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ABSTRACT: Nonviral DNA vectors are promising alternatives to
viral ones. Their use in DNA medicine is limited by an inability to
transfect, for example, nondividing or suspension cells. In recent years,
star-shaped synthetic polycationic vectors, so called “Nanostars”, have
shown some promise in this regard, at least when compared to the
“gold standard” in nonviral vectors, namely, linear poly(ethyleneimine) (l-PEI). It has been hypothesized that an ability to
transiently destabilize cellular membranes is partially responsible for
the phenomenon. This hypothesis is investigated here, taking human
leukemia suspension cells (Jurkat cells) as an example. Contrary to lPEI, the Nanostars promote the cellular uptake of small, normally
membrane-impermeant molecules (trypan blue and propidium iodide)
as well as that of ﬂuorescent polystyrene beads (average diameter 100
nm). Since Nanostars, but not l-PEI, are apparently able to deliver
DNA to nuclei of nondividing cells, nuclear uptake is, in addition, investigated with isolated cell nuclei. Our results provide evidence
that Nanostars are more eﬃcient than l-PEI in increasing the nuclear membrane association/permeability, allowing accumulation of
their cargo on/in the nucleus.

■

INTRODUCTION
Synthetic polycations represent promising and aﬀordable DNA
vectors for gene delivery. They already play an important role
in research and development, for example, in the preparation
of recombinant mammalian production cell lines in the
biopharmaceutical industry. Certain advantages of nonviral
over viral agents argue for a corresponding potential in DNA
medicine, for example, their versatility, their safety, their
relatively low production cost, and their low immunogenicity.1
However, the application range of nonviral vectors in this
regard is still limited. For example, nondividing and suspension
cells have been found “diﬃcult-to-transfect” by nonviral
agents.2−4
An important task for a polycationic nonviral gene delivery
agent is the compaction and charge overcompensation of the
negatively charged plasmid DNA (pDNA), thereby forming
stable positively charged polyelectrolyte complexes [“polyplexes” (PPs)]. In order to assure that the formed PPs bear a
positive net-charge and therefore are attracted by the
negatively charged cellular surface, PP formation and transfection typically require a surplus of polycations. Poly(ethyleneimine) (PEI) is one of the most eﬃcient polycationic
vectors described to date because of its high density of
positively charged amines.5−7 In recent years, we and other
© 2020 American Chemical Society

researchers have demonstrated the potential of poly(2-(N,N′dimethylamino)ethyl methacrylate) (PDMAEMA) as an
alternative polycationic gene therapy vector.8−13
Despite considerable progress, important aspects of the
various stages of nonviral gene delivery remain poorly
understood and hence diﬃcult to improve. This includes,
besides cellular uptake, also intracellular transport and ﬁnally
nuclear uptake (for a recent review, see Durymanov 201814).
Moreover, the dominating mechanisms at each stage may vary
as a function of vector architecture, polyplex size and density,15
as well as the cell type.16 Positively charged PPs may, for
example, be taken up by the cells via both clathrin- and
caveolae-meditated endocytosis,17−19 which, however, are
limited to objects with sizes <300 and <80 nm, respectively.20−22 All forms of endocytosis also suﬀer from a low
percentage of endosomal escape.23−25 Hence, nucleic acids
delivered by endocytosis are often trapped in the endosome
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Figure 1. Evaluation of trypan blue (TB) concentrations ranging from 0.2 to 0.001% to discriminate between living and dead cells. Staining with
propidium iodide (PI) was used as a reference. Living cells: Jurkat cells collected in the exponential growth phase. Dead cells: Jurkat cells incubated
for 45 min at 50 °C in a water bath. For both PI- and TB-treated cells, 20,000 events were acquired. Data represent representative histograms of the
ﬂow cytometry analysis and mean ± SD, n = 3 for PI and TB positive cells.

some transfection agents are capable of endosomal release.3,27
Polycations (e.g., PEI) with high buﬀering capacity can be
protonated under the acidic environment of the endosome.28

and subsequently recycled to the plasma membrane or
traﬃcked to multivesicular bodies for degradation in
lysosomes, leading to low transfection eﬃciency.26 However,
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This protonation increases endosomal pH and induces
extensive ionic transportation into the endosome, resulting in
the rupture of the endosomal membrane and the release of the
trapped cargoes, that is, the controversial “proton-sponge
eﬀect” hypothesis.29 In the acidic endosomal environment,
dedicated molecules can also adopt an amphipathic conformation and interact with the lipid bilayer of the endosome,
causing an internal stress suﬃciently strong to create pores.30
Most current methods for studying internalization of particles
(e.g., PPs) involve exclusion of speciﬁc endocytic mechanisms,
using inhibitors of endocytosis. However, many, if not all, of
these inhibitors act in a nonspeciﬁc cell type-dependent
manner, disturbing cellular processes, and thus suﬀer from
unknown global eﬀects on the cell, making their use and the
interpretation of the ﬁndings debatable.31−33
Regardless of the mechanism for cellular uptake and
intracellular transport, the simple fact that nonviral vectors
are generally unable to transfect nondividing cells argues that
the nuclear membrane poses a severe barrier to DNA delivery
in their case.17 The nuclear envelope is impermeable to
molecules >40 kDa (corresponding to a hypothetical 60 bp
DNA).34 Nucleocytoplasmic transport across the nuclear
membrane is possible by nuclear pore complexes (NPCs)
but is also restricted by an estimated cutoﬀ in size of
approximately 5 nm35 due to the size limitation posed by the
NPC itself (i.e., a central channel diameter of ∼45−50
nm),27,36−38 which renders the ingress of nanoparticles or
macromolecules extremely diﬃcult.39,40 It is therefore
commonly accepted that successful nonviral DNA transfection
is limited to actively dividing cells.41,42 In this case, the
transgene can access the nuclear region during cell division,
when the nuclear envelope temporarily breaks down.43
Alternatively, nonviral delivery systems have been designed
to include various types of “facilitators“ (e.g., coupling nuclear
localization signals or incorporating transcription factor
binding sequences to pDNA) to improve nuclear delivery.3,4,42,44 However, these approaches are technically demanding and have sometimes met with limited success in terms of
an improvement of the transgene expression.
In this context, reports from several groups including our
own are of interest, which show eﬃcient gene delivery into
nondividing cells using plain nonviral polymeric systems.11,45−47 These reproducibly obtained results implicate a
not yet elucidated mechanism for penetrating the nucleus in
the presence of the nuclear envelope. Moreover, we showed
that the star-shaped PDMAEMA (“Nanostar”) developed in
recent years in our group is, in addition, also able to eﬃciently
transfect other types of a notoriously hard-to-transfect cells,
such as suspension cells, most notably Jurkat cells, that is, cells
from a lymphoblastic leukemia cell line which is a widely used
model for human T lymphocytes. 11 Under optimized
conditions, >80% transfection eﬃciency while preserving
80% cellular viability was reproducibly obtained, which is an
order of magnitude higher than with linear poly(ethyleneimine) (l-PEI) in terms of transfection eﬃciency
and twice as good in terms of viability.12 The mechanistic basis
for these diﬀerences is still unknown. Hypotheses based on
diﬀerences in the mechanisms of cellular and/or nuclear entry
have been proposed, largely based on studies from Orr’s group,
which showed that polycations are able to transiently disrupt
and induce nanopores in synthetic lipid bilayer structures and
in natural cellular membranes.48−51
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The present contribution investigates the hypothesis that the
superior DNA delivery ability of the Nanostars relies on a
mechanism for transient poration of initially the plasma and
later the nuclear membrane, which diﬀers from the eﬀect
exerted by l-PEI on these membranes and is both more
conductive to gene delivery and less toxic for the cells. By using
combinations of small molecular probes typically used for dye
exclusion assays [propidium iodide (PI) and trypan blue
(TB)] as well as ﬂuorescently labeled pDNA and polystyrene
(PS) beads, the inﬂuence of polycation chemistry and
architecture on the permeation of the cellular and nuclear
membranes is investigated.

■

RESULTS AND DISCUSSION
Determination of the Optimum TB Concentration for
the Porosity Assay in Jurkat Cells. TB (873 Da) and PI
(668 Da) were chosen to test for nanopore formation during
polycation-based transfection since these molecules are known
to be incapable of passing an intact cellular membrane. In fact,
these dyes are normally used to identify dead cells, where the
cellular membrane becomes leaky. TB emits ﬂuorescence when
complexed with proteins,52 while PI intercalates in double
helices formed by polynucleotides and then gives a bright red
ﬂuorescence.53
When Brito-Melo’s group developed a ﬂow cytometry-based
TB exclusion assay for dead cells,54 they stressed the
importance of determining the optimum TB concentration
to distinguish between living cells, which still have a basal
ﬂuorescence level due to the TB−protein interaction on the
cellular surface, from the dead cells, where TB−protein
complexation occurs both on the cellular surface and in the
cytoplasm.
To accommodate these requirements in our investigation,
diﬀerent TB concentrations were tested to evaluate the
optimum experimental condition for distinguishing between
ﬂuorescence emitted by living and dead cells after contact with
TB (Figure 1). PI staining restricted to dead cells under these
conditions was performed as the control. From these results,
we deduced that cells with median ﬂuorescence intensity
(MFI) < 103 au can be classiﬁed as “alive” and cells with MFI
≥ 3 × 104 au as “dead”. A ﬁnal concentration of 0.001% (w/v)
TB in the assay was able to distinguish dead (stained; MFI ≥ 3
× 104 au) cells, keeping live (“unstained”) cells in a negative
region usually located between 100 and 103 au on FL4-based
histograms. This concentration was therefore considered
suitable for the determination of TB ingress into living cells
after membrane destabilization during or due to the transfection process and was used for all further experiments.
Evaluation of the Polyplex Fluorescence after
Incubation with TB or PI. A priori, an unspeciﬁc and
undesirable direct interaction between TB/PI and either l-PEI
or Nanostars, could not be excluded. Therefore, we ﬁrst
evaluated the ﬂuorescence emitted by the free polymers and
their respective PPs (N/P 20, l-PEI, PPPEI; N/P 10, Nanostar,
PPNanostar) after incubation for 20 min with TB (0.001%) or PI
(1 μg mL−1), Table 1.
As expected, after incubation with PI, both types of PPs, but
not the respective free polymer, displayed a detectable
ﬂuorescence due to the incorporation of PI into the complexed
pDNA. However, this ﬂuorescence was 4- to 6-fold lower than
the ﬂuorescence recorded for similar amounts of free pDNA
(ﬂuorescence: 40,677 ± 3625), indicating that the accessibility
of pDNA for PI was restricted in the PPs.
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After incubation with TB, the ﬂuorescence values were low
in the case of l-PEI or l-PEI-PPs, whereas high ﬂuorescence
values were detected for both free Nanostars and the
corresponding PPs. Considering that the ﬂuorescence value
of the free pDNA was also low in the presence of TB
(ﬂuorescence: 3041 ± 538), these results indicate that TB can
interact with the Nanostar molecules leading to high
ﬂuorescence. Since both polycations contain very similar
amine groups, but diﬀer signiﬁcantly in hydrophobicity,
hydrophobic interactions between TB and the Nanostars
may be the cause for the unexpected high ﬂuorescence
observed in the case of the Nanostars. As a consequence, a
piggybacking of the TB dye on Nanostars should be borne in
mind during further data discussion of TB cellular uptake.
Porosity Assay in the six-Well Transfection Protocol.
In order to follow the extent of a putative destabilization of the

Table 1. Overview of Fluorescence of Free Polymers and
PPs after Incubation with TB or PIa
ﬂuorescence (au)
l-PEI
PI
TB

Nanostar

polymer

polyplex

polymer

polyplex

b.d.
784 ± 258

9964 ± 358
1076 ± 177

b.d.
27,438 ± 3556

6902 ± 538
22,052 ± 4528

Article

a

PPs were built in HBG at N/P 10 (Nanostar) and 20 (l-PEI).
Fluorescence PI was measured at Ex: 535 ± 20 nm/Em: 612 ± 20
nm. Fluorescence TB was measured at Ex: 485 ± 20 nm/Em: 670 ±
20 nm. b.d.: below detection limit (similar to blank). The values
represent (Fsample − Fblank) with Fblank,TB: 7551 ± 1019 and Fblank,PI:
2408 ± 249. Mean ± SD, n = 4.

Figure 2. Cellular uptake of TB by Jurkat cells during standard transfections in six-well plates. Development of the TB positive cell fraction after
incubation with l-PEI (PP-PEI) and Nanostar-based (PP-Nanostar) PPs or a corresponding amount of free polymers (PEIfree, Nanostarfree). Cells
(1 × 105 cells mL−1) were incubated in six-well plates (total incubation volume: 2.2 mL) with 2.3 μg mL−1 (l-PEI, N/P 20) and 4.5 μg mL−1
(Nanostar, N/P 10). The ﬁrst 4 h corresponds to incubation of the cells in Opti-MEM (serum-free conditions) containing 0.001% TB. Thereafter,
the medium was exchanged for R10 (10% serum) without TB supplementation. (A) Representative overlays of TB ﬂuorescence. Grey, control cells
(incubation without TB); black dashed line, HBG; red dotted lines, l-PEI; blue solid lines, Nanostar. (B) Results from the ﬂow cytometry were
expressed either as percentages of cells positive for TB-ﬂuorescence in the forward scatter (FSC)/side scatter (SSC) nonapoptotic gate (left side)
or median ﬂuorescence for TB-positive gated cells (right side). Data points represent mean ± SD, n ≥ 2.
26643

https://dx.doi.org/10.1021/acsomega.0c03367
ACS Omega 2020, 5, 26640−26654

ACS Omega

http://pubs.acs.org/journal/acsodf

Article

Figure 3. Cellular uptake of PI by Jurkat cells during standard transfections in six-well plates. Development of the PI positive cell fraction after
incubation with free polymers (PEIfree, Nanostarfree). Cells (1 × 105 cells mL−1) were incubated in six-well plates (total incubation volume: 2.2 mL)
with 2.3 μg mL−1 (l-PEI) and 4.5 μg mL−1 (Nanostar). The ﬁrst 4 h corresponds to incubation of the cells in Opti-MEM (serum-free conditions)
containing 1 μg mL−1 PI. Thereafter, the medium was exchanged for R10 (10% serum) without PI supplementation. (A) Representative overlays of
PI ﬂuorescence. Grey, control cells (incubated without PI); black dashed line, HBG; red dotted lines, l-PEI; blue solid lines, Nanostar. (B) Results
from the ﬂow cytometry were expressed either as percentages of cells positive for PI-ﬂuorescence in the FSC/SSC nonapoptotic gate (left side) or
median ﬂuorescence for PI-positive gated cells (right side). Data points represent one experiment performed in duplicates.

cellular membrane under transfection conditions, we ﬁrst
performed standard transfections of Jurkat cells in six-well
plates (l-PEI N/P 20, Nanostar: N/P 10) in the presence of
0.001% TB and followed the development of the TB
ﬂuorescence by ﬂow cytometry for up to 24 h. Aliquots of
the cells were, in addition, put through a mock transfection
(i.e., a polymer without pDNA) for each polycation. Cells
solely incubated with the complexation buﬀer, namely HBG,
and TB served as negative controls.
Incubation of the cells with TB in the presence of the PPs
for 2 or 4 h (i.e., up to the medium exchange) resulted in 70%
ﬂuorescent cells in the case of l-PEI, while in the case of
Nanostars, almost 100% of the nonapoptotic cells stained
positive for TB, Figure 2. Similar results were obtained for the
mock transfections performed with just the free polycations,
whereas the percentage of TB-positive cells in the negative
controls (incubation in just the HBG/TB mixture and no
added polycation) was also 70%, that is, in the same range as
for l-PEI. The results from the negative control (HBG group)
can be considered as the background level of staining most
likely caused by an association of TB with proteins in the
cellular membrane, only occurring after extended incubation

(for comparison see cells incubated for 5 min with TB, Figure
1).
More pronounced diﬀerences were seen in terms of the
MFI, Figure 2B (right side), where the MFI of the l-PEI and
HBG groups was similar and signiﬁcantly lower than that of
the Nanostar groups. As shown above (Table 1), TB can
interact with Nanostars leading to high ﬂuorescence emission.
Beside direct interactions of TB molecules with the cellular
membrane and intracellular proteins, a piggybacking on
Nanostars might also be responsible for the high MFI
observed after incubation with Nanostars in a free or
complexed form. In all cases, diﬀerences between the values
of the PPs and those of the corresponding free polymers were
not statistically signiﬁcant (p < 0.05). Taken together, these
results suggest that there is a distinct diﬀerence in the behavior
of the Nanostar versus l-PEI in terms of membrane
permeabilization and that the surplus of polymers typically
found in transfection cocktails is at least partly responsible for
this.
Moreover, there is a striking similarity in the development of
the TB ﬂuorescence in the case of the negative controls and
the l-PEI group. For instance, 2 h after exchange of the
transfection mixture for fresh R10 (recovery period, time
26644
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Figure 4. Cellular uptake of TB by Jurkat cells during transfection in microtubes. Cells (4 × 105 cells mL−1) were incubated for 30 to 90 min in
microtubes (total incubation volume: 0.5 mL; Opti-MEM (serum-free conditions)) with the PP-Nanostar built at N/P 10 with the indicated
polymer concentrations or the corresponding amount of free polymers in the presence of 0.001% TB. Cells incubated with HBG served as the
negative control. Flow cytometry results were expressed either as percentages of cells positive for TB-ﬂuorescence in the FSC/SSC nonapoptotic
gate (A) or median ﬂuorescence for TB-positive gated cells (B). Data points represent mean ± SD, n ≥ 2. *: statistically signiﬁcant between the 30
min and the 90 min groups, p < 0.05.

point: 6 h), a nonsigniﬁcant decrease of the percentage of TBpositive cells was observed for HBG- and l-PEI-treated cells.
This trend is conﬁrmed after 24 h incubation in fresh R10 with
less than 30% of the HBG- and PEI-treated cells still testing
TB-positive. Such a dramatic reduction of the number of TBpositive cells after media exchange could easily be due to a
displacement of TB molecules from cell membrane proteins to
serum proteins of the growth medium. Hence, this is an
indication that in such cases, TB is not taken up in larger
quantities by the cells but mainly been bound to the surface.
Since Jurkat cells are suspension cells, the direct distinction
between attached and incorporated TB, for example by
confocal microscopy, is made diﬃcult because these cells do
not readily attach to substrates in a manner needed for
imaging. We are currently investigating a variety of coating
methods such as ﬁbronectin and poly-L-lysine for cell
immobilization55 but still face technical diﬃculties, which
result in unsatisfactory reproducibilities of the experimental
results.
In the case of Nanostars (free polymer/polyplex)-treated
cells, the percentage of TB-positive cells dropped only slightly
with time and was still >80% (PPNanostar) and >65% (free
Nanostar) 24 h after medium change. MFI values above those
recorded for the negative controls could also only be detected
in the Nanostar groups. The observed 1.5-fold decrease of the
MFI with time could be due in part to a displacement of
extracellularly bound TB molecules by serum proteins, as
discussed above, but also to a dilution of intracellular TB
during cell division.
The results obtained for the Nanostar may thus be explained
by pore formation in the membrane and also by piggybacking
of the TB on the polycation, when the polymers/PPs are taken
up by the cells by mechanisms such as endocytosis. To further
discriminate between these possibilities, we repeated the
experiments using PI as a marker for transient destabilization
of the plasma membrane. One major advantage of PI over TB
is that it only emits ﬂuorescence when it is intercalated in
double stranded nucleic acids. Extracellular binding to the
cellular membrane will, in this case, not cause ﬂuorescence. We
only evaluated the inﬂuence of the free polycations in this case

to exclude piggybacking of PI on the polyplex DNA, taking
into account that free polycations are anyway present in excess
during transfections. Results are summarized in Figure 3.
The number of ﬂuorescent cells and the MFI were lowest for
the negative controls, and the MFI of the l-PEI-treated cells
was similar to that of the negative controls throughout the
experiment. Initially, a fraction of PI-positive cells was
signiﬁcantly higher for the l-PEI-treated cells compared to
the controls, but as soon as the PI was removed from the
surrounding during media exchange, the percentage of
ﬂuorescent cells decreased and 24 h after medium exchange,
only ca. 20% of the l-PEI-treated cells was still PI-positive
compared to 10% of the negative controls.
In the case of the Nanostar-treated cells, more than 90% of
the nonapoptotic cells showed ﬂuorescence with an MFI
clearly above than of the negative controls and the l-PEI
treated cells, while still being lower than the PI ﬂuorescence
typically detected for dead cells (MFI ≥ 5 × 104 au; Figure 1).
Moreover, the number of ﬂuorescent cells and their MFI
stayed almost constant throughout the experiment. This is thus
similar to the behavior observed with TB and corroborates the
hypothesis that the Nanostar induces a transient destabilization
of the plasma membrane or a reversible formation of
nanopores, which allows an uptake of small normally
membrane impermeant molecules. Moreover, the fact that
the cells were still highly viable suggests that any permeabilization taking place was suﬃciently transient and reversible to
avoid permanent damage to the cells.
By comparison, any membrane permeabilization induced by
l-PEI is negligible and in the range of the negative controls in
terms of facilitating the passage of membrane impermeant
molecules. A beneﬁcial eﬀect on DNA uptake is rather unlikely
in this situation.
Porosity Assay in the Tube Transfection Procedure.
In the past, we demonstrated that by changing the transfection
settings from a plate to a microtube format, thereby increasing
the cell density and reducing the polymer concentration as well
as the incubation time in the transfection medium, we were
able to considerably improve the transfection outcomes in the
case of Jurkat cells.12 To assess whether the improved results in
26645
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Figure 5. Cellular uptake of PI by Jurkat cells during transfection in microtubes. Cells (4 × 105 cells mL−1) were incubated for 30 to 90 min in
microtubes (total incubation volume: 0.5 mL; Opti-MEM (serum-free conditions)) with free polymers (Nanostar) at the indicated polymer
concentrations in the presence of 1 μg mL−1 PI. Cells incubated with HBG served as a negative control. Representative overlays of PI ﬂuorescence
(A). Grey, control cells (incubated without PI); black dashed line, HBG; blue dotted lines, 1.2 μg mL−1; blue solid lines, 2.4 μg mL−1; blue dasheddotted lines, 4.0 μg mL−1. Flow cytometry results were expressed either as percentages of cells positive for PI-ﬂuorescence in the FSC/SSC
nonapoptotic gate (B) or median ﬂuorescence for PI-positive gated cells (C). Data points represent one experiment performed in duplicates.

presented results cannot fully exclude that the detected
ﬂuorescence is linked to interaction of TB with the Nanostar
itself.
When the cells were incubated with free Nanostars in the
presence of PI (Figure 5), almost 100% took up PI
independently of the polymer concentration, whereas the
controls tested negative for PI ﬂuorescence (PI+-cells <5%). As
observed for TB, MFIs increased when the polymer
concentration was raised, indicating that the amount of PI
taken up by the cells is correlated to the polymer
concentration. Moreover, MFIs slightly increased over time
and, except for the lowest Nanostar concentration, were higher
than that of the controls (i.e., “HBG”).
While comparing both transfection procedures (six-well vs
microtube), diﬀerences became clearly perceptible in terms of
ﬂuorescence intensity, that is, the amount of dye bound/taken
up by the cells. MFIs for TB- and PI-ﬂuorescence were always
signiﬁcantly higher for cells transfected in microtubes. Thus,
we can hypothesize that improving the cell/polyplex contact
leads to a higher permeation of the plasma membrane, which
supports the assumption of an improved uptake of PPs and, in
the end, a better transfection outcome. Moreover, in the
microtubes, the contact time was reduced from 4 h to 30 min
allowing for a better recovery of the cells (i.e., membrane

the microtubes were related to a similar change in the
permeabilization of the cellular membrane, we reconducted
transfections in microtubes in the presence of 0.001% TB. The
eﬀect of the Nanostar at concentrations and incubation times
that had previously given the best transfection results was
tested. The cells were transfected using 3, 6, and 10 μg
polymer per 106 cells (1.2, 2.4, and 4.0 μg polymer mL−1), and
TB uptake was analyzed by ﬂow cytometry after 30 and 90 min
incubation. Previously, such experimental conditions had
reproducibly led to up to 80% transfection eﬃciency, while
transfection eﬃciencies of l-PEI (about 2 μg mL−1) never
exceed the single digit range.12
The results summarized in Figure 4 show that for all PPs, the
percentage of TB-positive living cells was maximal after 30 min
incubation followed by a statistically signiﬁcant decrease after
90 min. A similar trend, albeit not statistically signiﬁcant, was
also detected for the free polymers at polymer concentrations
≤4 μg mL−1. The number of TB-positive living cells was
signiﬁcantly higher in the polymer-treated group than in the
negative control, except for the lowest polymer concentration
tested, suggesting an uptake of TB as a free molecule and/or
via polymer/PP piggybacking in these cases. In terms of the
MFI, these values were only clearly diﬀerent from the negative
controls for the highest tested polymer concentration and after
incubation with the free Nanostar polymer. Again, the
26646
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Figure 6. Cellular uptake of PS beads by the Jurkat cells during incubation with l-PEI or Nanostar-based PPs. Uptake of PS beads (100 nm) during
transfection in tubes with Nanostars at N/P 10 and l-PEI at N/P 20. PPs were built in HBG with the indicated amount of polycations (ﬁnal
concentration during transfection). The cells (0.2 × 106 cells per microtube) were incubated for 90 min with the PPs and ﬂuorescent-labeled plain
PS beads (2 × 109 beads/microtube; 104 beads/cell). As controls, cells were only incubated with beads in the complexation matrix (“HBG”) or just
with the complexation matrix (“control”). (A) Representative overlay of the beads measured ﬂuorescence. Grey, control cells; red, l-PEI; blue,
Nanostar. Dashed line, HBG; dotted lines, 1.2 μg mL−1 polymer; dotted-dashed lines, 1.6 μg mL−1 polymer; solid lines, 2.0 μg mL−1 polymer; longdashed lines, 4.0 μg mL−1 l-PEI. (B) Bars represent the percentage cells that have taken up the particles in the nonapoptotic cell population (FSC/
SCC gate). Circles represent cell viabilities in the total population. (C) MFI. Data represent mean ± SD, n ≥ 3 except for PEI (1.2 and 2.0 μg
mL−1), where n = 1; in that case, data represent the averaged values of one experiment carried in duplicates. *: statistically signiﬁcance within a
group, p < 0.05.

Nanostar-based PPs, 80% of the cells were ﬂuorescent
indicating that beads had been taken up. Moreover, the MFI
tended to be signiﬁcantly higher than that for the negative
controls. Increasing the polymer concentration did not lead to
a statistically signiﬁcant increase of the number of ﬂuorescent
cells but to a signiﬁcant further increase of the MFI. For l-PEIbased PPs built at polymer concentrations ≤2 μg mL−1, the
percentage of ﬂuorescent cells never exceeded 30%, with MFIs
in the range of the negative controls. Only for the highest
investigated l-PEI concentration, 4 μg mL−1, that is, a value
already approaching the LD50 of l-PEI, was a doubling of the
number of ﬂuorescent cells achieved together with an MFI
comparable to the eﬀect of 1.2 and 1.6 μg mL−1 Nanostars. In
all cases, the cell viability, detected postincubation with the cell
nonpermeant dye 7-amino-actinomycin D (7-AAD), was
always above 80%, indicating that uptake of the beads was
not lethal to the cells.
Bead uptake, presumably by passive diﬀusion, is thus highly
facilitated in the presence of Nanostars. Furthermore, for
Nanostars, the polymer concentration during incubation seems

regeneration), which in turn also improves the transgene
expression.
Uptake of Fluorescent Nanobeads under Conditions
of Transfection. To further conﬁrm the pore formation/
permeabilization during Nanostar transfection and for a ﬁrst
estimate of the size of the formed holes, additional permeation
studies were performed using PS beads with a diameter of 100
nm, that is, in the range of the hydrodynamic radii expected for
the PPs (l-PEI: ∼130 nm and56 Nanostar: ∼70.4 nm12). The
chosen beads contained an encapsulated ﬂuorophore and had
no special functional groups on the surface. Hence, their
uptake should not be biased by surface coatings or the
presence of interactive dye molecules.
Cells were incubated for 90 min with Nanostars and l-PEIbased PPs in the presence of 104 beads per cell prior to analysis
by ﬂow cytometry. Cells incubated with an equal number of
beads in the absence of PPs served as negative controls. As
shown in Figure 6, the negative controls showed nothing
beyond the cellular autoﬂuorescence; that is, the Jurkat cells
did not spontaneously take up the PS beads (≤2.2%
ﬂuorescent cells among the controls). In the presence of
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supercoiled molecule: 10−20 nm)57 are too large to
autonomously pass this membrane. In contrast to the plasma
membrane, the nuclear envelope contains open pores, which
allow the crossing of small molecules (≤40 kDa, cutoﬀ 5 nm).
Taking this into account, the settings used previously to assess
plasma membrane porosity using small charged dye molecules
were not appropriate in a study of the permeabilization of the
nuclear membrane. Instead an approach using labeled pDNA
to build labeled PPs was chosen.
pDNA can be labeled with ﬂuorescent dyes, which bind/
intercalate ﬁrmly into the double helix in a stoichiometric
manner.53 However, during polyplex formation, the compaction of the pDNA is known to lead to dye exclusion depending
on the condensation capacity of the polymer.58 Therefore, we
ﬁrst evaluate the stability of the pDNA stain in PPs. pDNA was
preloaded with three standard dyes for nucleic acids (i.e., PI, 7AAD, and SyBRGreen (SB)),59−61 and the residual ﬂuorescence was measured after complexation with l-PEI and the
Nanostar. The ﬁnal dye concentration was set at 1 μg mL−1 as
previously described by Schacht and co-workers.62
The above presented results at the cellular level showed that
an excess of polycation (i.e., N/P > 1) was necessary to induce
membrane permeabilization. However, within the intracellular
environment, the original excess of polycations will be
neutralized by intracellular polyanions and PPs reaching the
nuclei will likely have a N/P ratio close to 1. Therefore, we
restricted our testing to PPs built at an N/P of 1. The
ﬂuorescence of the l-PEI PPs was high in all cases, Table 3.
Due to the stoichiometric binding of the dyes, the emitted
ﬂuorescence is proportional to the amount of pDNA. Since a
10-fold lower amount of pDNA was used to produce the PPs, a
somewhat lower ﬂuorescence was expected for the Nanostar
PP. In the end, the detected ﬂuorescence was about 5-fold
lower. Whereas pDNA preloaded with SG and PI displayed
weak to no ﬂuorescence after complexation with the Nanostar,
the ﬂuorescence signal from Nanostar PPs containing 7-AADstained pDNA should be suﬃciently high and stable (Nanostar
PP built with 5 μg of polymer) to analyze the uptake of the
corresponding PPs into the nuclei by ﬂow cytometry.
For the experiment, puriﬁed nuclei were incubated with the
respective PPs (N/P 1, 5 μg polymer per assay) built with 7AAD preloaded pDNA. The 7-AAD concentration (i.e., 1 μg
mL−1) applied in these experiments is 10-fold lower than the
standard concentration used for speciﬁc DNA detection during
cell cycle analysis63 and hence was expected to keep the
ﬂuorescence due to spontaneous diﬀusion of 7-AAD through
the NPCs, low. After 30 min incubation at 37 °C, the
ﬂuorescence of the nuclei was analyzed by ﬂow cytometry.

to exert a distinct eﬀect on the amounts of up taken polymer
beads.
For both Nanostars and l-PEI, when beads were coincubated
with PPs built at N/P 1, the number of ﬂuorescent cells was
comparable to the controls, indicating that an excess of
polymer (i.e., an N/P > 1) is necessary to induce cellular
uptake of the beads (Table 2). When the uptake of PS beads
Table 2. Cellular Uptake of PS Beads after Challenging with
Mixed Polycation Combinationsa
cells (%)c
PPNanostar N/P1
PPNanostar N/P1 + l-PEIb
l-PEIb
PPPEI N/P1
PPPEI N/P1 + Nanostarb
Nanostarb

0.9
67.2
79.8
0.6
25.3
85.1

±
±
±
±
±
±

0.3
6.2
5.7
0.2
2.0
9.9

MFI (au)
444
2341
2795
404
923
3174

±
±
±
±
±
±

viability (%)

55
451
504
25
118
350

95.8
81.0
88.4
96.7
92.8
92.3

±
±
±
±
±
±
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2.8
10.5
7.8
0.5
1.1
2.8

The PPs were built with 1.6 μg mL−1 polymers adjusting the N/P
ratio to 1 by adding a suitable amount of pDNA (Nanostar: 14.7 μg
mL−1 pDNA; l-PEI: 54.4 μg mL−1 pDNA). MFI: median ﬂuorescence
intensity. b“l-PEI” and “Nanostar” correspond to the respective
amount of free polymer added to the PP at N/P 1 (i.e., for PPNanostar:
4 μg mL−1 free l-PEI; for PPPEI: 1.6 μg mL−1 free Nanostar). cThe
Percentage of green cells containing PS beads. PP: polyplexes. Data
represent mean ± SD, n = 2.
a

was investigated in the presence of PPs built at N/P 1 and an
excess of the respective other polycation (free l-PEI in case of
PPNanostar and free Nanostars in case of PPPEI) added prior to
the 90 min incubation period, a signiﬁcant improvement of the
bead uptake was observed in all cases. However, adding an
excess of Nanostar to l-PEI PPs built at N/P 1 did not induce
bead uptake to the same level as observed for Nanostar PPs
built at N/P 10. This suggests that the porosity induced by the
Nanostar is not entirely related to the free portion of the
polymer. This would be in line with recent results showing that
a variability in tightness (i.e., complexation/decomplexation)
and size of the PPs also inﬂuence the transfection kinetics from
the cellular uptake to pDNA release ultimately determining
their transfection eﬃciencies.15
Uptake of Fluorescently Labeled PPs by Isolated
Nuclei. One major hurdle in the transfection of nondividing or
slow growing cells is the crossing of the nuclear membrane.
Since the Nanostar is capable of transiently disrupting the
plasma membrane, it was of interest to determine whether this
polycation can deliver pDNA to the nucleus via direct
permeabilization of the nuclear membrane. PPs (rh: 100−200
nm) and pDNA molecules of a typical size (4−12 kbp, rh

Table 3. Overview of Fluorescence of pDNA Pre-loaded with Nucleic Acid Dyes in PPsa
ﬂuorescence (au)
l-PEI
PI
SG
7-AAD

Nanostar

5 μg per assay

2.5 μg per assay

5 μg per assay

2.5 μg per assay

42,304 ± 594
41,433 ± 987
38,196 ± 1592

19,728 ± 224
21,869 ± 452
17,281 ± 288

b.d.
2982 ± 26
6626 ± 82

b.d.
590 ± 18
1418 ± 224

a
PP were prepared in a ﬁnal volume of 50 μL of HBG by mixing suitable amounts of preloaded pDNA with 2.5 or 5 μg of polymer to reach a N/P
ratio of 1. Polymer concentrations tested are in the range of the ones used for PP formation in standard transfection protocols prior to dilution with
Opti-MEM. Fluorescence of SG was measured at Ex: 485 ± 20 nm/Em: 535 ± 20 nm. Fluorescence of PI and 7-ADD was measured at Ex: 535 ±
20 nm/Em: 670 ± 20 nm. The values represent (Fsample − Fblank) with Fblank,PI: 3786 ± 251; Fblank,SG: 64 ± 16; Fblank,7‑AAD: 6450 ± 129. Data
represent mean ± SD, n = 3. b.d.: below detection limit.
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Figure 7. Uptake of PPs in isolated nuclei. 5 × 105 nuclei isolated from Jurkat cells were incubated with free polymers or PPs (10 μg polymer
mL−1) prepared at N/P 1 with pDNA prelabeled with 7-AAD (pDNA/7-AAD). Total incubation volume of 500 μL. After 30 min incubation at 37
°C, nuclei were analyzed by ﬂow cytometry. (A) Representative scatter plots of the nuclei. Control: nuclei mock-incubated without 7-AAD; HBG:
nuclei mock-incubated with 1 μg mL−1 unbound 7-AAD. (B) Representative overlay of the 7-AAD measured ﬂuorescence. Grey, control nuclei;
red, l-PEI; blue, Nanostar. Dashed line, HBG; solid lines, free polymers; dotted lines, PPs. (C) MFI of 7-AAD. Free polymer: nuclei incubated with
free polymers and with 1 μg mL−1 unbound 7-AAD; PPs: nuclei incubated with PPs built with 7-AAD-pre-loaded pDNA. Data represent mean ±
SD, n = 2. Statistical signiﬁcance (ANOVA, p < 0.05) is indicated by *.

that the architecture of the polymer more than its chemistry
plays a major role for the passage of the nuclear envelope.
Recently, the nuclear uptake of the bPEI-based PP using the
DNA-intercalating dye YOYO-1 in HepG2 cells showed that
after 4 h incubation in serum-free medium, bPEI-25 kDa/
pDNA PPs delivered only 30.9% of the pDNA into the nucleus
as detected by ﬂow cytometry of isolated nuclei.15 A principle
limitation of the use of ﬂow cytometry for the uptake studies is
the inability of the methods to distinguish between ﬂuorescent
materials truly inside the nucleus and those merely attached to
the nuclear membrane. Nevertheless, there is evidence that
Nanostars are more eﬃcient than l-PEI in allowing the uptake
of their cargo into the nucleus presumably due to membrane
destabilization as previously observed at the level of cellular
uptake (Figures 2−6). Therefore, we hypothesize that the
signiﬁcantly higher gene transfection eﬃciency achieved with
the Nanostar can partly be ascribed to an enhanced nuclear
membrane permeability improving plasmid accumulation in
the nucleus. Additional studies will be necessary to fully
decipher the nuclear uptake mechanisms of PEI- and Nanostarbased PPs.

Nuclei incubated with 7-AAD only and with free polymers plus
7-AAD were used as controls to evaluate the ﬂuorescence
intensity after spontaneous uptake of 7-AAD with and without
free polycations, Figure 7. The ﬂuorescence of nuclei incubated
with 7-AAD with or without free polymers was similar to the
nontreated nuclei. This indicates that the concentration of 7AAD used in this assay was not high enough to lead to a
detectable increase of the nuclei ﬂuorescence.
In the presence of 7-AAD-pre-loaded pDNA, the ﬂuorescence of nuclei incubated with both types of PPs was higher
than the ﬂuorescence of nuclei incubated with free polymers.
However, the shift toward higher ﬂuorescence was more
pronounced for PPNanostar than for PPPEI. Considering that the
ﬂuorescence of PPNanostar, as measured in plate reader assay
(Table 3), was about 5-fold lower than that of PPPEI, the
diﬀerence in the amount of PPs actually reaching the nucleus
was even more pronounced than indicated by the diﬀerences in
the ﬂuorescence intensity.
Apparently both types of PPs are able to transfer the labeled
DNA into the nucleus when present in close proximity to the
nuclear membrane, while the eﬀect is more pronounced for
Nanostars. In a recent contribution, Silva’s group identiﬁed the
nuclear entry as a bottleneck for linear PDMAEMA-driven
gene delivery in postmitotic (i.e., nondividing) cells.17 Our
results suggest that the PDMAEMA-based Nanostars can
transfer DNA into the nucleus; therefore, we can hypothesize

■

CONCLUSIONS
Elucidating the bottlenecks of plasmid mass transfer during
transfection can enable an improved understanding of
structure−function relationships in the polymeric materials,
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CRC 1357. Plasmid pEGFP-N1 (4.7 kb) used for polyplex
formation was from Clontech Laboratories, Inc. (Mountain
View, CA). The plasmid was ampliﬁed in Escherichia coli (LB
medium) using standard laboratory techniques. The EndoFree
Plasmid Kit (Giga Prep/Maxi Prep) from QIAGEN (Hilden,
Germany) was used for puriﬁcation (quality control: >80%
supercoiled topology (agarose gel) and A260/A280 ≥ 1.8).
Puriﬁed plasmids were solubilized in sterile PCR water (SigmaAldrich).
Synthesis and Characterization of the PDMAEMA
Nanostar. Atom-transfer radical polymerization (ATRP) was
performed in a grafting-from approach with bromo-isobutyrate-functionalized silsesquioxane (24-arm stars) as the
initiator. The synthetic procedures have been previously
published.11,64 Brieﬂy, for the star-shaped polymers, DMAEMA, CuBr, CuBr2, trioxane, and anisole (ﬂask 1), as well as the
respective initiator, HMTETA, and anisole (ﬂask 2) were
weighed into sealable ﬂasks and separately degassed with
nitrogen for 15 min. The initiator solution (ﬂask 2) was then
transferred with the help of a syringe and minimal contact to
air to the monomer solution (ﬂask 1). The polymerization was
started by stirring the reaction mixture in a thermostated oil
bath at 60 °C. For the determination of the conversion, the
disappearance of the vinyl signals compared to the trioxane
signal as a control was monitored by 1H NMR spectroscopy.
At appropriate conversion, samples were withdrawn from the
reaction mixture under a nitrogen atmosphere, then opened to
air, diluted with dioxane, and dialyzed against a mixture of
dioxane and Milli-Q water for puriﬁcation. The pure polymers
were obtained as white powders after freeze-drying. Ioncoupled plasma−mass spectrometry showed <150 mg/kg
copper remaining in the dried powder after dialysis. Arm
numbers of the Nanostars were determined using a published
procedure.65
Nuclear Magnetic Resonance Spectroscopy. To monitor
the conversion of the DMAEMA polymerizations, NMR
spectra were recorded on a Bruker AVANCE (Ultrashield)
300 instrument (300 MHz) in deuterated chloroform
(Deutero GmBH, Kastellaun, Germany) as the solvent. The
signal of CHCl3 was used for calibration (7.26 ppm for 1H).
Size Exclusion Chromatography. The apparent molecular
weights and their distributions of the PDMAEMA samples
after dissolving them overnight were determined using
dimethylformamide as the eluent. The equipment consisted
of one precolumn and two analytical columns (PSS GRAM,
102 and 103 Å pore size, 7 mm particle size) and a refractive
index detector. The measurements were performed at 60 °C,
and linear poly(methyl methacrylate) standards with a narrow
molecular weight distribution and methyl benzoate as the
internal standard were used for calibration.
Polycationic Transfection Agents. Transfection agents
were l-PEI (25 kDa) and a well-deﬁned 24-armed star
(referred to as Nanostar) synthesized via ATRP of DMAEMA.
An average Nanostar consists of an inorganic core decorated
with polycationic PDMAEMA arms, each with an average
length of 230 monomeric units. The number average molecular
weight, Mn, of the construct was 755 kDa, and the
polydispersity was (Mw/Mn) < 1.21. Polymer stock solutions
were prepared in sterile ultrapure PCR-water (Sigma-Aldrich)
as 1.25 mg mL−1 (l-PEI) and 1.82 mg mL−1 (Nanostar) and
diluted for use as indicated. LD50 values were 12.1 μg mL−1 for
l-PEI66 and 500 μg mL−1 for Nanostar11 as determined by
MTT assay.

thereby leading to the next generation of rationally designed
nonviral gene delivery vectors. This study aimed at evaluating
the permeation capability of the star-shaped delivery vector
(Nanostar) developed by our group over the last decade in
comparison to l-PEI, which is still the gold standard for
polycationic gene transfection. These two polycations vary in
their chemistry, architecture, and molecular weight. A ﬂow
cytometry-based method was developed to evaluate the
permeabilization of the cellular and nuclear membrane after
transfection. From our results, only the Nanostar-based PPs
eﬀectively transport the pDNA into the nucleus via reversible
destabilization of the plasma membrane, most likely through
transient pores formation. This might be an explanation for the
eﬃcient gene delivery capability of Nanostars in cells that are
notoriously diﬃcult to transfect.
Moreover, Nanostars and, to a lesser extent, l-PEI increased
the nuclear membrane association/permeability allowing
accumulation of structures larger than the NPC on/in the
nucleus. Further studies of the mechanism of nuclear uptake
are the focus of the ongoing studies in our group. Since the
Nanostar is able to permeabilize biological membranes, they
might also permeabilize the membrane of diﬀerent organelles
including endosomal structures. Further study on polyplex
interactions with other organelles could be of high interest
since PPs are present within the cells for an extended time
period after the removal of the transfection mixture and could
potentially interact with many intracellular processes. In the
future, it might become possible to tailor polymers that
speciﬁcally permeabilize the nuclear envelope to increase
pDNA delivery to the nucleus but do not extensively damage
the nuclei to avoid cells committing apoptosis.

■

MATERIALS AND METHODS
Materials. If not otherwise indicated, we used Greiner BioOne (Frickenhausen, Germany) as the supplier for cell culture
materials and Sigma-Aldrich (Taufkirchen, Germany) for
chemicals. 2-(N,N-Dimethylamino)ethyl methacrylate
(DMAEMA, 98%) was passed through a basic alumina column
prior to polymerization. Anisole (>99%), copper(I) bromide
(CuBr, 99.999%), copper(II) bromide (CuBr2, 99%), dimethyl
sulfoxide, ethyl 2-bromoisobutyrate (EBiB), 1,1,4,7,10,10hexamethyltriethylenetetramine (HMTETA, 98%), and 1,3,5trioxane (>99%) were used without further puriﬁcation. Linear
PEI (l-PEI, 25 kDa) was from Polysciences (Polysciences
Europe GmbH, Eppenheim, Germany). Fetal calf serum
(FCS) was from Biochrom (Biochrom AG, Berlin, Germany).
Dulbecco’s phosphate-buﬀered saline (DPBS) without Ca2+
and Mg2+ was from Lonza (Visp, Switzerland). HBG buﬀer (20
mM Hepes, 5 wt % glucose, pH 5.5) was prepared in house
and sterilized by ﬁltration. Cell culture media R10 (RPMI
1640 without glutamine, with 10 vol % FCS, 2 mM Lglutamine, 100 IU/mL penicillin, and 100 μg mL −1
streptomycin) and Opti-MEM with GlutaMAX were from
Biochrom and Thermo Fisher Scientiﬁc (Dreieich, Germany),
respectively. For pre-equilibration, media were incubated for 1
to 4 h in a standard mammalian cell culture incubator (37 °C,
5% CO2, 95% humidity). TB solution (0.4%) was from VWR
(VWR International, Ismaning, Germany). PI, 7-AAD, and
SyBRGreen I (SG) were from Sigma-Aldrich. PS beads
(micromer-greenF plain particles, green ﬂuorescent, 100 nm)
were from micromod Partikeltechnologie GmbH (Rostock,
Germany) and supplied as a generous gift from Prof. Feldhaar,
University of Bayreuth, within the collaborative framework of
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Cell Line and Maintenance. Jurkat cells (TIB-152,
ATCC) were maintained in R10, as suggested by the supplier.
A seeding density of 1 × 105 cells mL−1 was used during
passaging and the maximal cell density was never allowed to
exceed 3 × 106 cells mL−1. Cells were cultivated at 37 °C in a
humidiﬁed 5% CO2 atmosphere. Cell numbers and viabilities
during passaging and seeding steps were evaluated by TB
exclusion assay with a hemocytometer (Neubauer Improved,
VWR International, Ismaning, Germany) according to standard laboratory protocols.
Nuclei Isolation. For the isolation of nuclei, exponentially
growing Jurkat cells were collected by centrifugation (5 min,
200g) and rinsed once with ice-cold DPBS and once with icecold buﬀer A (10 mM Tris pH 7.4−10 mM NaCl3 mM
MgCl21 mM DTT). The cells were then incubated in buﬀer
A for 30 min on ice to allow for swelling. Afterward, the cell
suspension was transferred into a precooled Dounce
homogenizer (“loose” pestle B with a clearance of about 0.7
mm, VWR International GmbH, Darmstadt, Germany), and
the cellular membrane was disrupted by 47 strokes. The lysed
cells were loaded on the top of an ice-cold sucrose cushion (10
mM Tris pH 7.4−10 mM NaCl3 mM MgCl27.5 mM
DTT30% (w/v) sucrose) and centrifuged at 4 °C, 800g for
20 min. This step was repeated twice to remove nonlysed cells.
The pellet containing the nuclei was mechanically dislocated,
and the nuclei were washed once with ice-cold DPBS and then
with ice-cold Opti-MEM (5 min, 400g, 4 °C) to wash out any
residual chemicals of the nuclei preparation. The nuclei pellet
was resuspended in ice-cold Opti-MEM. Nuclei were counted
with a hemocytometer, and the nuclei density was set at 1 ×
107 nuclei mL−1. Nuclei were stored on ice until use.
TB Exclusion Assay by Flow Cytometry. The
ﬂuorescence emitted by living and dead cells stained with
various concentrations of TB was evaluated by ﬂow cytometry.
Exponentially growing cells (viability >90%) were harvested by
centrifugation and washed twice with DPBS. Then, the cell
density was set to 1.0 × 106 living cells mL−1 in Opti-MEM. An
aliquot of this cell suspension was incubated at 50 °C for 45
min to produce the “dead cell” population. 105 living cells in
100 μL of Opti-MEM were then mixed with 100 μL of 0.002
to 0.4% TB solutions in Opti-MEM. The cells were incubated
for 5 min on ice prior to ﬂow cytometry analysis. Cells stained
with 1 μg mL−1 PI were used for comparison.
Analysis of PP Fluorescence after Incubation with TB
and PI. Fluorescence related to the interaction of TB and PI
with free polymers and PPs as well as the intercalation of PI
into complexed DNA was analyzed using a plate reader
(Genios Pro, Tecan, Crailsheim, Germany). Each experiment
was performed in duplicates. Noncomplexed pDNA was
prepared as the control. PPs were prepared in a ﬁnal volume
of 200 μL by ﬁrst diluting the necessary volume of pDNA
stock solution (1.0 mg mL−1) in HBG followed by the addition
of 5 to 10 μg of polymer per tube for l-PEI and the Nanostar,
respectively, to reach N/P ratios (polymer N to DNA P) of 10
(Nanostar) and 20 (l-PEI). In the previous studies, we have
investigated the physicochemical properties of these PPs and
established the indicated N/P ratios as optimal for transfection
with these polymers.11,12,56,66 The mixture was vortexed for 10
s and incubated for 20 min at room temperature. Then, one
volume of a 0.002% TB solution or a 2 μg mL−1 PI solution
was added. After mixing, 200 μL of the mixture was transferred
into a ﬂat-bottom black 96-well plate, and the ﬂuorescence was
measured in the plate reader. The following ﬁlter pairs Ex: 485
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nm/Em: 670 nm and Ex: 535 nm/Em: 612 nm were used to
measure TB and PI ﬂuorescence, respectively.
Polyplex Formation with Fluorescently Labeled
pDNA. pDNA was preloaded with various nucleic acid stains
(PI, SG, and 7-AAD) by adding suitable volumes of nucleic
acid stain stock solutions (PI and 7-AAD: 100 μg mL−1; SG:
100×) to the pDNA solution to reach ﬁnal concentrations of 1
μg mL−1 (PI, 7-AAD) and 1× for SG. The mixture was then
incubated for 20 min at room temperature in the dark. PP were
prepared in a ﬁnal volume of 50 μL by ﬁrst diluting the
necessary volume of the preloaded pDNA stock solution (1.7
mg mL−1) in HBG followed by the addition of 2.5 (l-PEI) or 5
μg of (Nanostar) polymer per tube to reach a N/P ratio of 1.
The mixture was vortexed for 10 s and incubated for 20 min at
room temperature. Then, the mixtures were transferred into a
ﬂat-bottom black 96-well plate, and the ﬂuorescence of the
intercalated dyes was measured by a plate reader using the
following ﬁlter pairs: Ex.: 485 ± 20 nm/Em: 535 ± 20 nm for
SG, Ex: 535 ± 20 nm/Em: 670 ± 20 nm for PI and 7-AAD.
Noncomplexed preloaded pDNA was used as the control.
Porosity Testing with Cell Impermeant Dyes. Membrane permeabilization was analyzed via the cellular uptake of
the membrane impermeable dyes TB (0.001%) and PI (1 μg
mL−1) during the course of the transfection. Cells and PPs
were prepared as described previously,12 and TB or PI was
supplemented into the transfection mixture prior to the
addition to the cells. Brieﬂy, cells were harvested by
centrifuging 24 h before transfection and seeded at 0.05 ×
106 living cells mL−1 in R10. On the day of the experiment, the
exponentially growing cells (viability > 90%) were harvested by
centrifugation, washed twice with DPBS, and seeded at 0.2 ×
106 living cells mL−1 in six-well plates or 2 mL Eppendorf tubes
(referred to as microtubes) in 1 mL of pre-equilibrated (60
min incubation in the cell culture incubator) Opti-MEM. The
plates were put back into the incubator, while the microtubes
were stored on ice for 1 h. In the meantime, PPs were prepared
in ﬁnal volumes of 50 (microtubes) and 200 μL (6-well plates)
by ﬁrst diluting a suitable amount of pDNA stock solution (1
mg mL−1) in HBG, followed by the addition, in a single drop,
of the polymer stock solution (Nanostar: N/P 10, 50 μg
polymer per 106 cells, 4.5 μg polymer mL−1; l-PEI: N/P 20, 25
μg polymer per 106 cells, and 2.3 μg polymer mL−1). The
mixture was immediately vortexed for 10 s and incubated for
20 min at room temperature. Then, 1 mL (6-well plates) or
0.45 mL (microtubes) of pre-equilibrated Opti-MEM was
added, followed by another 10 min incubation at room
temperature.
In case of the six-well plates, the PPs or the free polymer
mixture (1.2 mL total volume) supplemented with 0.001% TB
or 1 μg mL−1 PI were added drop-wise to the 1 mL of cell
suspension in the wells and distributed by gently rocking the
plate. After an incubation period of up to 4 h in the cell culture
incubator, the supernatant was carefully removed and replaced
by 2 mL of fresh growth medium containing 10% FCS (R10).
The cells were further incubated for up to 24 h. During this
time, the uptake of TB and PI was regularly analyzed by ﬂow
cytometry as indicated.
In case of the microtubes, the cells stored on ice were
recovered by centrifugation (200g, 5 min) and the supernatant
was discarded. The cell pellet was mechanically dislocated
prior to adding the PPs or the free polymer mixture (0.5 mL
total volume) supplemented with 0.001% TB or 1 μg mL−1 PI.
After gentle mixing, the microtubes were placed upright in the
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ﬂuorescence intensities >3 × 104 au were considered dead
cells, based on previous experience with such cells. If indicated,
dead cells, counterstained with PI, were evaluated in the total
measured cell population. Flow cytometry data were evaluated
using FlowJo software v 10.5.0 (Tree Star, Stanford University,
CA, USA, 2018).
Statistical Analyses. Group data are reported as mean ±
SD, with n representing the number of independent experiments. Sigma Plot software (version 11.0, Systat software Inc.,
San Jose, CA, USA, 2008) was used for one-way ANOVA with
Bonferoni multiple comparison tests to determine whether
data groups diﬀered signiﬁcantly from each other. Statistical
signiﬁcance was deﬁned as p < 0.05.

cell culture incubator for 30 or 90 min prior to analysis by ﬂow
cytometry. In all cases, cells incubated with TB or PI in the
absence of polymers/PPs served as negative controls.
To monitor the porosity of the PPs/polymers at the nuclei
level, Nanostar-based PPs were prepared at N/P 1 with pDNA
preloaded with 7-AAD (5 to 10 μg polymer/106 nuclei; 5 ×
105 nuclei per assay). The nuclei were then challenged as
described above for the cells using the microtube procedure
(incubation 30 min).
Porosity Testing with PS Beads. Exponentially growing
cells (viability > 90%) were harvested by centrifugation,
washed twice with DPBS, seeded at 0.2 × 106 living cells mL−1
in 2 mL Eppendorf tubes, and stored on ice as described
above. In the meantime, PPs were prepared in ﬁnal volumes of
50 μL by ﬁrst diluting a suitable amount of pDNA stock (1 mg
mL−1) in HBG, followed by addition, in a single drop, of the
polymer stock to get N/P ratios of 10 and 20 for the Nanostar
and l-PEI, respectively. Polymer concentrations from 1.2 to 4.5
μg polymer mL−1 were tested. In some cases, PPs were built at
N/P 1 with 1.6 μg mL−1 polymer and 14.7 to 54.4 μg mL−1
pDNA for the Nanostar and l-PEI, respectively. The mixture
was immediately vortexed for 10 s and incubated for 20 min at
room temperature. Then, 0.45 mL of pre-equilibrated OptiMEM was added followed by another 10 min incubation at
room temperature. The cells stored on ice were recovered by
centrifugation, and the supernatant was discarded. The cell
pellet was mechanically dislocated prior to adding the PPs (0.5
mL total volume). After gentle mixing, 2 × 109 PS beads in
ultrapure water (10.5 μL), corresponding to 104 beads per cell
were added. If indicated, for PPs prepared at N/P 1, an
additional 1.6 μL of PEI (1.25 mg mL−1) or 4.4 μL of
Nanostar (0.18 mg mL−1) solution corresponding to 4 μg
mL−1 l-PEI or 1.6 μg mL−1 Nanostar was added. After gentle
mixing, microtubes were placed upright in the cell culture
incubator for 90 min. Thereafter, cells were washed twice with
DPBS and resuspended in 500 μL of DPBS prior to analysis by
ﬂow cytometry.
Flow Cytometry. For ﬂow cytometry (Cytomics FC500
equipped with a 488 nm laser, Beckman Coulter, Krefeld,
Germany), cells were recovered by centrifugation and
resuspended in 500 μL of DPBS. After 2 and 4 h (6-well
plate) or after 30 and 90 min (tubes), 0.001% TB or 1 μg
mL−1 PI was added according to the cell culture standard
protocol to allow diﬀerentiating vital from dead cells. FSC,
SSC, and TB or PI ﬂuorescence were recorded. Cells were
initially evaluated by scatter properties (FSC/SSC) to select a
region representing single, nonapoptotic cells, while disregarding dead cells, debris, and cellular aggregates. For both PI- and
TB-treated cells and for the bead experiments, at least 20,000
events were acquired into the nonapoptotic living cell gate,
based on size versus granularity (FSC/SSC) dot plots. Nuclei
(20,000 events) were directly measured after incubation
without any further centrifugation step, and FCS, SSC, and
7-AAD-ﬂuorescence were recorded. The singlet population of
nuclei was identiﬁed using FSC/SSC plots. Histogram plots of
the respective ﬂuorescence intensities (log scale) were used to
estimate the percentage and the corresponding MFI of PIpositive cells (620 nm, FL3), PS bead-positive cells (525 nm,
FL1), and TB-positive cells as well as 7-AAD-positive nuclei
(655 nm, FL4). Cells with ﬂuorescence intensities <103 au
were classiﬁed as TB, PI, or bead negative living cells. Cells
with ﬂuorescence intensities between 103 and 3 × 104 au were
classiﬁed as TB, PI, and bead positive living cells. Cells with
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