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Influence of the Modulation of the Protein Corona on Gene
Expression Using Polyethylenimine (PEI) Polyplexes as
Delivery Vehicle
Dingcheng Zhu, Huijie Yan, Zhuxian Zhou, Jianbin Tang, Xiangrui Liu, Raimo Hartmann,
Wolfgang J. Parak,* Youqing Shen,* and Neus Feliu*

The protein corona can significantly modulate the physicochemical properties
and gene delivery of polyethylenimine (PEI)/DNA complexes (polyplexes). The
effects of the protein corona on the transfection have been well studied in
terms of averaged gene expression in a whole cell population. Such evaluation
methods give excellent and reliable statistics, but they in general provide the
final transfection efficiency without reflecting the dynamic process of gene
expression. In this regard the influence of bovine serum albumin (BSA) on the
gene expression of PEI polyplexes also on a single cell level via live imaging is
analyzed. The results reveal that although the BSA corona causes difference in
the overall gene expression and mRNA transcription, the gene expression
behavior on the level of individual cell is similar, including the
mitosis-dependent expression, distributions of onset time, expression pattern
in two daughter cells, and expression kinetics in successfully transfected cells.
Comparison of single cell and ensemble data on whole cell cultures indicate
that the protein corona does not alter the transfection process after nuclear
entry, including cell division, polyplex dissociation, and protein expression. Its
influence on other steps of in vitro gene delivery before nuclear entry shall
render the difference in the overall transfection.

1. Introduction

Considerable efforts have been devoted to developing new non-
viral vectors, especially cationic polymers for efficient gene
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delivery.[1] Branched polyethylenimine
(PEI) with a molecular weight of 25 kDa
shows high in vitro transfection efficiency
and readily commercial availability, so that
it is still the most frequently used positive
control in recent gene delivery studies.[1b,d,e]

PEI condenses DNA into PEI/DNA com-
plexes, so called polyplexes, and they have
been demonstrated to efficiently transfect
cells in vitro in serum free conditions.
However, this is far away from in vivo
applications, where many other factors
and also the presence of serum proteins
need to be considered. Serum proteins,
especially the negatively charged ones, can
be adsorbed onto the positive surface of the
polyplexes to form a protein corona, which
alters transfection efficiency of PEI-based
polyplexes in a protein dose-dependent
manner.[2–4]

Our previous studies showed that the
protein corona could significantly modu-
late the physicochemical properties and the
gene delivery efficiency of PEI polyplexes.[2]

Using bovine serum albumin (BSA) as a model, luciferase
expression transfected by PEI/DNA/BSA polyplexes showed
BSA dose-dependent manner and reached its peak at compo-
sition 1/1/4 (denoted as P1/1/4), which can be compared with
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PEI/DNA/BSA weight ratios of 1/1/0 (i.e., no protein, denoted as
P1/1/0). Lower or higher amounts of BSA resulted in lower trans-
fection, together with decreased hydrodynamic diameters. P1/1/4
polyplexes were most representative and thus were selected in
our previous and this study. Both polyplexes demonstrated dif-
ferent physicochemical properties including hydrodynamic di-
ameter, zeta potential, structure compactness in the presence of
salts, accessibility of salt ions to the inside polyplexes, and they
had different endocytic pathways, and intracellular fate.[2] In 2-[4-
(2-hydroxyethyl)-1-piperazinyl]ethane-sulfonic acid (i.e., HEPES;
10 mm, pH 7.4) aqueous solution, the hydrodynamic diameters
of P1/1/0 and P1/1/4 polyplexes were ca. 90 and ca. 2000 nm, and
their zeta potentials were+12.3 and+3.1 mV, respectively. There-
fore, P1/1/4 polyplexes can be considered as large aggregates of
P1/1/0 polyplexes with BSA. Their spherical morphology can be
found in our previous publication.[2] In our studies and many
other studies,[2,5] transfection efficiency was evaluated in terms
of averaged gene expression of the whole cell population which
was exposed to the polyplexes comprising plasmids encoding for
luciferase (an enzyme catalyzing the luminescent reaction of lu-
ciferin with oxygen and adenosine triphosphate (ATP)), or fluo-
rescent protein reporting systems. However, cells respond het-
erogeneously during transfection, and the expression behavior
of a single transfected cell is stochastic.[6] While analysis of the
transfection efficiency on the level of cell populations gives excel-
lent and reliable statistics, the dynamic process of gene expres-
sion on a single cell level is not reflected.

Recently, live imaging of gene expression on a single cell
level has been reported to study polyplex,[7] lipoplex,[8] and in-
organic particle[9] mediated transfection, which provides direct
access to study the correlation between gene expression and cell
division,[7–9] distributions of onset time,[7,8b] and gene expression
kinetics.[6,8b] This method is particularly suitable to quantitatively
understand the heterogeneity of gene expression, as individual
cells can be monitored with high temporal and spatial resolution.

This stimulated us to study how the protein corona modulates
gene expression of PEI polyplexes on a single cell level. P1/1/0
and polyplexes with adsorbed BSA, here P1/1/4, were selected to
study differences and common features in gene expression be-
havior, including single and dual expression of reporter genes
and mRNA transcription on a whole cell population, as well as
mitosis-dependence of expression, distribution of onset time, ex-
pression pattern in two daughter cells, and expression kinetics in
non-dividing or dividing cells on a single cell. Moreover, polyplex
dissociation in successfully transfected cells was investigated.

2. Results and Discussions

2.1. Cellular Uptake, Luciferase Expression, and mRNA
Transcription

As the protein exchange and resulting changes in the protein
corona components would be an issue, incubation of cells with
polyplexes was conducted in serum free medium. The internal-
ization of P1/1/0 and P1/1/4 polyplexes was first evaluated in HeLa
cells. For that, cells were incubated with polyplexes prepared
from a Cy5-labelled DNA (DNACy5) at 1.4 μg mL−1 DNA in serum
free culture medium for 0.5–6 h, and the association of the poly-
plexes with cells in terms of DNACy5 fluorescence was measured

by flow cytometry. Note that we are referring to cellular associ-
ations, as in flow cytometry DNACy5 adherent to the outer cell
membrane as well as internalized DNACy5 provides fluorescence
signal, and there may be a significant time lag from adherence
to the start of endocytosis.[10] Our previous study indicated that
more than 85% cells were viable after transfection at 1.4 μg mL−1

DNA.[2] As shown in Figure 1a, the cellular association increased
over time and the fluorescence originating from DNACy5 in P1/1/0
and P1/1/4 was similar for both polyplexes. Thus, the delivery ef-
ficiency for both polyplexes is similar.

Subsequently, the in vitro gene expression using a luciferase-
encoding plasmid in P1/1/0 and P1/1/4 as the report gene was evalu-
ated in terms of intracellular luciferase luminescence as detected
by a luminescence detector (Figure 1b). Cells were incubated with
polyplexes at 1.4 μg mL−1 DNA in serum free medium for 0.5–6 h,
followed by further culture in fresh 10% FBS supplemented cell
culture medium without polyplexes for 24 h. P1/1/4 transfected ca.
2–4 times more than P1/1/0. Transfection was also carried out first
in serum free culture medium for 3 h, and then incubation was
continued in fresh 10% FBS supplemented cell culture medium
without polyplexes. Similar to the data shown in Figure 1b, there
was more luciferase detected for P1/1/4 than for P1/1/0 (Figure 1c).
For example, P1/1/4 had ca. 3 times more luciferase expression
compared with P1/1/0 after 24 h. We also measured the relative
mRNA level of luciferase by real time polymerase chain reaction
(RT-PCR). The value was normalized to that of the house-keeping
gene GAPDH in order to exclude interference from differences in
cell number (Figure 1d). After transient and robust transcription
within the initial 4 h, the mRNA amount of luciferase decreased
gradually, probably due to cleavage by endogenous nuclease.[11]

The overall mRNA level transfected by P1/1/4 was 1.2-2.2 folds
higher than that of P1/1/0, suggesting that P1/1/4 more endurably
transcribed mRNA. This explains well the higher luciferase lu-
minescence due to incubation with P1/1/4 than P1/1/0 (Figure 1c).
Provided the assumption that polyplexes comprising luciferase-
encoding plasmid and polyplexes comprising DNACy5 have the
same endocytosis behavior (i.e., the data of Figure 1a should be
similar for polyplexes comprising luciferase-encoding plasmid)
we can conclude that while P1/1/0 and P1/1/4 are internalized by
cells with the same kinetics, transfection in terms of mRNA
level and protein biosynthesis is lower for P1/1/0 than for P1/1/4.

2.2. Dual Delivery of Plasmids

To further investigate the difference in P1/1/0 and P1/1/4 polyplexes
mediated transfection, co-transfection upon the delivery of two
different plasmids was tested. We first evaluated the protein ex-
pression via dual delivery of polyplexes carrying either enhanced
green fluorescent protein (eGFP)-encoding plasmid (peGFP) or
red fluorescent protein (RFP)-encoding plasmid (pRFP). The
eGPF- and RPF-expressing cells were imaged by confocal laser
scanning microscope (CLSM), and the percentage of fluorescent
cells (i.e., transfected cells expressing the fluorescence proteins)
was calculated from the images (for fluorescence images-based
data analysis we refer to the Figure S1.4.1.1, Supporting Informa-
tion). As shown in Figure 2a, P1/1/0 transfected ca. 28% cells with
peGFP and to a lower content, ca. 22% cells with pRFP. P1/1/4
resulted in ca. 12% cells expressing eGFP and ca. 9% cells ex-
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Figure 1. Cellular uptake, luciferase expression, and mRNA transcription. a) Association of P1/1/0 and P1/1/4 polyplexes prepared from Cy5-labelled DNA
(DNACy5) to HeLa cells in terms of Cy5 fluorescence IDNA-Cy5 per cell as measured by flow cytometer. Cells were incubated with polyplexes at 1.4 μg mL−1

DNA (containing 40 ng mL−1 DNACy5) in serum free culture medium for t = 0.5–6 h and measured immediately. b) Luciferase expression of cells after
exposure to polyplexes prepared from luciferase-encoding plasmid (pLuci) for different incubation times t. Cells were incubated with polyplexes at 1.4 μg
mL−1 pLuci in serum free medium for t = 0.5–6 h, followed by further culture in fresh 10% FBS supplemented cell culture medium without polyplexes for
t′ = 24 h. The luciferase luminescence ILuci from cells was detected by a luminescence detection system. Luminescence is given in relative luminescence
units (RLU) per amount of total proteins in RLU/mg. c) Luciferase expression ILuci after different culture time t′. Cells were incubated with polyplexes at
1.4 μg mL−1 DNA in serum free medium for t = 3 h, followed by further culture in fresh 10% FBS supplemented cell culture medium for t″ = 3–24 h. d)
mRNA transcription upon exposure of cells to polyplexes at 1.4 μg mL−1 DNA in serum free medium for t = 3 h, followed by further culture in fresh 10%
FBS supplemented cell culture medium for t’ = 2–24 h. mRNA transcription is displayed in terms of the relative luciferase mRNA transcription number
normalized to the house keeping gene GADPH, that is, detected number of luciferase mRNA/detected number of GADPH mRNA.

pressing RFP. The reason for the slight transfection difference
in the two plasmids (peGFP versus pRFP) might be caused by
experimental artifacts, such as the different fluorescent intensi-
ties of the two proteins (eGFP versus RFP) and detection thresh-
olds in the corresponding channels of the CLSM. The different
efficiencies of promotors in both plasmids and variations in the
biosynthetic difficulties of two fluorescent proteins could also be
the reason. The data shown in Figures 1c and 2a at first glance
seem contradictory in terms of comparing transfection with P1/1/0
versus P1/1/4 by the different reporting systems. We speculate that
P1/1/4 may transfect less cells, but has a higher expression amount
per cell, which has also been observed with other previously re-
ported gene delivery vectors.[1a,c,2] To confirm this, distributions
of eGFP fluorescence intensity (denoted as IeGFP) transfected by
P1/1/4 or P1/1/0 using peGFP are calculated in Figure 2b. The aver-
age IeGFP of the eGFP expressing cell subpopulation (whose IeGFP
is large than 10) in P1/1/4 or P1/1/0 transfected cells was 43.9 and
91.0, respectively, which supports our speculation.

Subsequently, two plasmids were dually delivered using pre-
mixed and post-mixed polyplexes. For pre-mixed polyplexes the
two plasmids (peGFP or pRFP) were mixed first, and PEI was
added later to form the polyplexes. For post-mixed polyplexes
first polyplexes containing only one type of plasmid were pre-
pared first, and the two types of polyplexes carrying different plas-

mids then were mixed later. In each individual polyplex parti-
cle, the pre-mixed polyplexes contained two types of plasmids,
while post-mixed polyplexes contained only one type of plasmid.
As shown in Figure 2c,d, cells only expressing eGFP were more
than those only expressing RFP in each group, in agreement
with the results displayed in Figure 2a. No significant difference
was observed in pre-mixed and post-mixed P1/1/0, and most RFP-
expressing cells expressed eGFP simultaneously. Interestingly,
pre-mixed P1/1/4 had ca. 1% of cells only expressing RFP, whereas
the ratio dramatically increased to ca. 35% in case of post-mixed
P1/1/4. One possible explanation could be that a single or very few
P1/1/4 polyplex particles were responsible for transfection, so that
only one type of plasmid was transfected.[12] For P1/1/0 polyplexes,
more particles were involved with transfection.

2.3. Real-Time Imaging of eGFP Expression on a Single Cell Level

To observe gene expression on the level of single HeLa cells,
cells were tracked and their eGFP expression was monitored with
time-lapse CLSM (for data analysis we refer to the Figure S1.4.2.1,
Supporting Information). This also involved proliferation of the
monitored cells. Cell division could be easily observed in the
bright field channel without the need for staining (e.g., Hoechst
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Figure 2. Dual delivery of pre-mixed and post-mixed P1/1/0 and P1/1/4 polyplexes to HeLa cells using enhanced green fluorescent protein (eGFP)-encoding
plasmid (peGFP) and red fluorescent protein (RFP)-encoding plasmid (pRFP) as reporting genes. Cells were incubated with polyplexes at 1.4 μg mL−1

DNA in serum free cell culture medium for t = 3 h, followed by further culture in fresh 10% FBS supplemented cell culture medium without polyplexes
for t′ = 24 h. The cells were imaged by confocal laser scanning microscopy (CLSM), and the fraction of fluorescent cells was calculated. The transfection
efficiency Pexpression is thus given in terms of percentage of cells expressing eGFP or RFP. a) Only one type of plasmid (i.e., peGFP or pRFP) was added
to the respective cell cultures. b) Distributions of eGFP fluorescence intensity (denoted as IeGFP) transfected by P1/1/4 or P1/1/0 using peGFP. Ncell is
the total amount of cells measured from the images. Insert images are cells expressing eGFP. Scale bars represent 50 μm. c,d) Dual delivery of peGFP
and pRFP using pre-mixed or post-mixed polyplexes. For pre-mixed polyplexes the two plasmids (i.e., peGFP or pRFP) were mixed first, and PEI was
added later. For post-mixed polyplexes, polyplexes containing one type of plasmid were prepared first, and the two types of polyplexes carrying different
plasmids were mixed later. In each polyplex particle, pre-mixed polyplexes contained two types of plasmids, whereas post-mixed polyplexes contained
only one type of plasmid. The two plasmids were mixed at 1:1 mass ratio. c) Percentage of cells expressing only eGFP, only RFP, and both in successfully
transfected cells. d) Images of eGFP (shown in green) and RFP (red) expressing cells measured by CLSM. Cells expressing both proteins are shown in
yellow. The scale bars represent 50 μm.

Adv. Healthcare Mater. 2021, 10, 2100125 2100125 (4 of 11) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

33 342 for nucleus staining), which avoided potential interference
of staining with the metabolism, division, and final transfection
of the cells.[13] Low laser power and proper time intervals (10 min)
were used to minimize light-induced eGFP quenching and pho-
totoxicity during CLSM imaging.

A representative cell tracking of P1/1/0 mediated transfection
is demonstrated in Figure 3a and Movie S1.1, Supporting In-
formation, and the kinetics of eGFP expression of each imaged
cell are plotted in Figure 3b. For the non-dividing cell (indicated
by the red outline in Figure 3a) eGFP expression started after
320 min exposure and had the highest eGFP expression level af-
ter 740 min. For dividing cells (indicated by the green, yellow,
blue, and pink outlines in Figure 3a) eGFP expression always
initiated after mitosis (both daughter cells can be seen in Fig-
ure 3a) and expression levels were rather moderate. Early divi-
sion (referring to the time point of cell exposure to polyplexes)
did thus not result in higher eGFP expression than late divid-
ing cells. For instance, the cells #1, #2, and #5 finished mitosis at
420, 380, and 120 min, respectively, and cell #2 had highest eGFP
expression at the end of observation. Interestingly, in all cases,
the two isogenous daughter cells originating from the same par-
ent cell expressed eGFP simultaneously. The following phenom-
ena were not observed for proliferated cells: i) one cell expressed
eGFP while the other cell did not; and ii) one cell expressed eGFP
earlier than the other one.

A statistic from more than 4 independent experiments shows
that most cells expressed eGFP post-mitosis (Figure 3c). For
P1/1/0 mediated transfection, 202 pairs of daughter cells expressed
eGFP after division and only 25 non-dividing cells expressed
eGFP. Similarly, P1/1/4 transfected 213 pairs of daughter cells
and to a much lower extent 16 non-dividing cells. The nuclear
envelope is the main barrier preventing polyplexes or released
plasmids from nuclear entry. During mitosis, the envelope is
temporarily disassembled, and plasmids can gain access to the
newly formed nuclei of daughter cells, which is a prerequisite
for gene expression.[14] For non-dividing cells, polyplexes and re-
leased plasmids must squeeze into the nuclei through nuclear
pores in the envelope. Hence, these data suggest that most poly-
plexes could hardly cross the nuclear envelope. In some cases,
the final eGFP expression levels of two daughter cells after 24 h
were similar, while large differences were also observed in other
cases (Figure 3d,e). To visualize the intranuclear P1/1/0 poly-
plexes in two daughter cells which had just finished division (Fig-
ure S1.3.6.1, Supporting Information), polyplexes were prepared
from DNACy5 and cells were scanned in z-directions with an in-
terval distance of 1 μm (Figure 3f). Note that we cannot judge
if the plasmid DNA was in the released form or was still con-
densed inside polyplexes when PEI was not fluorescence labeled.
Thus, we used the term polyplexes here which contained both
possibilities. Intranuclear polyplexes can be distinguished from
the orthogonal views (Figure S1.3.6.2, Supporting Information).
The results indicate that polyplexes heterogeneously distributed
at least in some daughter cells, which may explain the difference
in their final expression level. This hypothesis still would need to
be further confirmed in future studies and at this point remains
speculative.

From the data shown in Figure 3a–e the time which cells took
to initiate eGFP expression post mitosis, defined as onset time
tonset, was calculated for the two different polyplexes. The onset

time is the sum of the times required for intranuclear polyplex
dissociation (i.e., release of the plasmid from PEI), plasmid DNA
binding to the transcriptional machinery, mRNA transcription,
and protein translation, and it was calculated as tonset = tini,eGFP −
tmitosis. Here tmitosis is defined as the time when cells just have fin-
ished mitosis, and it can be directly determined from the trans-
mission channel. tini,eGFP is defined as the time when the fluo-
rescence intensity of expressed eGFP is larger than a threshold.
As eGFP is inherently highly fluorescent, the detection limit is-
sues of eGFP can almost be ignored in this study. The averaged
onset time of P1/1/0 was 172 min (Figure 4a), and P1/1/4 showed
a narrower distribution of onset times with an average value of
134 min (Figure 4b). As the difference in onset time between both
polyplexes most likely will be the first step, namely the release of
the plasmids from PEI, this suggests that P1/1/4 polyplexes could
dissociate faster. The minimum onset time of P1/1/0 and P1/1/4
was 80 and 70 min, respectively (see Figure 4). It is reported
that the earlier a cell divides, the longer time is required for ex-
pression due to gradual polyplexes dissociation.[7] To check this,
from the data of Figure 3a the time tmitosis (i.e., duration from
the beginning of observation t′ = 0 to the start of cell division,
which was apparent in the phase contrast images) had been cal-
culated. These data show that the mitosis time did not affect the
onset time (Figure 4c,d). One possible explanation might be that
both polyplexes were highly stable in the cytosol, which will be
discussed later. Despite the difference in tonset of the measured
cells and in the final eGFP expression levels in some pairs of two
daughter cells, as aforementioned two daughter cells always ex-
pressed eGFP simultaneously, namely tonset of two daughter cells
was the same.

As above-mentioned, cells continuously expressed luciferase
within 24 h after exposure (Figure 1d). To explain this, we first
calculated the number of eGFP expressing cells. As shown in
Figure 5a,b, the number of successfully transfected cells al-
most linearly increased within 4 h to 20 h after exposure and
reached a plateau afterwards. This trend was consistent with
the cell proliferation behavior (Figure S1.3.5.1, Supporting In-
formation). Cell density increased rapidly until it reached the
threshold to trigger contact inhibition, and thus the proliferation
ceased.

The expression kinetics in the non-dividing and dividing cell
sub-populations were analyzed (Figure 5c,d). Non-dividing cells
either continuously expressed eGFP or stopped expression after
reaching the maximum level. In contrast, all dividing cells pro-
gressively produced eGFP (Figure 5e,f). The GFP protein has a
half-life of 54 h in human embryonic kidney cells,[15] thus its
degradation during the time of observation can be neglected.
Cells transfected by eGFP-encoding mRNA have been reported to
display an S-shaped eGFP expression pattern, due to a reduced
mRNA level by endogenous enzymatic degradation.[8b] Hence,
we speculate that the S-shaped eGFP expression time-course in
some non-dividing expressing cells resulted from insufficient cy-
tosolic mRNA levels, whereas in continuously expressing cells
the mRNA should be progressively transcribed. However, the
highest eGFP level was found in those cells with S-shaped expres-
sion profile in both polyplexes. These results indicate that non-
dividing cells with an S-shaped eGFP expression pattern tran-
siently produced more mRNA.

Adv. Healthcare Mater. 2021, 10, 2100125 2100125 (5 of 11) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Adv. Healthcare Mater. 2021, 10, 2100125 2100125 (6 of 11) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 3. Time lapse images of eGFP expression in HeLa cells upon exposure to P1/1/0 and P1/1/4 polyplexes. Cells were incubated with polyplexes at
1.4 μg mL−1 peGFP in serum free medium for t = 3 h. Afterwards, cells were cultured in fresh 10% FBS supplemented cell culture medium and were
imaged by CLSM every 10 min (the time point t′ = 0 refers to the start of imaging). a) Representative real-time tracking of eGFP expression after P1/1/0
transfection. The red outline indicates a non-dividing cell. The green, yellow, blue, and pink outlines indicate cells that had divided during observation.
The expressed eGFP signal is shown in the green fluorescence channel. The scale bars represent 50 μm. Cell tracking is shown in the lower panel. Here,
the cell trajectories are shown in white. Daughter cells are indicated with the same number as their respective parent cells. b) Kinetics of eGFP expression
(in terms of eGFP fluorescence intensity IeGFP) as calculated from the cells shown in (a). Circles indicate the time when cells started to divide. c) Statistics
of non-dividing and dividing cells expressing eGFP. NeGFP is the number of observed cells expressing eGFP, which had or had not divided during the
observation period. d,e) eGFP expression of 21 pairs of daughter cells at the end of observation (t′ = 24 h) after transfection by d) P1/1/0 and e) P1/1/4
(for each pair of fluorescence the intensity of one daughter cell is shown in green, of the other daughter cell in red). f) Z-stack images of P1/1/0 polyplex
distributions in the nuclei of two daughter cells just after mitosis. Cells were incubated with P1/1/0 polyplexes prepared from DNACy5. Circles indicate
DNA that was in the nucleus, as evidenced by orthogonal views (Figure S1.3.6.2, Supporting Information). The DNACy5 fluorescence is shown in red.
The nuclei were stained with Hoechst 33342 and can be seen in the blue fluorescence channel. The scale bars represent 50 μm.

2.4. Polyplex Dissociation and Nuclear Localization

Polyplexes may dissociate (i.e., DNA is released from the PEI):
i) directly in endo/lysosomes after endocytosis; ii) in the cytosol
after a small fraction of them had escaped from endo/lysosomes;
and or iii) in the nuclei after nuclear entry. The released DNA
inendo/lysosomes was supposed to be completely degraded and
was not responsible for transfection. Those released in the cy-
tosol or in the nuclei must bind to the transcription machinery
in the nuclei to initiate transfection. To find out which DNA was
the primary cause for transfection in our study, we check the dis-
sociation of both polyplexes in eGFP expressing cells.

Polyplexes (i.e., P1/1/0 and P1/1/4) were prepared from rho-
damine B isothiocyanate labelled PEI (PEIRBITC) and DNACy5.
HeLa cells were exposed to polyplexes in serum free culture

medium for 3 h, followed by further culture in fresh 10% FBS
supplemented cell culture medium (without polyplexes) for 24 h.
The fluorescence labeling of PEI and DNA decreased the trans-
fection efficiency from ca. 34% to ca. 15% (Figure S1.3.3.1, Sup-
porting Information), and only those eGFP expressing cells were
analyzed by CLSM (Figure 6a,b). The overlap degree was quanti-
fied by measuring the Manders’ coefficients m1 (DNACy5) and m2
(PEIRBITC)[16] (Figure 6c), which are indicators for the colocaliza-
tion degree between pixels from two different fluorescence chan-
nels (pseudo-colored in cyan for PEIRBITC and in red for DNACy5)
ranging from 0 to 1. Zero correlates to no overlap and one
correlates to complete overlap. The coefficients m1 of both P1/1/0
and P1/1/4 were larger than 90%, indicating most DNA molecules
were still condensed inside the polyplexes, which supported
our aforementioned explanation in Figure 4c,d. Using z-stack

Figure 4. Onset and mitosis time of cells transfected by P1/1/0 and P1/1/4 polyplexes. The onset time tonset is the time which cells took to initiate eGFP
expression post mitosis. The mitosis time tmitosis is the duration from the beginning of observation at t′ = 0 to the start of mitosis. Cells were incubated
with polyplexes in serum free cell culture medium at 1.4 μg mL−1 peGFP for t = 3 h, followed by culture in fresh 10% FBS supplemented cell culture
medium and were then monitored by time-lapse CLSM. a,b) Distributions of onset time in a) P1/1/0 and b) P1/1/4 transfected cells. NeGFP (tonset) is the
number of cells with respective onset time tonset. c,d) Correlation between onset and mitosis time in c) P1/1/0 and d) P1/1/4 transfected cells.
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Figure 5. eGFP expression kinetics of cells transfected by P1/1/0 and P1/1/4 polyplexes. Cells were incubated with polyplexes in serum free cell culture
medium at 1.4 μg mL−1 peGFP for t = 3 h, followed by culture in fresh 10% FBS supplemented cell culture medium and were then monitored by
time-lapse CLSM. a,b) The cumulative number of eGFP expressing cells NeGFP over time t′ upon transfection by a) P1/1/0 and b) P1/1/4 polyplexes. c–f)
Expression kinetics in c,d) non-dividing and e,f) dividing sub-populations. Red curves indicate expression the kinetics of cells which stopped expression
after reaching the maximum level. Green curves indicate the expression kinetics of cells which continuously expressed eGFP.

scanning and orthogonal imaging, we also observed only con-
densed polyplexes but no released DNA in the nuclei of eGFP
expressing cells (Figure 6d,e; eGFP fluorescence is not dis-
played). The intranuclear particle numbers of P1/1/0 and P1/1/4
were different: three P1/1/0 polyplex particles were observed as
in Figure 6d and only one P1/1/4 polyplex particle was found as
in Figure 6e. This result supports our aforementioned inference
in Figure 2c,d, that a single or very few P1/1/4 polyplex particles
were responsible for transfection, but more particles of P1/1/4
polyplex could transfect cells.

The results shown in Figure 6 indicate that most polyplexes
did not dissociate in the cytosol and even not in the nuclei. We

suggest that DNA release did not mean complete dissociation,
as PEI was still colocalized with DNA. One PEI/DNA polyplex
particle was reported to contain hundreds to thousands of DNA
molecules.[17] The polyplexes could be partially dissociated in the
nuclei, so that some DNA molecules were exposed, which pro-
vided the access for the transcription machinery. In our previous
work, PEI/DNA/BSA polyplexes at 1/1/40 weight ratio (denoted
as P1/1/40) showed <5% transfection efficiency of eGPF by using
the same transfection condition in the present study, but they
transfected ca. 75% HeLa cells after nuclear microinjection.[2]

Compared to P1/1/0 and P1/1/4, P1/1/40 polyplexes had a thicker
protein corona layer, and their dissociation should be even more
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Figure 6. Dissociation and nuclear entry of P1/1/0 and P1/1/4 polyplexes in eGFP expressing cells. a,b) Polyplexes were prepared from fluorescence labeled
PEIRBITC and DNACy5. HeLa cells were incubated with a) P1/1/0 and b) P1/1/4 polyplexes at 1.4 μg mL−1 DNACy5 in serum free culture medium for t = 3
h, followed by further culture in fresh 10% FBS supplemented cell culture medium without polyplexes for t′ = 24 h. In the fluorescence images PEIRBITC

is shown in cyan, DNACy5 is shown in red, eGFP is shown in green, and nuclei stained with Hoechst 33342 are shown in the blue fluorescence channel.
The scale bars represent 20 μm. c) Overlap degree of PEIRBITC (cyan) and DNACy5 (red) calculated by pixel intensity. Red bars show Manders’ coefficient
m1 (DNACy5), the percentage of red fluorescent pixels overlapping with cyan fluorescent pixels. Cyan bars show Manders’ coefficient m2 (PEIRBITC), the
percentage of cyan fluorescent pixels overlapping with red fluorescent pixels. N = 21 and 18 cells were analyzed for P1/1/0 and P1/1/4, respectively. d,e)
Orthogonal views of intranuclear condensed d) P1/1/0 and e) P1/1/4 polyplexes in eGFP expressing cells after t′ = 24 h. The scale bars represent 20 μm.
Additional data are shown Figure S1.4.3.1, Supporting Information.

difficult. Therefore, the intranuclear dissociation should not
be the rate-limiting step for transfection. Compared to re-
leased DNA, condensed DNA in polyplexes is more resistant to
nuclease,[14] and they provide the chance for the late dividing
cells to express eGFP. This also explain the linear increase of
the eGFP expressing cell number before reaching contact inhi-
bition in Figure 5a,b. We also measured the dissociation of the

BSA corona from polyplexes by using fluorescein isothiocyanate
(FITC) labeled BSA and DNACy5 (Figure S1.4.3.1, Supporting In-
formation), and the data were analyzed in a similar way. The co-
efficient m1 (DNACy5) of P1/1/4 polyplexes was larger than 85%
at 4, 10, and 24 h, indicating that majority of the polyplexes con-
tained the BSA corona. Interestingly, the coefficient m2 (BSAFITC)
of P1/1/4 polyplexes was ca. 70%, implying that ca. 30% of BSA
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could dissociate from polyplexes. Therefore, the BSA corona was
partially detached from the P1/1/4 polyplexes. We admit that the
exact dissociation locations, that is, in the endo/lysosomes or in
the cytosol, have not been investigated in this study, and will be
further measured in our future work.

3. Conclusion

Our previous study showed that the protein corona alters phys-
iochemical properties of PEI-based polyplexes (PEI polyplexes
P1/1/0 versus their protein corona adsorbed counterparts P1/1/4)
and several intracellular steps of in vitro gene delivery includ-
ing endocytic pathways, trafficking on the microtubules, and
endo/lysosome escape.[2] In the present study we further demon-
strated that for our investigated system the protein corona did
not significantly affect the cellular uptake rate of the polyplexes
(Figure 1a), but made differences in luciferase expression (Fig-
ure 1b,d), mRNA transcription (Figure 1c), expression cell ratios
(Figure 2a), expression amount per cell (Figure 2b), and expres-
sion pattern of eGFP and RFP after dual delivery of plasmids (Fig-
ure 2c,d). These differences thus cannot be explained just by dif-
ferent uptake level of the polyplexes.

Combined with our previous work,[2] we tried to explain the
reason for different transfection behaviors of P1/1/0 and P1/1/4
polyplexes: 1) although both polyplexes had similar cell uptake
rate, their endocytic pathways are different. The predominate
uptake pathways for P1/1/0 and P1/1/4 polyplexes were caveolae-
dependent endocytosis and macropinocytosis, respectively. Con-
sequently, the acidification of P1/1/4 polyplexes was slightly slower
than P1/1/0, which implied that more P1/1/4 polyplexes can avoid
digestion in endo/lysosomes; 2) others have reported that dur-
ing mitosis, PEI/DNA complexes are transported on astral mi-
crotubules towards the poles of the spindle apparatus, and their
amount at the location of emerging nuclei of the daughter cells
strongly contributes to final transfection result.[18] Given their dif-
ferent intracellular transport velocity, rapidly moving P1/1/0 poly-
plexes have more chance to be enclosed into the nuclei during cell
mitosis, whereas stationary P1/1/4 polyplexes can only be passively
trapped inside nuclei with a much lesser chance. This may ex-
plain that the higher number of P1/1/0 polyplexes found inside nu-
clei of eGFP expressing cells, and only one P1/1/4 polyplex was ob-
served in the nuclei in all experiments of our study (Figure 6d,e).
Moreover, this also explains that P1/1/0 transfected more cells than
P1/1/4 (Figure 2a,b).

While on the level of whole cell cultures transfection rates were
different, on a single cell level P1/1/0 and P1/1/4 shared several com-
mon features: i) gene expression mediated by both polyplexes
was mitosis dependent; ii) after mitosis, in general both daughter
cells simultaneously expressed eGFP, but their final gene expres-
sion level could be different due to heterogeneous polyplexes dis-
tribution inside the respective nuclei; iii) the onset time ranged
from 70 to 300 min, and the onset time was found to be inde-
pendent of the mitosis time; iv) the number of successfully trans-
fected cells almost linearly increased within 4–20 h after exposure
before contact inhibition occurred, which correlated to their pro-
liferation behavior; and v) the expression kinetics in non-dividing
expressing cells could be linear or S-shaped, while that in divid-
ing expressing cells were all linear. Further mechanism studies
showed that slow dissociation of P1/1/0 and P1/1/4 polyplexes may

protect DNA from nuclease degradation and its subsequent entry
to nuclei during mitosis should be responsible for transfection,
which also explains the results (iii) and (iv). The DNA was still
colocalized with PEI in the nuclei of eGFP expressing cells, sug-
gesting that partial polyplex dissociation and exposure of DNA
to the transcription machinery could result in transfection. In
addition, more P1/1/0 polyplex particles were found in eGFP ex-
pressing cells as compared to P1/1/4 polyplexes, which explains
the difference in expression pattern of eGFP and RFP after the
dual delivery of plasmids.

Indeed, the protein corona changed several steps of in vitro
gene delivery, but it did not alter the process after nuclear
entry, including cell division, polyplex dissociation, and protein
expression. The accessibility of P1/1/0 and P1/1/4 polyplexes into
nuclei should be responsible for the difference in expression cell
ratios, and the availability of partially dissociated DNA should
determine the expression level per cell. These further need to be
confirmed in the future with new methodology and techniques.
Our study also points out the need for more future studies,
involving in particular larger statistics on a single cell-based
analysis. To date, the role of the protein corona on transfection
of polyplexes is still not completely understood.
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