEI-PEG-
MC1SP polyplexes compared to tumor transfected with PEI-PEG ones (Fig. 6d). This
phenomenon could be explained by mechanisms of cell penetration, intracellular trafficking,
and polyplex unpacking of these types of polyplexes that strongly determine transfection
efficacy. According to our earlier experimental data [23], the difference in transfection
efficacy between targeted and non-targeted polyplexes was caused by different rates of
intracellular accumulation of packed polyplex nanoparticles. It was shown [56] that
receptor-mediated endocytosis occurs faster than unspecific adsorptive one. Our data
revealed a significant contribution of the clathrin-dependent receptor-mediated endocytosis
pathway for internalization of the targeted polyplexes that provides fast accumulation of
polyplex nanoparticles inside target cells [23] and probably diminishes the interaction of the
polyplexes with surface proteoglycans that can lead to polyplex unpacking [57] and
subsequent degradation in acidic compartments. Polyplex targeting with a specific ligand
resulting in fast uptake may overcome so-called “PEG-dilemma” [58]. PEG-dilemma is a
contradictory effect of PEGylation enabling to diminish unspecific interactions with blood
components, but also reducing cellular uptake and transfection [59]. Therefore, the faster
cellular uptake for polyplexes provided by inclusion of a ligand into polymeric part is
preferred for successful gene transfer.

Injection of targeted polyplexes resulted in 6.8 ± 1.1 % ID/g in tumor after 24 hours that was
3.5-fold less than maximally achievable level of isotope accumulation that was observed in
M3 NIS tumor with permanent NIS transfection (24.3 ± 3.5 % ID/g). Most probably this
effect was caused by limited extravasation and penetration of polyplexes into the tumor
tissue. Perhaps, polyplexes-mediated gene transfer occurs predominantly to areas adjacent to
functional tumor blood microvessels as was obtained for lipid nanoparticle-based delivery
system that transported siRNA [60].
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4. Conclusions
Here, we have investigated the tumor uptake and intravital microdistribution of
intravenously administered quantum dot-labeled polyplexes using dorsal skinfold chamber
and intravital microscopy that made it possible to identify the EPR effect in comparison with
normal subcutaneous tissue. At the same time, only the minor part of accumulated in tumor
polyplexes was extravasated followed by a nearby penetration into tumor tissue. There were
no differences in histological microdistribution across the melanoma tumor tissue with time
between targeted and non-targeted polyplexes. However, according to our previous data
targeted polyplexes are more effective in terms of cellular uptake and intracellular
trafficking compared to non-targeted ones that could explain enhanced radioiodine
accumulation in tumor after NIS gene transfer and therefore more pronounced targeting of
small melanoma tumors by targeted than by non-targeted polyplexes.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
In vitro polyplex-mediated NIS gene delivery. Uptake kinetics of 125I in murine Cloudman
melanoma М3 cells transfected with NIS gene after 24 hours of incubation with polyplexes
(a) and NIS gene expression kinetics in M3 cells transfected with polyplexes and measured
by 125I uptake after 1 h of incubation with 125I (b). 125I accumulation in М3 cells at 48 hours
after NIS transfection and 1 h of incubation with 125I with targeted (PEI-PEG-MC1SP/
DNA) and non-targeted (PEI-PEG/DNA) polyplexes as well as block of iodide uptake in
transfected cells by addition of sodium perchlorate (c). Values are means ± SD. *p < 0.001.
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Fig. 2.
Concentration kinetics of targeted polyplexes in the blood-stream (◆), tumor (▲) and
normal subcutaneous tissue (■) defined as QD voxel volume per mm3 of tissue that was
determined using confocal intravital microscopy. Polyplexes, containing 80 μg of QD605-
labeled plasmid DNA were injected intravenously. Values are means ± SD.
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Fig. 3.
Microdistribution of MC1SP-targeted polyplexes in normal subcutaneous (top panel) and
tumor (bottom panel) tissues at 15, 60 and 240 min post-injection. Blood vessels were
stained by injection of 150 kDa FITC-dextran. Polyplexes, containing 80 μg of QD605-
labeled plasmid DNA were administrated intravenously. Images were obtained using
intravital confocal microscopy (for details see the Materials and Methods section).
Background fluorescence from images captured before polyplex injection was subtracted.
Blue arrows indicate large aggregates of polyplexes, purple arrows – extravasated
polyplexes. The bars indicate 20 μm.

Durymanov et al. Page 16

Biomaterials. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Microdistribution kinetics of polyplexes in normal subcutaneous (a) and tumor (b) tissues
defined as QD voxel volume of fluorescent objects in QD605 channel (after
autofluorescence subtraction) per mm3 of tissue. Polyplexes, containing 80 μg of QD605-
labeled plasmid DNA were administrated intravenously. Blood vessels were stained by
injection of 150 kDa FITC-dextran. Subsequent co-localization analysis enabled to detect
bound to the vessel wall targeted (■) and non-targeted (◆) polyplexes as well as
extravasated targeted (■) and non-targeted (◆) ones. Values are means ± SEM.
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Fig. 5.
Microdistribution kinetics of extravasated MC1SP-targeted (a, c) and non-targeted (b)
polyplexes in tumor (a, b) and normal subcutaneous (c) tissues defined as pixel areas of
fluorescent objects in QD605 channel (after autofluorescence subtraction) per mm of vessel
length. Polyplexes, containing 80 μg of QD605-labeled plasmid DNA were administrated
intravenously. Blood vessels were stained by injection of 150 kDa FITC-dextran.
Subsequent colocalization analysis made it possible to detect extravasated polyplexes on the
different distances from the vessel wall in the depth of tissue.
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Fig. 6.
SPECT/CT imaging of 123I accumulation in М3 melanoma tumor after NIS gene transfer.
Reconstructed 3D-projections of mice at 24 h after injection of targeted polyplexes with
plasmid DNA encoding NIS (left) or targeted polyplexes containing plasmid without
promoter as a control (right) (a). Reconstructed images of saggital planes passing through
the tumors of five mice at 24 h after injection of targeted polyplexes (b). NIS expression
with time measured by iodide uptake after intravenous administration of targeted
polyplexes, containing 80 μg of plasmid DNA encoding NIS (c). 123I accumulation in tumor
at 24 h after injection of targeted (PEI-PEG-MC1SP/DNA) polyplexes compared to non-
targeted (PEI-PEG/DNA) ones and targeted polyplexes containing plasmid without
promoter (control polyplexes) (d). Background level observed in non-transfected control
(2.4 ± 0.4 % ID/g) was subtracted in (d). 18.5 МBq of 123I was injected intravenously for
visualizing of NIS gene expression. All values are means ± SD % ID/g. *p < 0.001, **p <
0.0001.
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