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Abstract

Cell membranes are natural barriers that prevent macromolecules
from permeating cells. The efficiency of exogenous materials entering
cells relies on various strategies and factors. Cell-penetrating peptides
(CPPs) are distinctive molecules that can penetrate cells by themselves,
as well as carry cargoes into cells in both covalent and noncovalent
manners. In this chapter, we use CPP-mediated delivery of nanomaterials
to illustrate the importance of surface charge and size of nanoparticles on
cellular uptake. We found that three different arginine-rich CPPs (SR9,
HR9, and PR9) are able to form stable complexes with nanomaterials,
including quantum dots (QDs) and DNAs, and the complexes can
effectively internalize into cells. Our study demonstrated that zeta-
potential of CPP/cargo nanoparticulate complexes is a key predictor of
transduction efficiency. On a different note, a combination of CPPs with
cargoes resulted in complexes with various sizes. The most positively
charged HR9/cargo complexes displayed the highest protein transduction
efficiency. The correlation coefficient analysis demonstrated a high
correlation between zeta-potential and transduction efficiency of
CPP/DNA complexes. A logarithmic curve was plotted with zeta value
against transduction efficiency with an R-squared value of 0.9454. With
similar surface charges, particle sizes could affect cellular uptake
efficiency of CPP/QD complexes. Collectively, our findings elucidate
that zeta-potential of CPP/cargo nanoparticulate complexes plays a major
role in determining transduction efficiency, while particle sizes of CPP/
cargo nanoparticulate complexes have a minor effect in cell permeability.

Abbreviations
CPP cell-penetrating peptide
GFP green fluorescent protein
EGFP enhanced green fluorescent protein
HR9 histidine-rich nona-arginine
N/P nitrogen (NH5")/phosphate (PO,)
PR9 Pas nona-arginine
PTD protein transduction domain
QD quantum dot
SR9 synthetic nona-arginine
Tat transactivator of transcription
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Introduction

The plasma membrane plays an essential role in selective permeability,
compartmentalization, osmotic balance, and cellular uptake. Understanding of
mechanisms and principles organizing thousands of proteins and lipids that
make up cellular membrane bilayers is still incomplete [1]. Small molecules,
such as ions, sugars, and amino acids, are able to permeate cells through
carriers and channels on the membrane. This mode of entry is generally not
available for macromolecules, such as proteins, DNAs, and RNAs. In order to
develop highly efficient strategies for the controlled cellular delivery of
bioactive macromolecules with therapeutic potential, several non-viral carrier
systems, including liposomes, polycationic carriers, nanomaterials, and
peptides, have been developed.

Cell-penetrating peptides (CPPs) are typically short peptides that are
derived from natural, chimeric, and synthetic sources [2, 3]. The first CPP
discovered is a protein transduction domain (PTD) derived from the
transactivator of transcription (Tat) of the human immunodeficiency virus type
1 (HIV-1) [4, 5]. This PTD containing eleven amino acids (YGRKKRR-
QRRR) is responsible for cellular entry of Tat [6]. CPPs include cationic,
amphipathic, and hydrophobic peptides [3]. CPPs have been used to overcome
the lipophilic barrier of cellular membranes and to deliver exogenous
molecules into the cell for various purposes, such as cellular imaging,
biosensing, or molecular delivery [7]. These peptides can translocate through
biological membranes and facilitate efficient delivery of cargoes into living
cells or organisms. Cargoes can be proteins [8-19], DNAs [20-26], RNAs
[27], liposomes [28, 29], and inorganic nanoparticles [30-38]. CPPs can
deliver cargoes with sizes up to 200 nm in diameter [28, 29]. Despite many
studies using various biological and biophysical techniques, our understanding
of cellular uptake mechanisms of CPPs remains incomplete. Previous studies
have indicated that CPPs enter cells by at least two major routes, energy-
independent direct membrane translocation and energy-dependent endocytosis,
or a combination of multiple pathways [2]. As membrane potential has a
crucial role in cellular internalization of arginine-rich CPPs [39-41], zeta-
potentials of CPP/cargo complexes can influence transduction efficiency. In
this chapter, we selected CdSe/ZnS quantum dots (QDs) and DNAs to
investigate the role of zeta-potential in protein transduction. QDs are colloidal
nano-sized semiconductors with unique chemical, physical, and optical
properties [42], such as photostability, high quantum yield, narrow emission
peak, resistance to degradation, and broad size-dependent photoluminescence
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[43]. These nanoparticles have been used in various bioimaging and diagnostic
applications [30-38, 44]. Zeta-potential of these nanoparticles varies
depending on particle size, methods of production and treatment, surface
structure, and other properties [40, 45]. The effects of zeta-potential and size
of CPP/cargo complexes can give insight into the stability of particles in
solution [46, 47].

Materials and Methods
Cell Culture

Human A549 lung cancer cells (American Type Culture Collection,
Manassas, VA, US; CCL-185) were maintained in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% (v/v) fetal bovine
serum (Gibco, Invitrogen, Carlsbad, CA, US), as previously described [9].

Peptide, Nanoparticle, and Plasmid Preparation

Three arginine-rich CPPs, synthetic nona-arginine (SR9; RRRRRRRRR),
histidine-rich nona-arginine (HR9; CHHHHHRRRRRRRRRHHHHHC), and
Pas nona-arginine (PR9; FFLIPKGRRRRRRRRR), were synthesized as
previously described [21, 37]. CdSe/ZnS QDs with the maximal emission peak
wavelength of 525 nm (carboxyl-functionalized eFluor 525NC) were
purchased from eBioscience (San Diego, CA, US). The pEGFP-N1 plasmid
contains the enhanced green fluorescent protein (EGFP) coding sequence
under the control of the cytomegalovirus (CMV) promoter (Clontech,
Mountain View, CA, US). The pBacCecB-EGFP plasmid consists of the insect
EGFP cassette which includes the strong cecropin B1 (CecB) gene promoter of
silkworm, coding region of EGFP, and 3'CecB region [23].

Noncovalent Protein Transduction

In noncovalent protein transduction, cells were treated with QDs, DNAs
or CPP/cargo complexes, as previously described [24, 33].

Six puM of CPP peptide was mixed with 100 nM of QDs at a molecular
ratio of 60 at 37°C for 2 h. CPP/QD complexes were then incubated with cells
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at 37°C for 1 h followed by analyses using a fluorescent microscope, a flow
cytometer, or a Zetasizer. Three ug of the pEGFP-N1 or pBacCecB-EGFP
plasmid DNA served as a control, or CPPs were mixed with plasmid DNAs at
a nitrogen (NH3+)/phosphate (PO4-) (N/P) ratio of 3. Cells were treated with
DNA alone or CPP/DNA complexes for 48 h and then analyzed using a
confocal microscope.

Confocal and Fluorescent Microscopy

Fluorescent and bright-field images were obtained using Olympus 1X70
and IX71 inverted fluorescent microscopes (Olympus, Center Valley, PA,
US), as previously described [15]. For the green fluorescent protein (GFP)
detection, excitation was at 460—490 nm, and emission was at 520 nm.

Confocal images were recorded using a BD Pathway 435 System (BD
Biosciences, Franklin Lakes, NJ, US), as previously described [33]. For the
GFP detection, excitation was at 482/35 nm, and emission was at 536/40 nm.
The transduction efficiency were determined from the digital image data and
analyzed by UN-SCAN-IT software (Silk Scientific, Orem, UT, US).

Zeta-Potential Analysis and Particle Size Measurement

QDs (100 nM), DNAs (3 pg) or CPP/cargo complexes were dissolved in
distilled and deionized water. Each solution was equilibrated at 25°C for 120
sec in a zeta cell. Zeta-potentials and particle sizes of QDs, DNAs, and CPP/
cargo complexes were analyzed using a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK) and Zetasizer software 6.30 [40].

Flow Cytometry

Flow cytometric analysis was conducted as previously described [13].
CPP/QD complexes-treated cells were analyzed using a Cytomics FC500 flow
cytometer (Beckman Coulter, Fullerton, CA, US). FL1 filter (excitation at 488
nm and emission at 525 nm) was used for GFP detection. Results were then
analyzed using CXP software (Beckman Coulter).
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Statistical Analysis

Results are expressed as mean + standard deviation. Mean values and
standard deviations were calculated from at least three independent
experiments carried out in triplicates per treatment group.

Results

CPP/QD complexes were chosen for noncovalent protein transduction in
human A549 cells. QDs were pre-mixed without or with CPPs (including SR9,
HR9, and PR9) and then added to cells for 1 h. Fluorescent microscopy
showed no detectable signal in the cells treated with QDs alone (Figure 1). In
contrast, green fluorescence was observed in the cells treated with SR9/QD,
HR9/QD, and PR9/QD complexes. These results indicate that CPP/QD
nanoparticulate complexes have the abilities to pass through cell membranes
and enter cells.

To investigate physicochemical properties of CPP/QD nanoparticulate
complexes that influence transduction efficiency, we measured cellular
internalization efficiencies, sizes, and zeta-potentials of CPP/QD complexes.

QD only SR9/QD HR9/QD PR9/QD

Figure 1. CPP-mediated QD delivery in A549 cells. QDs were incubated with SR9,
HR9, and PR9 for 2 h, respectively. Cells were treated with QDs alone or these
complexes for 1 h and then observed using a fluorescent microscope. GFP channel
indicated the intracellular distribution of QDs. Cell morphology was shown in bright-
field images. Images were recorded at a magnification of 400x using Olympus IX70
(SR9/QD complexes) and IX71 (QD only, HR9/QD, and PR9/QD complexes) inverted
fluorescent microscopes. Scale bar is 1.0 pm.

GFP channel

Bright-field
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Cells were treated with QDs alone or CPP/QD complexes and analyzed by
flow cytometry. Sizes and zeta-potentials of QDs alone or CPP/QD complexes
were determined using a Zetasizer. The fraction of the cell population with the
complexes was in the order of HR9/QD >PR9/QD=SR9/QD complexes
(Figure 2a). QDs alone were 2.01 + 0.14 nm in diameter. Three different CPP/
QD complexes exhibited a similar size of 15.69 £ 1.10 nm in diameter. Zeta-
potentials of CPP/QD complexes were more electropositive than that of QDs,
and were in the same order as transduction efficiencies of HR9/QD >PR9/QD
=SR9/QD complexes (Figure 2b). These results suggest that a more
electropositive charge of CPP/QD complexes yields a relatively higher
transduction efficiency.

To further investigate whether charge and size effects are cargo-specific,
we incubated CPPs with DNAs to perform a functional gene assay. The
transduced pEGFP-N1 plasmid DNA could be expressed by cells to serve as
an indication of CPP-transduction efficiency. The population of EGFP-
expressing cells was in the order of HR9/DNA>PR9/DNA=SR9/DNA
complexes, similar to that of QD cargo (Figure 3a). However, particle size was
in a different order of SRO/DNA=PR9/DNA >HR9/DNA complexes. Zeta-
potentials of CPP/DNA complexes were more electropositive than that of
DNAs, and were in the same order as transduction efficiencies of HRO/DNA >
PR9/DNA=SR9/DNA complexes (Figure 3b).
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Figure 2. (Continued).
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Figure 2. Comparison between transduction efficiencies and physicochemical
properties of CPP/QD nanoparticulate complexes. (a) Transduction efficiency versus
size of CPP/QD complexes. SR9, HR9, and PR9 were mixed with QDs at a molecular
ratio of 60 and then incubated with A549 cells. The sizes of the complexes were
measured using a Zetasizer (at the right y-axis). The fraction of fluorescent cell
population was detected by flow cytometry regarding as the transduction efficiency of
QDs mediated by CPPs (at the left y-axis). (b) Transduction efficiency versus zeta-
potential of CPP/QD complexes. Zeta-potentials of CPP/QD complexes were measured
using a Zetasizer. Data of transduction efficiency are presented as mean + standard
deviation from 27 independent experiments carried out in triplicates per treatment

group.
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Figure 3. (Continued).
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Figure 3. Comparison between transduction efficiencies and physicochemical
properties of CPP/DNA nanoparticulate complexes. (a) Transduction efficiency versus
size of CPP/DNA complexes. pEGFP-N1 plasmid DNAs were incubated with SR9,
HR9, and PR9 at an N/P ratio of 3. Sizes of the complexes were analyzed using a
Zetasizer. A549 cells were treated with pEGFP-N1 (DNAs) alone or different
CPP/DNA complexes. Cell images of gene expression were taken in GFP channel
using a BD pathway system. Data of transduction efficiency are presented as mean +
standard deviation from 3 independent experiments carried out in triplicates per
treatment group. (b) Zeta-potentials of different CPP/DNA complexes. CPPs were
mixed with pBacCecB-EGFP plasmid DNAs according to above conditions. Zeta-
potential of different CPP/DNA complexes is represented by mean * standard
deviation from 3 independent experiments carried out in triplicates per treatment
group. (c) A logarithmic curve plotted with fold of transduction efficiency against zeta-
potential.
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The correlation coefficient analysis demonstrated a high correlation
between zeta-potential and transduction efficiency of CPP/DNA complexes
(Figure 3c).

A logarithmic curve showed a high correlation (R* = 0.9454) between zeta
value and transduction efficiency. Collectively, these results indicate that zeta-
potentials of CPP/cargo complexes can be used as a predictor of transduction
efficiencies of CPP/cargo complexes.

Discussion

In this chapter, we demonstrate the effects of charge and size of CPP/
cargo nanoparticulate complexes on cellular uptake efficiency. Three arginine-
rich CPPs (SR9, HR9, and PR9) were able to deliver noncovalently associated
nanomaterials, including QDs and DNAs, into living cells. There was a high
correlation between zeta-potential and protein transduction efficiency of
CPP/cargo complexes. We conclude that zeta-potentials of CPP/nanoparticle
complexes play a major role in determining transduction efficiency.

Zeta-potential represents an electrokinetic potential in colloidal systems.
Both zeta-potential and particle size distribution are fundamental to predict the
stability and rheology of colloidal suspensions [48, 49]. In general,
electropositivity at or above 25 mV is used as an arbitrary threshold of low- or
highly-charged surfaces, that contributes to suspension stability in colloidal
systems [50].

The stability of aqueous particle dispersions requires zeta-potentials
greater than + 30 mV [51]. Carboxyl-functionalized QDs and plasmid DNA
have intrinsic negative zeta values. Hence, the increase in zeta-potentials
contributed by positively charged CPPs facilitates electrostatic interactions of
CPP/QD and CPP/DNA nanoparticulate complexes with plasma membranes,
leading to better cellular internalization.

We recently identified several factors that determine the mechanism of
CPPs entry [18]. Three arginine-rich CPPs (R9, SR9 and HR9) were studied in
human, plant, and bacterial cells. Pharmacological and physical treatments
were used to elucidate the nature of the transport mechanisms. The route of
internalization is relatively unaffected by cell type, but is heavily dependent on
the nature of both CPPs and associated cargoes.
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Conclusion

In this chapter, we demonstrate that three arginine-rich CPPs (SR9, HR9,
and PR9) are able to deliver noncovalently associated QDs and DNAs into
cells. The sizes of CPP/cargo nanoparticulate complexes seem not an effective
predictor of transduction efficiency. In contrast, a significant correlation
between zeta-potential and transduction efficiency was identified. This
highlights the importance of electrostatic property that governs interactions of
CPP/cargo complexes with negatively charged plasma membranes. The
outcome of the interactions is a key factor in determining transduction
efficiency. Thus, zeta-potential of CPP/cargo complexes is a key predictor of
transduction efficiency.
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