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Elucidating the predominant cellular entry mechanism for protein transduction domains (PTDs) and their syn-
thetic mimics (PTDMs) is a complicated problem that continues to be a significant source of debate in the liter-
ature. The PTDMs reported here provide a well-controlled platform to vary molecular composition for structure
activity relationship studies to further our understanding of PTDs, their non-covalent association with cargo, and
their cellular internalization pathways. Specifically, several guanidine rich homopolymers, along with an amphi-
philic block copolymerwere used to investigate the relationship between structure and internalization activity in
HeLa cells, both alone and non-covalently complexed with EGFP by flow cytometery and confocal imaging. The
findings indicate that while changing the amount of positive charge on our PTDMs does not seem to affect the
endosomal uptake, the presence of hydrophobicity appears to be a critical factor for the polymers to enter cells
either alone, or with associated cargo.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past decade, intracellular targeting has become an emerg-
ing area of research in drug delivery, diagnostics, and chemical biology.
However, cell membranes are impermeable to most macromolecules
and small molecules. One exception seems to be a class of cell-
penetrating peptides (CPPs) known as protein transduction domains
(PTDs) and their synthetic mimics (PTDMs). Intracellular delivery
using PTDs remains a promising method for introducing exogenous
macromolecules into cells [1,2].

The Tat (transactivator of transcription) protein of the human im-
munodeficiency virus type 1 (HIV-1), discovered in 1988, was the
first identified PTD [3]. Later, it was determined that an eleven
amino acid residue sequence (YGRKKRRQRRR), rich in basic amino
acids, was required for translocation of Tat through the plasmamem-
brane [4,5]. In the last two decades, over 100 CPP sequences have
been published and this number continues to expand as more is
learned about these molecules [6]. These CPPs are usually small, cat-
ionic peptides, some of which contain a hydrophobic component.
Their main feature is their ability to cross cell membranes either on
their own or conjugated to a range of biomolecules, such as peptides,
proteins, liposomes, and nanoparticles. This is possible at micro-molar
concentrationswithout causing significantmembrane damage [7]. Syn-
thetic CPPs deviate from naturally occurring protein sequences and are
either designed to mimic their structures and compositions or to
MA 01003
produce amphipathicα-helical structures. Examples are themodel am-
phipathic peptide (MAP) and oligoarginine sequences, such as R8.
These synthetic CPPs have also been covalently attached to various
macromolecules and their internalization has been studied [8,9].

Intracellular delivery of large molecules, including macromolecules
and liposomes, often involves the uptake of PTD(M) complexes by en-
docytosis [10]. Arginine-rich PTDMs have been proposed to induce
macropinocytosis, which in turn leads to accelerated internalization of
cell surface adsorbed PTDMs and PTDM-cargo complexes [11–13].
Sincemacropinocytosis is considered a non-specific fluid phase endocy-
tosis pathway, its induction should facilitate indiscriminate uptake [14].
The endosomal route usually finishes with the acidic and proteolytic
degradation of the lysosomal content, thus preventing the delivered
cargo from reaching its cytosolic targets [15]. The release of biologically
active cargo from endosomes is a necessary step and is a major limita-
tion for this type of uptake. [7].

A second mode of uptake is direct translocation, an energy-
independent penetration pathway in which a transient destabilization
occurs in themembrane, followed by the rapid intracellular localization
of the peptide [16–18]. For drug delivery purposes, it is preferred that
molecules enter cells by direct translocation, as this pathway does not
incur endosomal entrapment. Changes in hydrophobicity have been im-
plicated as the driving factor for arginine-rich molecules to cross cell
membranes through direct translocation [19]. Additionally, cell surface
concentrations of arginine-rich PTDMs may also play a role in peptide
entry into cells [20]. Some peptides exceeding a threshold concentration
have been observed to directly penetrate themembrane, while at lower
concentrations uptake is primarily by endocytosis [18,21,22].
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A change in membrane curvature is required for both endocytosis
and direct penetration, which can be facilitated by CPP–membrane in-
teractions [23]. Decoupling endocytosis from direct penetration re-
mains largely unsolved. The use of endocytosis inhibitors may alter
other cellular processes, making deconvolution of the treatments diffi-
cult [24]. Cooling cells to 4 °C provides another challenge in that cooler
temperatures affect the membrane fluidity making it more rigid and
therefore more permeable to larger molecules [25].

While many CPPs and their mimics show high membrane perme-
ability and efficient cargo delivery, the mechanisms by which PTDMs
and PTDM-cargo complexes traverse cell membranes are not complete-
ly understood and are highly debated in the literature [24]. Themethods
by which arginine-rich PTDs are internalized depend on the physio-
chemical properties of the PTDs, the cargo molecules, and cell type, as
well as a variety of other parameters [24]. Therefore, it is not surprising
that the predominant internalization mechanism may deviate depend-
ing on the attached cargo [24]. Understanding this cellular uptake
mechanism of CPPs under physiological conditions is important for
the development of appropriate strategies for therapeutic applications
both in vitro and in vivo. Since several routes may exist simultaneously,
it is important to correlate the uptake pathway with the biological re-
sponse associatedwith a specific cargo e.g. if the target of the cargo is cy-
tosolic or endosomal. These parameters will enable the design of
materials to target specific routes of internalization.

Creating polymeric scaffolds with CPP-like internalization and cargo
delivery properties have recently emerged as a new research direction.
[26,27] Polymers allow for the use of different, easily tailored chemistries
and architectures for investigating structure activity relationships, while
tuning for efficient cargo delivery. Using ring-opening metathesis poly-
merization (ROMP), which is functional group tolerant, well-controlled,
and versatile, a highly efficient set of synthetic PTDMshas beendeveloped
[26,28–35]. These designs, based on polyarginine, are guanidinium-rich
and allow for non-covalent internalization of various biological cargos
Fig. 1. Polymers of interest: R8 inspired the design of dG5 (n =
[31–33]. The ability to easily include diverse functional groups allows us
to probe architecture, molecular composition, and molecular weight in a
controlled manner, mimicking peptide synthesis [29,32].

Polymeric mimics offer a controlled way to explore the effects of
structure and macromolecular composition on internalization efficien-
cy. UsingR8 as inspiration and a benchmark, a [28,31–36] set of four ho-
mopolymers and one block copolymer (Fig. 1) were chosen to
investigate the impact of polymer structure and backbone on internali-
zation efficiency in HeLa cells.

Determining the parameters that dictate the predominant method
of internalization is crucial to the understanding and optimization of
CPPs and theirmimics. In thiswork, we use the delivery of cargo by syn-
thetic PTDMs as a handle for elucidating the intracellular pathways
through which these molecules enter. More specifically, HeLa cells
were treated with the chosen PTDMs, either with a FITC label or associ-
ated with fluorescent protein, allowing for confocal laser scanning
microscopy (CLSM) and flow cytometry (FCM) analysis. Imaging expli-
cates the predominantmode of uptake as endosomal uptake and allows
us to address some of the more difficult questions regarding polymer-
cell interactions, while flow cytometry generates quantitative results
(on a much larger number of cells) that can be used to verify trends
seen with imaging. From these results, we determined that concentra-
tion and polymer architecture have little effect on the mode of translo-
cation into the cell, but rather play a more important role in howmuch
cargo they are able to deliver.

2. Materials and methods

2.1. PTDM synthesis

Monomers and PTDMs were synthesized according to established
literature procedures [28,31,34]. In brief, the monomers were synthe-
sized by ring-opening a Diels–Alder anhydride adduct with a desired
5), dG10 (n = 10), MeG10, PGON20, and MePh10-b-dG5.

Image of Fig. 1
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alcohol, using 4-dimethylaminopyridine (DMAP) as a catalyst, to obtain
a mono-functional intermediate. This was followed by 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) coupling with another
equivalent of alcohol to introduce the second functionality. The desired
PTDMs were subsequently synthesized by ROMP using the Grubbs'
third generation catalyst in dichloromethane (CH2Cl2), with dispersity
indices under 1.1 (Ð = Mw/Mn). Polymerizations were terminated
using ethyl vinyl ether, and polymers were deprotected using a 1:1
ratio of trifluoroacetic acid (TFA): CH2Cl2. The final products were puri-
fied by dialysis against RO water, recovered by lyophilization, and
stored at−20 °C.

A second set of PTDMs was terminated with a previously reported
activated ester for functionalization with Alexa Fluor 488 dye [37]. The
PTDMs were allowed to stir in an excess of dye for 3 days. Unreacted
dye was removed using a silica column. They were then deprotected
with a 1:1 ratio of TFA:CH2Cl2, dialyzed against RO water, and lyophi-
lized. All polymers were dissolved in sterile DMSO to make 1 mM
stock solutions and were stored at −20 °C until their use.

2.2. Internalization of FITC-labeled PTDMs

HeLa cellswere seeded at 1 × 104 cells/2mL ofα-MEMwith 10% FBS
on 35 mm glass bottom plates 48 h prior to treatment and cultured at
37 °C and 5% CO2. FITC-PTDMs were diluted 1:10 in PBS and then to a
final concentration of 5, 10, and 20 μM in α-MEM with 10% FBS. Cells
werewashedwithwarm, fresh, completemedia and200 μL of PTDMso-
lution was applied on top of the glass bottom. Cells were incubated for
1 h and then washed three times with cold media to remove excess
PTDM and to slow cellular function. Cells were covered in 1 mL of cold
media and imaged at 60× with confocal laser scanning microscope
(CLSM).

To investigate colocalizationwith lysosomes, cells were treatedwith
5 μM FITC-PTDM and 20 nM lysotracker red for 1 h. Samples were ana-
lyzed in a similar manner to the internalization experiments using both
red and green lasers on the CLSM. Correlation between the location of
the lysotracker and the FITC-PTDM was determined by Pearson's
colocalization coefficient (PCC) using Autoquant software.

2.3. EGFP delivery

EGFP was prepared using previously reported methods [18]. HeLa
cells were seeded at 1 × 106 cells/2 mL of α-MEM with 10% FBS on
35 mm glass bottom plates and 1 × 105 cells/1 mL on 12-well plates
48 h prior to treatment and cultured at 37 °C and 5% CO2. Polymer
was complexed with 2 μg of EGFP using previously reported methods
at a ratio of 20:1 PTDM to protein (unpublished). Cells were treated
for 4 h with the polymer/protein complexes in a total volume of 1 mL
α-MEM with 10% FBS. Before imaging, cells were washed three times
with cold media and covered in 1 mL fresh, cold α-MEM with 10%
FBS. Cells were imaged using CLSM at 60×. To prepare for flow cytome-
try (FCM), the cellswere trypsinized andwashed three timeswith a 20U/
mL heparin solution before being suspended in PBS with 0.2 wt% FBS.

To determine if the 30 min incubation period was required for opti-
mal uptake, cells were treated with PTDMs not incubated with protein
at the same concentration. PTDMs and protein were diluted as stated
above and added drop-wise without mixing into the media. Uptake
was analyzed by FCM to determine the percentage of cells that internal-
ized the polymer, as well as the median fluorescence intensity (MFI) of
the cells.

3. Results and discussion

3.1. Polymer design and synthesis

In this study, PTDMs were designed to resemble R8 (Fig. 1), with
MeG10 containing one guanidinium group per repeat unit, yielding
about 10 positive charges per polymer. The diguanidine (dG) series
(dG5 and dG10)were designed to create a higher density of guanidinium
groups to better mimic the distribution of charge along the peptide
backbone. dG5, with about 10 positive charges, correlates to R8 in that
it has approximately the same number of guanidinium groups, but
only half the number of repeat units, while dG10 has approximately
the same number of repeat units as R8, but has twice as many
guanidinium moieties, or about 20 positive charges. A second ROMP
backbone, the imide-based poly-guanidinium oxanorbornene (PGON),
was added to the series because of its high membrane activity with
lipid vesicles [34]. Since PGON20 only contains one guanidinium group
per repeat unit, a length of 20 was chosen for comparison to dG10,
resulting in about 20 positive charges along the length of the polymer.
Lastly, a block copolymer with 10 hydrophobic and 5 diguanidinium
monomers (MePh10-b-dG5) was included because of its efficient non-
covalent protein delivery into Jurkat T Cells (unpublished), predomi-
nantly due to the added hydrophobicity that has been shown to be re-
quired for efficient protein delivery. Added hydrophobicity, which has
been predicted to increase saddle splay curvature, combined with
lipid head-group coordination by guanidinium groups, promotes mem-
brane permeation [23]. These polymers were all synthesized with and
without covalently attached FITC labels.

3.2. Internalization of FITC-labeled PTDMs

HeLa cells were treated with FITC-PTDMs for 1 h and imaged
using a CLSM, as shown in Fig. 2A, and also analyzed using FCM
(Fig. 2B and C). Images revealed that dG5 and MeG10 exhibited low
cell entry. MeG10 appeared to aggregate extensively and was
dropped from further studies. This aggregation could be due to the
overall charge density being too low, with one charge per monomer,
allowing the PTDMs to have a greater self-affinity than for the solu-
tion or cell membranes. Both homopolymers with 20 guanidinium
units (PGON20 and dG10) demonstrated efficient internalization,
particularly PGON20. This is unsurprising, as previous reports have
shown that it is highly membrane active in biophysical assays
compared to other homopolymers produced in this group. [28] The
block copolymer PTDM also showed punctate internalization
throughout the cell with high efficiency for all imaged cells.

The median fluorescence intensities (MFIs), shown in Fig. 2B, cor-
roborate the confocal images. An artificially high MFI is expected from
MeG10, since large aggregates were seen in and on cells in the confocal
images. dG10 and PGON20 showed high membrane activity (see Fig. 2)
and consequently resulted in a 3 to 4 fold higher MFI than MePh10-b-
dG5. We speculate that efficient internalization with the dye requires a
combination of a critical hydrophobic component and charge content
that is not met with dG5. Along this line of thought, the internalization
of PGON20 could be attributed to its increased length. Although
MePh10-b-dG5 resulted in a low MFI, the punctate fluorescence was
prevalent in all imaged cells, and more than 95% of the cell population
was fluorescent.

While punctatefluorescence is easily visible, the location and type of
endosomal compartments were still in question. To determine if the
PTDMs were trapped in endosomes and if those endosomes were
bound for degradation, colocalizationwith lysotrackerwas investigated.

3.3. Colocalization with lysosomes

To compare the location of internalized PTDMs with late endosomal
compartments, cells were treated with lysotracker red during the treat-
ment with FITC-PTDMs (Fig. 3). FITC-PTDMs (green) trapped in late
endosomes should colocalize with the lysotracker red, indicated by
yellow.

While the diester homopolymers (dG5 and dG10) proved less suc-
cessful at internalization, R8, PGON20, and MePh10-b-dG5 showed ro-
bust internalization in punctate structures. Some of the MePh10-b-dG5



Fig. 2. Internalization of FITC-labeled PTDMs into HeLa cells. Cells were treatedwith 5 μMPTDM for 1 h and imaged with a CLSM (A) and assessed for fluorescence internalization using a
flow cytometer for both MFI (B) and a positive shift in intensity from the blank (gray) in FCM histograms (C). Polymer colors in (B) correspond to their respective shifts in (C).
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appears to overlap with the lysotracker red, suggesting that endosomal
entrapment is involved in internalization. The enlargement ofMePh10-
b-dG5with lysotracker red is overlapped (yellow), butmutual exclusion
of the polymer (green) from the late endosomes (red) also exists. The
Pearson's Correlation Coefficient (PCC) for the homopolymer PTDMs
andR8was approximately 0.3 for all samples, suggesting little to no cor-
relation between the lysotracker and the polymer, whileMePh10-b-dG5

had a PCC of 0.8, suggesting high colocalization with the late
endosomes. In other words, the hydrophobic PTDM was able to inter-
nalize in late endosomes, but was not exclusively located there. This
suggests that while some PTDM is permanently trapped in endosomes,
it is not necessarily all destined for degradation. Additionally, escape
from endosomal compartments cannot be dismissed. Longer time pe-
riods of this study with amore photo stable dye would allow for further
investigation on the kinetics of our polymers within cells, but was not
the focus of this study.
3.4. Concentration dependence

Since themechanismof uptake can be dependent on the experimen-
tal conditions, an increase in concentration of MePh10-b-dG5 and R8
was used to investigate the effect of concentration on the predominant
mode of internalization. Increasing the concentration appeared to in-
crease the amount of R8 and MePh10-b-dG5 that entered the cell, al-
though with increasing cytotoxicity (Fig. 4A and SI Figs. 2–7). Confocal
images showed that at higher concentrations of both PTDMs, cells
began to bleb and appeared unhealthy. More aggregated punctate fluo-
rescence suggests compromise of the cellular membrane. The increase
in fluorescence intensity and decrease in viability (using 7-AAD) with
increasing concentration were quantified using flow cytometry. As
shown in Fig. 4, R8 decreases to approximately 20% viability, while
MePh10-b-dG5 showed lower induced apoptosis even at higher concen-
trations of PTDMs despite considerable blebbing apparent in the CLSM

Image of Fig. 2


Fig. 3. Internalization of FITC-PTDMs (green) in the presence of lysotracker (red) in HeLa cells. Cells were treated with 5 μM FITC-labeled polymer and lysotracker red for 1 h and imaged
using a CLSM.
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images. There was no change in mechanism observed, as fluorescence
remained punctate in all images, even after 4 h. Although persistent
punctate structures would suggest the inability of the PTDMs to escape
endosomes over short periods of time, it is difficult to exclude some
PTDM endosomal escape since these fewer dispersed molecules would
appear much dimmer by CLSM analysis.
3.5. EGFP delivery

Polymers were tested for transduction efficiency with enhanced
green fluorescent protein (EGFP) as an indication of internal cell loca-
tion and delivery efficiency. The PTDMs and protein were incubated
for 30 min to allow for the formation of non-covalent complexes and
then applied drop-wise to HeLa cells. At 4 hours, all homopolymer
PTDMs and R8 proved to be ineffective at delivering protein into the
cell, showing limited uptake in both the microscope images and FCM
data (Fig. 5). The block copolymer showed significantly higher internal-
ization, but was still punctate, suggesting entrapment in endosomes
within the observed time periods. None of the PTDMs or R8 showed
any cytotoxic effects compared to the untreated sample, as determined
by 7AAD during flow analysis, see SI Fig. 8 for graphical representation.
While the lack of delivery with the diester homopolymer PTDMs was
unsurprising because of their poor internalization with the dye, it is in-
teresting that PGON20 was unable to facilitate protein internalization.
This could be attributed to its lack of a defined hydrophobic segment.
MePh10-b-dG5 was expected to have high delivery, as R8 has been
shown to be more effective with a hydrophobic component attached
[38]. As demonstrated here and by others, the hydrophobic domain of
the PTDM is important to protein internalization [38,39]. The block co-
polymer outperformed all other polymers tested at protein delivery
yielding an MFI around 20 times higher, as determined by FCM
(Fig. 5B). This was corroborated with confocal images, which revealed
both punctate and diffuse fluorescencewithin the imaged cells (Fig. 5A).

Additionally, complex formation was tested to determine if the
PTDMs merely compromise the cell membrane allowing protein into
the cytosol, or if they actively facilitate transport across the membrane.
Cells were treated withMePh10-b-dG5 and R8 complexed with protein
for 30 min at room temperature and were compared with cells treated
directly with the PTDMs followed by protein, which were given no
time to form a complex. The flow cytometry data, highlighted in
Fig. 5C, showed internalization for the cells treated with MePh10-b-
dG5 and protein complex, but not for those treated with the PTDMs
and protein independently. This suggests that MePh10-b-dG5 does not
merely interact with the membrane to allow indiscriminant uptake of
proteins in the cytosol, but rather an incubation time is required for
the PTDMs to form complexes with the proteins.

4. Conclusion

While determining the predominant mode of internalization for
CPPs remains a challenge, using PTDMs to advance the understand-
ing of how structure influences uptake activity is critical to improv-
ing design parameters for efficient internalization. By examining
changes in molecular composition in relation to their ability to
enter cells when complexed with cargo, PTDMs can be enhanced to
deliver specific molecules into the cell. Here, we performed common
methods to assess internalization mechanisms and efficiency for
guanidinium-containing PTDMs both alone and non-covalently
complexed to cargo. This provides the first side-by-side studies for
this class of PTDMs and R8 with respect to cellular internalization.
Homopolymer PTDMs proved to be inefficient at entering cells,
with the exception of PGON20, which was even able to enter cells
at a higher capacity than the block copolymer PTDM MePh10-b-

Image of Fig. 3


Fig. 4. Effects of concentration on FITC-labeled polymer internalization. Concentration dependence for MePh10-b-dG5 and R8 labeled with FITC at 5, 10, and 20 μM (A). HeLa cells were
treated with 1 h with PTDMs and imaged with a CLSM and assessed for MFI (B) and viability (C) using flow cytometry.
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dG5. Increasing the concentration of the PTDMs led to improved in-
ternalization but also to higher cytotoxicity, a common observation
across PTDMs. None of the homopolymer PTDMs were able to facili-
tate the delivery of EGFP, while MePh10-b-dG5 proved to be excep-
tionally efficient. Additionally, MePh10-b-dG5 was the only polymer
that also localized with late endosomes, suggesting endosomal en-
trapment for some of the complexes on the time scale used in this
study. This finding highlights the importance of hydrophobic seg-
ments for efficient cargo delivery by PTDMs and that these structural
changes influence the balance of pathways. These polymers
remained punctate in the case of internalization for FITC-labeling
and protein delivery, suggesting that endosomal uptake is the pre-
dominant mode of internalization. Findings will contribute to future
design considerations for intracellular delivery systems and aid in
our understanding of the modes of internalization for arginine-rich
molecular transporters.
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