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Although advances in genomics and experimental gene therapy
have opened new possibilities for treating otherwise incurable
diseases, the transduction of nucleic acids into the cells and de-
livery in vivo remain challenging. The high molecular weight
and anionic nature of nucleic acids require their packing into
nanoparticles for the delivery. The efficacy of nanoparticle
drugs necessitates the high bioactivity of constituents, but their
distribution in organisms is mostly governed by the physical
properties of nanoparticles, and therefore, generation of stable
particles with strictly defined characteristics is highly essential.
Using previously designed efficient cell-penetrating peptide
NF55, we searched for strategies enabling control over the
nanoparticle formation and properties to further improve
transfection efficacy. The size of the NF55/pDNA nanoparticles
correlates with the concentration of its constituents at the
beginning of assembly, but characteristics of nanoparticles
measured by DLS do not reliably predict the applicability of
particles in in vivo studies. We introduce a new formulation
approach called cryo-concentration, where we acquired stable
and homogeneous nanoparticles for administration in vivo.
The cryo-concentrated NF55/pDNA nanoparticles exhibit
several advantages over standard formulation: They have
long shelf-life and do not aggregate after reconstitution, have
excellent stability against enzymatic degradation, and show
significantly higher bioactivity in vivo.
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INTRODUCTION
Gene therapy applications and research on in vivo delivery vectors are
among the most rapidly growing areas in nanomedicine research.
Despite significant progress in the development of therapeutic nucleic
acids, their widespread application is still held back by low cellular up-
take due to very poor cell membrane permeability. Therefore, the
development of safe, efficient, and clinically applicable gene delivery
vectors are crucial for the clinical application of therapeutic nucleic
acids.1,2 Cell-penetrating peptides (CPPs) are short cationic and/or
amphipathic peptides that have been applied for both the in vitro
and in vivo delivery of various types of molecules, including small
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drug molecules, biomacromolecules like proteins, and nucleic acids.3

Recently, we have designed highly promising transfection reagent
NF55 for transduction of nucleic acid molecules into cells.4 NF55
forms stable particles with nucleic acids and is an effective in vivo
transfection reagent, enabling induction of gene expression with effi-
ciency that is comparable to the best transfection reagents available at
the moment.4

From a clinical point of view, it is highly essential that a pharmaceu-
tical formulation to be administered has a strictly defined molecular
composition and structural characteristics. One of the major prob-
lems with the nanoparticle formulation in the case of self-assembling
systems is, in general, the heterogeneous size distribution and the dif-
ficulties with exact definition of drug composition.5,6 Our CPP/DNA
nanoparticle formulation approach of mixing DNA and peptide at
appropriate ratios in water to form non-covalently coupled com-
plexes has the clear advantage of using only two components with
defined chemical composition compared to many other nanoparticles
where more components are needed.7 However, the problem of a het-
erogeneous size and its broad distribution of size might still persist
with nanocomplexes assembled based on the electrostatic interac-
tions.8 Therefore, it is highly vital to prepare homogeneous, well-
characterized particles for their further application in vivo, since the
physiochemical parameters, including size and size distribution,
influence both the biodistribution and toxicity of nanoparticles.9

The nanoparticle size is one of major factors governing particle distri-
bution in vivo. For example, it has been demonstrated that nanopar-
ticles with diameters less than 5 nm rapidly undergo renal clearance
upon intravenous administration.9,10 The splenic filtration accounts
for the retention of particles larger than 200 nm in diameter, and par-
ticles in the micrometer range (2–5 mm) have been shown to accumu-
late within capillaries of the lungs,9–11 leaving a rather narrow-size
uthors.
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Figure 1. Size Distribution of Different Formulations of NF55/DNA

Nanoparticles

Size distribution of NF55/DNA nanoparticles in formulation 1 (green line, peptide

concentrations 40 mM for in vitro studies) and formulation 2 (dashed red line, 400 mM

for in vivo studies). Data were analyzed using the Malvern Zetasizer.

Figure 2. Size Distribution of NF55/DNA Nanoparticles after the Filtration of

Formulation 2 Particles

The dashed red line represents the size distribution of NF55/DNA particles without

filtration, and the green lines illustrate nanoparticles after filtration through the

200-nm filter. The dotted darker green line shows the size distribution of filtered

nanoparticles after incubation for 60 min at room temperature. Data were analyzed

using the Malvern Zetasizer.
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window for nanoparticles that can circulate in organisms for longer to
reach their target issue.

Thus, conglomeration and non-uniformity and broad size distribu-
tion most probably leads to stochastic and irreproducible distribution
of nanoparticles in an organism, thereby decreasing the circulation
time and diminishing the effect of active ingredient.9 Therefore, the
uniform size of nanoparticles, high homogeneity, and the lifetime
are relevant topics to be addressed.

In the current study, we applied several approaches to tackle these
issues and elaborated a new strategy for preparing homogeneous
NF55/plasmid DNA (pDNA) nanoparticles for DNA delivery in vivo.
Our strategy of producing cryo-concentrated formulations yielded
non-aggregating nanoparticles with uniform size that are stable
against enzymatic degradation and show significantly higher bioac-
tivity in vivo.

RESULTS AND DISCUSSION
Nanoparticles Formed at a Higher Concentration Tend to

Conglomerate

We have previously designed a highly efficient CPP for transduction
of nucleic acids into cells and characterized the properties of electro-
statically assembled NF55/pDNA nanoparticles and demonstrated
their applicability for gene therapeutic use.4 During characterization
of NF55/pDNA nanoparticles, we discovered that in addition to
major fraction of small separate NF55/pDNA nanoparticles, some
of these had associated with each other and formed larger conglom-
erates/aggregates (typically d % 300 nm).4

In order to further examine whether this conglomeration increases we
assembled the nanoparticles at the 10-fold higher peptide and DNA
concentration that are necessary for formulation of complexes for
in vivo use (formulation 2). Indeed, aggregate formation was even
more characteristic for the “in vivo formulation” procedure (Figure 1).
Probably this was due to the higher concentration of components
(400-mM peptide concentration, formulation 2) compared to the
“in vitro studies” particles (40-mM peptide concentration, formula-
tion 1), even though the same ratio of peptide and DNA charges
was used to assemble both types of complexes. Dynamic light scat-
tering spectroscopy (DLS)measurements of nanoparticles formulated
at a lower concentration (formulation 1) revealed the presence of only
one distinctive population of particles with an average diameter of
115 nm (Figure 1; Table S1); furthermore, the measured polydisper-
sity index was rather low, approximately 0.16 (Table S1). Unexpect-
edly, the in vivo formulation (formulation 2) particles contained
several populations of nanoparticles with different sizes, and only
about 1/3 of these had approximately 100-nm diameter, which is
suitable for the in vivo application (Figure 1; Table S1). Therefore,
particles in formulation 2 have heterogeneous sizes with broad distri-
bution, which can hinder future pharmacological application because
among other physiochemical parameters, the particle size and size
distribution are essential factors in drug delivery.9

Filtration of the Nanocomplex Solution Yields Uniform

Nanoparticles

A common approach for eliminating large aggregates and acquiring
particles with a uniform size is filtration; therefore, we introduced
this additional step, which has been widely applied for the preparation
of uniformly sized liposomes.15 Accordingly, we filtered the solution
of our nanoparticles through 100-nm and 200-nm pore-sized filters.
As seen in Figure 2 (and Table S1), the standard nanoparticle formu-
lation procedure for in vivo use (formulation 2) lead to formation of
large conglomerates in solution: 40% of particles were larger than
300 nm, and only about 35% of nanoparticles had an average diam-
eter around 100 nm, whereas the remaining had formed aggregates
over 2 mm in size. Furthermore, the polydispersity index was remark-
ably higher compared to that of formulation 1 (0.61) (Table S1). How-
ever, these DLS data should be interpreted with caution because
despite DLS being themost commonly used technique for the analysis
of nanoparticle size and protein aggregates, it can overestimate the
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Figure 3. Transfection Efficacy of Filtered NF55/pDNA Nanoparticles

Transfection efficacy of filtered NF55/pDNA nanoparticles in CHO cells at CR4 (A) and in BALB/c mice at CR4 (B). Light gray bars (Filtered) represent filtration results; dark

gray bars (Filtered, dose-matched) represent the filtered nanoparticles with matched dose to account for the loss of material during the filtration. Untreated cells (UT) were

used as a negative control, and Lipofectamine 2000 (LF2000) was used as a positive control. The data are presented as the mean ± SEM (n = 5).
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fraction of larger aggregates, especially in the measurements of sam-
ple polydispersity.16 DLS measurements confirmed that filtration
successfully removed large aggregates, and only one distinctive pop-
ulation of about 125-nm nanoparticles was obtained (Figure 2).
Furthermore, the polydispersity index was markedly lower compared
to that of formulation 2 (0.12) (Table S1). Interestingly, the size-frac-
tionated nanoparticles were stable in time, and even after 60 min of
incubation, we could still detect only one population of particles
with a defined diameter of 120 nm, as opposed to the formulation 2
particles, which already had a heterogeneous size distribution at the
1-min time point. This indicates that filtration is a beneficial method
for increasing the uniformity of the complexes’ size.

In order to quantify the loss of nanoparticles upon the filtration step,
we analyzed the amount of particles that were recovered after passing
the solution through filters. To minimize the adsorption of nanopar-
ticles in the membrane, we chose hydrophilic polypropylene filters
that are known to lead to minimal loss of nucleic acid and protein
samples. Although the filtration led to some loss of material, still
the majority of the peptide (80% and 74%) and plasmid (74% and
60%) were recovered in the filtrate of 200-nm and 100-nm filters,
respectively (Figure S1).

Next, we examined whether these stable homogeneous 120-nm nano-
particles that we obtained after filtration also had retained or even had
gained the additional bioactivity. Contrary to our expectations, we
discovered that the filtered nanoparticles demonstrated a 1,000-fold
lower efficacy of transfection of cells in the culture (Figure 3A).
Even though some previous studies have shown that the nano-
particle fractions with lower diameter might mostly contribute to
the transfection,12 unfortunately this did not reproduce in our study.
Thus, we speculated that in our system the larger nanoparticles might
be more efficient in transfecting cell cultures, perhaps due to
sedimentation.13
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Despite the disappointing results in the cell culture, these particles
could in principle be still efficient and applicable in vivo because
the homogeneous size could lead to improved bioactivity and reduced
possible side effects. Therefore, we switched to in vivo administration
of filtered formulation nanoparticles. However, while standard nano-
particles of formulation 2 led to high expression of transgenes in lungs
and liver, the filtered nanoparticles triggered only a minimal readout
in inspected organs (Figures 3B and S2). Even when we matched the
doses of nanoparticles to compensate for the loss of particles intro-
duced by filtration, the bioactivity of filtered particles did not
markedly improve (Figures 3 and S2). Although the filtration method
produced uniform small nanoparticles of appropriate size, these had
almost completely lost the biological efficacy. This seemed to indicate
that the larger-size fraction of the NF55/DNA nanoparticles is crucial
for transfection, and the removal of these minimizes the biological
effect.

Cryo-concentrated Nanoparticles Are Uniform and Not

Aggregating

Even though filtration yielded stable nanoparticles with homoge-
neous size distributions, it also decreased the bioactivity. Therefore,
we introduced an alternative strategy for producing nanoparticles
with a homogeneous and suitable size. We tried to mimic the
in vitro nanoparticle formulation protocol (formulation 1), which
produces particles of rather homogeneous size and narrow distribu-
tion, and adapted it for in vivo settings. Accordingly, we assembled
the complexes at the same concentration of peptide and plasmid as
we did for formulation 1, lyophilized the nanoparticles, and reconsti-
tuted the sample in a smaller volume to reach high concentration
required for administration in vivo. These particles are subsequently
referred to as cryo-concentrated complexes (CCCs).

Next, we assessed whether freezing, drying, or resuspension of nano-
particles occurring during the formulation procedure affects the size



Figure 4. Size Distribution of CCC NF55/DNA Nanoparticles

The particles obtained by complex formulation method 2 are represented with a

dashed red line, and the cryo-concentration complex (CCC) formulation strategy is

illustrated with a green line. The dotted darker green line shows the size distribution

of CCC particles after incubation for 60 min at room temperature. Data were

analyzed using the Malvern Zetasizer.

Figure 5. Morphology of NF55/pDNA Nanoparticles Formulated in Different

Conditions

The nanoparticles were visualized by negative staining with uranyl acetate and

transmission electron microscopy. (A) Formulation 2, (B) filtered formulation 2,

(C) cryo-concentrated and reconstituted formulation 1. Scale bars, 200 nm.
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and aggregation of the nanoparticles. According to DLS, CCC nano-
particles demonstrated markedly higher size homogeneity than the
formulation 2 (“particles in vivo”). About 98% of the CCC nanopar-
ticles had diameter of about 100 nm, and only 2% of the particles had
aggregated and formed conglomerates around the micrometer size
(Figure 4; Table S1). CCC particles demonstrated better stability in
time; even after 60 min of incubation, the nanoparticles remained
mostly homogeneous. Approximately 13% of the particles still
conglomerated to aggregates with hydrodynamic diameter of approx-
imately 2 mm (Figure 4; Table S1).

Transmission Electron Microscopy Confirms that Cryo-

concentrated Complexes Yield Uniform Particles

The differences in the DLS pattern prompted us to analyze the
morphology of nanoparticles obtained by using different formulation
strategies harnessing electron microscopy resolution. Complexation
of pDNAwith NF55 at high concentration required for in vivo studies
(formulation 2) lead to formation of highly diverse nanoparticles that
differed both in size and shape when standard formulation strategy
was used (Figure 5A). Smaller nanocomplexes of about 60–65 nm
in diameter were mostly spherical, whereas larger particles had up
to 5-fold higher diameter and irregular shape. The shape of the latter
implied association of several smaller nanocomplexes to form a bigger
nanoparticle; however, individual smaller nanocomplexes could not
be clearly distinguished within the bigger particles. The individual
nanoparticles assembled using standard complex formulation strat-
egy showed strong tendencies to associate with each other to form
larger conglomerates that might represent the high-sized particles
detected by DLS. The large agglomerates of NF55/pDNA complexes
can also be removed by the filtration of nanocomplex-containing
solution through the nano-porous filters. Indeed, filtration of the
formulation 2 solution through the filter with cutoff at 200 nm
removed particles exceeding this limit, leaving the majority of nano-
particles in solution (Figure 5B).
An alternative strategy for avoiding the formation of aggregates and
bulky particles in NF55/pDNA specimens is to assemble nanocom-
plexes using lower concentrations of components, similar to the
nanoparticles used in tissue culture settings (formulation 1). Freeze
drying is known to preserve the morphology of NF55/pDNA nano-
particles, and this also enables reconstitution of nanoparticles at the
high concentration that is required for in vivo experiments.4 The
specimen of cryo-concentrated NF55/pDNA nanoparticles contains
mostly separate spherical particles with about 50 nm diameter and
no large irregular structures (Figure 5C). However, the tendency to
cluster to assemblages is also inherent for this type of nanoparticle,
and often 2–3 particles associate and generate elongated and worm-
like structures (Figure 5C). The latter also seem to form upon the
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Figure 6. Resistance of NF55/DNA Complexes to Proteinase K Treatment

Resistance to Proteinase K treatment of NF55/DNA complexes formed according to standard formulation methods (formulation 1 and formulation 2) and cryo-concentration

(CCC) formulation strategy. The results were normalized to total DNA amount in the complexes.
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storage of nanoparticle solution, and accumulation of bigger particles
in time was also measured by DLS (Figure 4).

CCC Particles Are Less Susceptible to Enzymatic Degradation

The stability of nanoparticles in the blood stream is crucial for their
application in drug delivery in vivo. To analyze the stability of CCC
particles, we analyzed the resistance of these nanoparticles to protease
digestion. The particles acquired by the standard formulation 1 pro-
cedure started to release pDNA from the complexes almost immedi-
ately, gradually releasing the pDNA over longer periods of time
(Figure 6). In contrast, the formulation 2 complexes persisted for
about 2 hr before free pDNA started to appear, but once the degrada-
tion of the complexes commenced, the process progressed fast.
Finally, the CCC particles displayed the highest resistance against
the protease, persisting for about 3 hr before the degradation started.
This notable stability of the CCC complexes is in accord with our pre-
vious report, where we showed that lyophilized NF55/DNA nanopar-
ticles were stable for at least 7 days at room temperature.4 Therefore,
relying on our new and previous results, we suggest that CCC lyoph-
ilized particles could be prepared and conveniently stored as solid
formulations that retain the homogeneous size until reconstituted
in water and administered according to the needs of the particular
application. This advantage of solid drug formulation enables easier
handling, longer storage, convenient transportation, and potential
benefit in reproducibility.

Cryo-concentrated Nanoparticles Have Higher Bioactivity

In Vivo

After confirming that we have homogeneous and stable nanopar-
ticles, we first assessed the bioactivity of NF55/pDNA CCC in cell
cultures. CCC particles exhibited similar transfection efficiency as
32 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
standard formulation 1 (Figure S3). This encouraged us to study
whether the CCC formulation also possesses bioactivity in vivo.
Surprisingly, cryo-concentrated nanoparticles generated more than
2-fold higher lung transfection compared to complexes prepared
with the standard formulation procedure (Figure 7). Histological
analysis did not reveal any pathological changes in the lung
of CCC-treated animals (Figure S5). In all other analyzed tissues,
the expression of reporter gene remained at a similar level with
standard formulation 2 (Figure S4). These findings demonstrate
that our new CCC formulation strategy generates particles with
a uniform size that transfect lung tissue significantly better than
the particles prepared using the standard complex formulation
method.

This brought us to an intriguing situation: starting from the heteroge-
neous particle mixture of formulation 2 (Figure 1) and by using two
different methods to acquire particles with more homogeneous size
distribution (Figures 2 and 4), with one we reduced and with the other
improved the efficacy. One may question whether there is a particular
size of the particles that mediates transfection and whether the same
size suits both the in vitro and in vivo transfection. The fact that the
filtered samples of nanoparticles show reduced bioactivity suggests
that the larger conglomerates may facilitate transfection. Indeed,
the larger particle size and aggregation have been associated with
faster sedimentation and also with the higher uptake in cell cultures.14

Concerning the in vivo experiments, previous results with different
types of nanoparticles have indicated that larger particles tend to
accumulate within the capillaries of the lungs.9 These data might
help to explain why the NF55/pDNA-filtered fraction that contains
only small nanoparticles exhibits reduced bioactivity in lungs. To
shed light on the question of if only the size of the particles affects



Figure 7. Expression of Marker Gene in BALB/c Mice Transfected by NF55/

pDNA Nanoparticles Produced by CCC and Standard Formulation 2 at CR4

The data from at least five representative experiments are presented as the mean ±

SEM, *p < 0.05 (Student’s t test, two-tailed distribution, two-sample unequal

variance).
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transfection efficacy, we promoted the conglomeration of the CCC
particles by incubating these at room temperature for 60 min, instead
of using them immediately after the reconstitution of nanocomplexes.
DLS shows that incubation of CCC particles for 60 min induces a
positive skew to the size distribution, increasing the fraction with
larger size (Figure 4). In addition, aggregation is observed in about
13% of the particles (compared to 3% at 1 min) (Figure 4; Table
S1). If particles with larger size were to contribute to more efficient
transfection, then the CCC after 60 minutes of pre-incubation should
promote higher transfection. Interestingly, however, these particles
exhibited slightly reduced transfection efficiency, showing the effect
at same level with the standard formulation 2 (Figure 7). We may
conclude that in the case of NF55/pDNA nanoparticles, the size of
particles is not the only factor to be considered, and other parameters,
such as the uniformity and stability of the particles, might also modu-
late their bioactivity.

Taken together, in the current study, we have elaborated a new
formulation method for manufacturing uniformly sized and non-
aggregating CPP-pDNA nanoparticles. The resistance of particles
produced by a cryo-concentration approach to enzymatic degrada-
tion was substantially increased compared to particles obtained by
standard formulation strategy, encouraging further applications
in vivo. Importantly, the novel particles also induced significantly
higher transfection of reporter genes in vivo than standard nanopar-
ticles, confirming their high bioefficacy. The CCC formulation strat-
egy produces efficiently transfecting NF55/pDNA nanoparticles in
solid form that allows long-time storage and quick and easy reconsti-
tution at convenient time and at required dose and concentration.
We hereby propose a new strategy for producing pDNA transfection
particles that remain stable during storage and allow convenient use
at required time and guarantee enhanced in vivo gene delivery
efficacy.

MATERIALS AND METHODS
Peptide Synthesis

Peptides were synthesized using the solidCphase Fmoc peptide syn-
thesis stepwise method, cleaved from resin and purified as described
previously.14

Formulation of NF55 and DNA complexes

Formulation 1

NF55/pDNA nanoparticles were prepared by mixing 0.5 mg of
plasmid (p-CMV-Luc2) with the peptide in a total volume of 50 mL
MilliQ (MQ) water. The nanoparticles were allowed to assemble/sta-
bilize at room temperature for 30 min before being used in transfec-
tion experiments, and this is a standard formulation for the cell culture
transfection experiments. The charge ratio (CR) of 4 (CR, equivalent
to the nitrogen-to-phosphate ratio) was used throughout current
study, in which case the final peptide concentration was 40 mM.

Formulation 2

Twenty micrograms of p-CMV-Luc2 was mixed with the peptide in a
total volume of 150 mL MQ. After 30 min of incubation, glucose was
added to a final 5% glucose in 200 mL and used in transfection exper-
iments. This is a standard formulation used for in vivo studies, where
20 mg of pDNA is administered per one animal (1 mg/kg dose).
Within the current experiments, CR4 was used, in which case the final
peptide concentration was 400 mM.

Filtration

For the removal of aggregated particles, complexes were formulated
as described above (formulation 2) (except that the initial formulation
volume was slightly larger to compensate for the loss of solution re-
maining in the filter) and then filtered through 100 nm or 200 nm
pore-sized polypropylene filters (Pall, Acrodisc, USA). To quantify
the recovery of plasmid and peptide after filtration, PicoGreen
(Quant-iT PicoGreen, Thermo Fisher Scientific) and the Lowry-based
protein detection method (DC protein determination kit, Bio-Rad)
were used. For in vitro studies, we diluted complexes 10-fold, thereby
achieving a concentration equal to formulation 1.

Cryo-concentrated Nanoparticles

To formulate the cryo-concentrated complexes (CCCs), a combina-
tion of formulation 1 and 2 was used. Twenty micrograms of
p-CMV-Luc2 plasmid was mixed with the peptide at CR4 according
to formulation 1 (final peptide concentration 40 mM in a total volume
of 2 mL of MQ water). After 30 min of incubation, glucose was added
according to formulation 2 (final glucose amount equivalent to 5%
glucose in 200 mL), and thereafter, the formulated complexes were
lyophilized. Prior to use in transfection experiments, the complexes
were reconstituted in 200 mL of MQ water. This recipe represents a
dose for one animal (1 mg/kg). For in vitro studies, we diluted
complexes 10-fold, thereby achieving a concentration equal to formu-
lation 1.
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Proteinase K Assay

Proteinase K treatment was carried out to evaluate the stability of the
preformed NF/DNA complexes to enzymatic degradation of CPP by
proteinases. The preformed complex solution and controls with
either pDNA (0.05 mg per sample) or MQ water were transferred to
a black 96-well plate, and 90 mL of MQwater was added. After a short
period of mixing, a fluorescent DNA intercalating dye dilution was
added (Quant-iT PicoGreen, Thermo Fisher Scientific) and incubated
for 5 min at room temperature. The fluorescence was measured
(Synergy MX, BioTek; lex 492 nm and lem 535 nm) to quantify the
initial accessibility of pDNA. Thereafter, 20 mL of Proteinase K
(�20 mg/mL, > 600 U/mL, Thermo Scientific) was mixed with
1 mL of MQ water, and 10 mL of this solution was transferred to
each well and incubated for 10 min at 26�C. Fluorescence was
measured over a period of 16 hr at 26�C. These readings were normal-
ized to free pDNA and MQ fluorescence and expressed as the diges-
tion time required to release 50% of the pDNA from NF55/pDNA
complexes.

Cell Culture and Transfection

Chinese hamster ovary (CHO) cells were grown in DMEM, supple-
mented with GlutaMAX, 0.1 mM non-essential amino acids, 1.0 mM
sodium pyruvate, 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 mg/mL streptomycin (PAA Laboratories, Germany).

For transfection studies, 50,000 CHO cells were seeded 24 hr before
the experiment into 24-well plates, treated with complexes for 4 hr
in serum-containing medium, incubated 20 hr, and measured for
luminescence as described previously.4

In Vivo Studies

Reporter gene expression levels were evaluated post mortem 24 hr af-
ter injecting the complexes into the tail vein. We have previously
shown that the 24 hr time point is optimal for p-CMV-Luc2.8 For
the in vivo studies, male and female BALB/c mice (8 weeks old)
were used. Each animal received a single 200-mL intravenous (i.v.) in-
jection of the complexes. After 24 hr, the mice were sacrificed using
cervical dislocation, and whole organs were harvested and snap-
frozen on dry ice. The organs were homogenized, and luminescence
was measured as described previously.8 For the histological evalua-
tion, the lungs were inflated postmortem with 1:1 cryomatrix:PBS
(OCT embedding matrix, Kaltek, Italy), frozen in 2-methylbutane
bath on dry ice. Fresh cryosections (10-mm thick) were fixed with
formalin and stained with H&E.

All animal experiments and procedures were approved by the Esto-
nian Laboratory Animal Ethics Committee (approvals no 81, dated
April 4, 2016, and 69 and 70, dated February 9, 2011).

Dynamic Light Scattering

The mean hydrodynamic diameters of the nanocomplexes were
determined by dynamic light scattering studies using a Zetasizer
Nano ZS apparatus (Malvern Instruments, United Kingdom). All re-
sults were based on three or four measurements from two indepen-
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dent samples. All data were converted to relative by intensity or
volume plots from which the mean hydrodynamic diameters were
derived.

Transmission Electron Microscopy

For the morphological characterization of complexes, a negative-
staining TEM analysis was performed as described previously.16 In
brief, copper grids were covered with a formvar film and a carbon
layer using a Leica EM ACE600 carbon coater (Leica Microsystems,
Germany). Then, 10-mL aliquots of each sample were applied onto
the grids for 1 min, followed by washing with MQ water. Thereafter,
samples were exposed to 2% aqueous uranyl acetate solution for
4 min. Next, the excess stain was removed with filter paper and the
samples were allowed to air-dry. The specimens were imaged at
120 kV accelerating voltage using an FEI Tecnai G2 Spirit transmis-
sion electron microscope (FEI, the Netherlands).
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