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The advance in stem cell research relies largely on the efficiency and biocompatibility of technologies
used to manipulate stem cells. In our previous study, we had designed an amphipathic peptide RV24 that
can deliver proteins into cancer cell lines efficiently without significant side effects. Encouraged by this
observation, we moved forward to test whether RV24 could be used to deliver proteins into human
embryonic stem cells and human induced pluripotent stem cells. RV24 successfully mediated protein
delivery into these pluripotent stem cells, as well as their derivatives including neural stem cells and den-
dritic cells. Based on NMR studies and particle surface charge measurements, we proposed that hydro-
phobic domain of RV24 interacts with b-sheet structures of the proteins, followed by formation of
‘‘peptide cage’’ to facilitate delivery across cellular membrane. These findings suggest the feasibility of
using amphipathic peptide to deliver functional proteins intracellularly for stem cell research.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The isolation of human embryonic stem cells [1] and the ability to
generate induced pluripotent stem cells from somatic cells [2–4]
have provided potentially invaluable tools for development of
regenerative medicine, cancer therapy, disease modeling and drug
screening [5–7]. To study the basic biology of stem cells and to direct
their differentiation into specific cell types, different techniques,
such as electroporation, transfections, and viral transduction, have
been applied to introduce genetic material into stem cells. However,
there are various limitations and disadvantages associated with
these methods, including high rate of cell mortality due to high volt-
age pulses during electroporation [8,9], low efficiency of non-viral
vector [10], random integration of viral transgene, and suppression
of transgene expression due to promoter silencing [11]. Therefore,
intracellular delivery of proteins might be an alternative approach
to genetic manipulation.

Due to poor cellular permeability of proteins, a common
approach for intracellular protein delivery is to modify proteins
by fusing the proteins with a ‘‘cell penetrating peptide’’ (CPP)
sequence with membrane penetration ability and deliver the
covalently modified proteins [12]. Although some of the CPP-fused
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proteins seem promising in penetrating into cells [13,14], modifi-
cation of protein sequence may result in loss of protein biological
functions due to possible interference to conformational folding
and urea denaturation that is required to increase the accessibility
of internally buried cell penetrating sequence [15,16]. Moreover,
the proteins might be susceptible to protease degradation in extra-
cellular environment. To overcome this, efforts have been made to
develop protein delivery systems that can encapsulate proteins in a
biodegradable and biocompatible particle. One good example
of such system is a report using nano- and micro-particulate
poly(lactide-co-glycolide) (PLGA) to deliver growth factors into
embryoid bodies for controlled differentiation of stem cells into
vascular lineage [17].

With increasing number of reports using synthetic peptides for
intracellular protein delivery [18], synthetic peptide might also be
useful in delivery of proteins into stem cells, especially due to its
flexibility to incorporate different functional domains that can
overcome extra- and intra-cellular barriers, or achieve cell type-
specific delivery. Synthetic peptides can be produced, modified,
purified and characterized without complicated instrumentations
or chemistry. Most importantly, synthetic peptides are biodegrad-
able to naturally occurring molecules, namely amino acids. Due to
their low molecular weight, synthetic peptides are usually less
immunogenic compared to lipids and polymers [19]. In our previ-
ous study, we had designed an amphipathic peptide RV24 that can
deliver proteins into cancer cell lines efficiently without significant
side effects [20]. Encouraged by this observation, we carried onto
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evaluate its protein delivery efficiency in human pluripotent stem
cells, including human embryonic stem cells and human induced
pluripotent stem cells, as well as their derivatives, including neural
stem cells and dendritic cells. We also investigated the possible
self-assembly mechanism between RV24 and proteins using NMR.
2. Materials and methods

2.1. Peptide and proteins

The amphipathic peptide RV24 (sequence: RRRRRRRRRGPGVT
WTPQAWFQWV) was prepared using a conventional solid-phase,
chemical synthetic method (GL Biochem, Shanghai, China) and
has the purity over 98%. The peptide stock solution was prepared
by reconstituting lyophilized peptide in Milli-Q water (Millipore,
Singapore) and was stored at �20 �C before usage. A 119 kDa sub-
unit of b-galactosidase (b-gal) was purchased from Active Motif
(Tokyo, Japan), enhanced green fluorescent protein (eGFP) was
from Biovision (CA, USA), QuantiLum� recombinant firefly lucifer-
ase was from Promega (Singapore). Major sperm protein (MSP) and
15N isotope-labeled MSP (15N–MSP) were expressed and purified as
described in the previous publication [21]. To label MSP with fluo-
rescein isothiocyanate (FITC, Product # F4274, Sigma Aldrich, Sin-
gapore), 50 ll of FITC solution (1 mg/ml in 0.1 M sodium
carbonate–bicarbonate buffer of pH 9.0) was mixed with 1 ml of
MSP solution (2 mg/ml in 1�PBS). The mixture was incubated for
8 h at room temperature with intermittent mixing, followed by
dialysis in 1�PBS for 48 h using dialysis tubing with molecular
weight cutoff of 1 kDa (Spectrum Laboratories, CA, USA). Absor-
bance readings at 280 and 495 nm of the FITC–MSP were taken
after the dialysis to determine the Fluorescein/Protein (F/P) molar
ratio. FITC-labeled protein A was from Invitrogen (Singapore). All
the proteins were kept at �80 �C before usage.
2.2. Cell culturing

Human glioblastoma cell line U87 was grown in DMEM (Invitro-
gen, Singapore) supplemented with 10% fetal bovine serum (Ther-
mo Scientific HyClone�, Singapore), 1% penicillin/streptomycin
(Invitrogen, Singapore) and 1% L-glutamine (Invitrogen, Singapore).
Human embryonic stem cell line H1 (H1 hES) was from WiCell
(Madison, WI, USA). Induced pluripotent stem (iPS) cells were gen-
erated from human foreskin fibroblasts (Millipore, Bedford, MA)
using Human STEMCCA Cre-Excisable Constitutive Polycistronic
(OKSM) Lentivirus Reprogramming Kit (Millipore, Bedford, MA).
H1 hES cells and iPS cells were cultured in feeder-free conditions
in compliance with the protocol stated in the technical manual:
‘Maintenance of hESCs in mTeSR™1’ (StemCell Technologies,
Vancouver, BC, Canada). H1 hES-derived dendritic cells (DCs) and
iPS-derived neural stem cells (NSC) were generated and maintained
as previously reported [22,23]. All the cells were maintained in a
humidified incubator with 5% CO2 at 37 �C.
2.3. Delivery and detection of b-galactosidase

Human pluripotent stem cells (H1 hES and iPS) were seeded in
cell culture well-plate one day before b-gal delivery. To prepare
RV24/b-gal complex, b-gal was mixed with RV24 in 1�PBS at mo-
lar ratio of 100. After incubation for 30 min at room temperature,
the complex was incubated with cells in serum-free medium for
4 h, followed by cell culture medium for 20 h. To detect b-gal using
b-gal staining kit (Active Motif, Tokyo, Japan), cells were washed
with 1�PBS, fixed with fixing solution for 5 min, washed twice
with 1�PBS, and stained with staining solution for 2 h. Staining
solution was replaced with 1�PBS and bright field images were ta-
ken by inverted microscope (Olympus, Singapore).

2.4. Delivery of eGFP and flow cytometric analysis

NSCs were seeded in cell culture well-plate 1 day before eGFP
delivery. DCs were prepared in suspension immediately before
eGFP delivery. The RV24/eGFP complex was prepared and incu-
bated with the cells as described in previous section. Flow cyto-
metric analysis was done 4 h after complex incubation with cells.
The medium that might contain floating cells was first collected
in 5 ml round bottom test tube. The cells were washed with 1�PBS
and trypsinized with 1�EDTA–trypsin for 5–10 min at 37 �C. After
confirming cell detachment under inverted microscope, the cells
were then resuspended in cell culture medium and transferred to
the 5 ml round bottom test tube containing the collected medium.
The cells were centrifuged at 1000 rpm for 5 min, washed with
1�PBS, resuspended in 1�PBS and analyzed with a FACSCalibur
flow cytometer (BDIS, Singapore) by counting 10,000 events.

2.5. Determination of CMC of RV24 and surface charge of RV24/protein
complex

The critical micelle concentrations (CMC) of RV24 and sodium
dodecyl sulfate (SDS) were determined in water using a multichan-
nel microtensiometer (Kibron Delta-8; Kibron, Espoo, Finland).
Serial dilution of tested materials was done in 96-well plate. The
tested materials were transferred to DynePlate (Kibron, Espoo,
Finland) and incubated for 10 min at room temperature to achieve
sufficient equilibration before measurement. For zeta potential
measurement, all the samples were prepared at a protein concen-
tration of 20 lg in 750 ll Milli-Q water. Zeta potentials were mea-
sured electrophoretically using Zetasizer Nano-ZS (Malvern
Instruments, Malvern, UK) at room temperature. The zeta potential
plot was generated by superimposing multiple spectra for each
sample and the zeta potential is presented as mean with SD (n = 4).

2.6. Delivery of FITC–MSP and NMR studies of RV24/15N–MSP complex

Delivery of FITC–MSP was carried out with U87 cells seeded on
96-well plate, as described previously. After incubation for 4 h,
bright field and fluorescent images were taken separately by fluo-
rescent inverted microscope (Olympus, Singapore) and superim-
posed with Adobe Photoshop (Adobe Systems Incorporated, CA,
USA). For nuclear magnetic resonance (NMR) studies, both
15N–MSP protein and RV24 were prepared in 1�PBS. Two-dimen-
sional 1H–15N heteronuclear single quantum coherence (2D-HSQC)
NMR experiments were conducted at fixed MSP concentration of
200 lM and subsequently titrated with increasing concentration
of RV24. All NMR data were collected at 25 �C on an 800 MHz Bru-
ker Avance spectrometer (Bruker, Singapore) equipped with a
shielded cryoprobe. All spectra were processed and viewed using
the CCPNMR software [24]. By superimposing the HSQC spectra,
the shifted HSQC peaks were identified and further assigned to
the corresponding residues of the MSP domain whose assignment
was previously achieved [21].
3. Results and discussion

3.1. Delivery of proteins into human pluripotent stem cells and their
derivatives

Encouraged by the efficiency and biocompatibility of RV24 in
different cancer cell lines [20], we assessed the capability of
RV24 to deliver protein into two types of human pluripotent stem



Fig. 1. RV24 successfully delivers proteins into human pluripotent stem cells and their derivatives. (A) Human embryonic stem cell line H1 (H1 hES) and induced pluripotent
stem cells (iPS) were treated with RV24/b-gal complex prepared at molar ratio of 100 for 24 h before staining. Images of different positively stained colonies were taken at
magnification of 100� and 200�. (B) H1 hES-derived dendritic cells and iPS-derived neural stem cells were treated with RV24/eGFP complex prepared at molar ratio of 50 for
4 h before flow cytometric analysis. The value in percentage is the percentage of eGFP+ cells detected in a population count of 10,000 events.
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cells, human embryonic stem cell line H1 (H1 hES) and induced
pluripotent stem cells (iPS) generated from human foreskin fibro-
blasts. Beta-gal staining showed very promising results, with pos-
itively-stained cells located not only at the periphery ring region of
the colonies that has usually differentiated cells, but also at the in-
ner region of the colonies that contains the pluripotent stem cells
(Fig. 1A). This result demonstrates the potential of RV24 in stem
cell research, such as directed differentiation by delivery of growth
factors [17]. RV24 also successfully delivered eGFP into H1 hES-de-
rived dendritic cells (DC) and iPS-derived neural stem cells (NSC),
with up to 44% of eGFP+ DCs and 52% of eGFP+ NSC detected in flow
cytometric analysis (Fig. 1B). This could be useful in presentation of
cancer-related antigen for DC-based cancer immunotherapy [25–
27], and loading of protein-based therapeutics for NSC-based met-
astatic cancer therapy.

3.2. Mechanism of RV24/protein complex formation

Although RV24 successfully delivers cargo proteins into plurip-
otent stem cells and their derivatives, we would like to identify
the functional proteins that can be delivered, by gaining insight
into mechanism of RV24/protein complex formation. We first
investigated whether RV24 forms a peptide micelle due to its
amphipathicity before complex formation [28]. We measured the
critical micelle concentration (CMC) of RV24 by serially diluting
5 mg/ml peptide solution that was approximately 20-fold more
concentrated than the peptide solution used in preparation of
RV24/protein complex. Compared to the standard, sodium dodecyl
sulfate (SDS), with CMC value of 2.5 mg/ml, RV24 did not form any
micelle within the tested concentration range (Fig. 2A). Therefore,
the RV24/protein complex formation is not due to the interaction
between peptide micelles and proteins, but through direct interac-
tions between proteins and peptides.

Two types of direct interactions might be involved in complex
formation: (1) hydrophobic interaction between b-sheet on surface
of proteins and tryptophan-rich hydrophobic domain of RV24, and
(2) electrostatic interaction between negatively charged site on sur-
face of proteins and arginine-rich hydrophilic domain of RV24. To
identify the type of interaction and the corresponding interaction
site on the protein, we employed the two-dimensional 1H–15N het-
eronuclear single quantum coherence nuclear magnetic resonance
(2D-HSQC NMR) techniques by monitoring peak shifts in the 2D-
HSQC NMR spectra of the free protein and in the presence of
RV24. In this study, recombinant major sperm protein domain
(MSP) of human vesicle-associated membrane protein-associated
protein B was chosen since the structure of MSP had already been



Fig. 2. Mechanism of RV24/protein complex formation. (A) Critical micelle concentration of RV24 was determined based on a plot of water surface tension vs. concentration
of sample measured at room temp using multichannel microtensiometer. Sodium dodecyl sulfate (SDS) was included as a standard. (B) Delivery of FITC–MSP protein into U87
cells with RV24. The images were superimposition of bright field and fluorescent images taken 4 h after protein delivery. Scale bar = 50 lm. (C) (Left panel) Superimposition
of 2D 1H–15N heteronuclear single quantum coherence (HSQC) NMR spectra of MSP protein in the free state (blue) and in the presence of RV24 (red). Peak shifts were marked
with arrows. (Right panel) Residues corresponding to peak shifts mapped onto 3D structure of MSP protein (PDB-3IKK). The ribbons in red are b-strands and the affected
residues are marked in yellow. (D) Zeta potentials of MSP, RV24 and RV24/MSP complex (molar ratio of 8 and 50) were measured electrophoretically at room temp. The zeta
potential is presented as mean with SD (n = 4) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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determined by X-ray crystallography and extensively characterized
by NMR spectroscopy in previous study [21], and RV24 is capable of
delivering FITC-labeled MSP (FITC–MSP) into U87 cells at a molar
ratio of 50 (Fig. 2B). When RV24 was gradually titrated into 15N–
MSP protein, peak shifting was observed on the 2D-HSQC NMR
spectra and saturated at a molar ratio of 8 (Fig. 2C left panel). By
comparing to previously assigned 2D-HSQC NMR spectrum [21],
11 residues corresponding to the perturbed peaks were assigned,
including Val44, Lys45, Thr46, Cys53, Val54, Arg55, Lys87, Val90,
Met115, Asp116, and Ser117. Three of the residues are positively
charged and one of them is negatively charged, while the rest are
uncharged. Since RV24 does not contain any negatively charged
amino acid residues, it is highly unlikely that the electrostatic inter-
action significantly contributes to the binding affinity. Mapping the
perturbed 11 amino acid residues onto the 3D structure of MSP
(PDB ID: 3IKK) reveals that 10 out of 11 amino acid residues are lo-
cated within the b-sheet structure spanning across four b-strands
(Fig. 2C right panel). Although Lys87 is not on the b-sheet structure,
it is located right beside one of the b-strands. These findings suggest
that binding of RV24 occurs on b-sheet structure on the surface of
MSP mainly through hydrophobic interaction. This hypothesis is
also consistent with the observation on 3D structures of b-gal
(PDB ID: 3I3E) and eGFP (PDB ID: 3AI4), showing easily accessible
b-sheet structures on the surface of the proteins.

Since b-gal, eGFP, and MSP are negatively charged proteins with
b-sheet structures (Table 1), we tried to use RV24 to deliver two
other proteins that have mainly a-helices on protein surface, pos-
itively charged recombinant firefly luciferase (PDB ID: 1LCI) and
negatively charged FITC-labeled Protein A (PDB ID: 2JWD). How-
ever, we could not detect bioluminescence from cell lysate and
fluorescence inside the tested cell lines after delivery of the above
proteins. These results suggest that accessible b-sheet structures
on protein surface are essential interaction sites for binding of
RV24. Unlike complex formation of DNA and peptide-based carri-
ers through electrostatic interaction [29], the surface charge of
the cargoes, proteins in this case, is not a crucial factor. To the best
of our knowledge, our study on the mechanism of peptide/protein
complex formation is the first demonstration of using 2D-HSQC
NMR for identification of interaction site essential for interaction
between peptide carrier and protein cargo.

One interesting finding from 2D-HSQC NMR experiments is that
the peak shifting was saturated at molar ratio of 8 but this molar
ratio is not efficient for protein delivery when compared to molar
ratio of 50 (Fig. 2B). Previous publications proposed that amphi-
pathic peptide Chariot™ forms complex with protein through
hydrophobic interaction followed by a ‘‘peptide cage’’ formation
for intracellular delivery [30–32]. Therefore, it is possible that
some molecules of RV24 will first bind to hydrophobic domain
on surface of proteins, following the formation of ‘‘peptide cage’’
surrounding the RV24/protein complex. An indirect way to verify
this is by measuring zeta potential of free MSP, free RV24, and
RV24/MSP complex formed at molar ratios of 8 and 50. The zeta
potential measurements showed that MSP was negatively charged
and RV24 was highly positively charged (Fig. 2D). RV24/MSP com-
plex prepared at molar ratio of 8 had distinct peaks centered at
zeta potential of +20 mV. Based on the 2D-HSQC NMR findings,



Table 1
List of proteins used in the current study.

Protein PDB ID 2� Structure on protein surface Molecular wt. (kDa) Zeta potential (mV) Deliverable by RV24

b-Gal subunit 3I3E b-Sheet 119 �51.9 Yes
eGFP 3AI4 b-Sheet 29 �31.8 Yes
MSP 3IKK b-Sheet 16 �24.9 Yes
Luciferase 1LCI a-Helix 61 +8.2 No
Protein A 2JWD a-Helix 42 �28.6 No
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the positive charge of the complex was probably not due to elec-
trostatic interaction, but due to the binding of RV24 to b-sheet of
MSP that resulted in change of overall surface charge of MSP. When
the RV24/MSP complexes were prepared at molar ratio of 50, the
zeta potential of the complex increased to +28 mV. The presence
of distinct peaks and the increase in zeta potential indirectly
proves that molecules of RV24 that could not bind to hydrophobic
domain of MSP, instead of staying freely in solution, continue to
‘‘aggregate’’ on the surface of the pre-formed RV24/MSP com-
plexes. Since the electrostatic interaction between protein and
RV24 is assumed to have minimal contribution to complex forma-
tion based on 2D-HSQC NMR findings and unavailable delivery of
negatively charged FITC-labeled Protein A, it is highly possible that
the positively charged CPP sequence will face out of the complex to
facilitate delivery across cellular membrane, instead of interacting
with negatively-charged amino acids of protein.

Understanding that the main interaction site on the protein is b-
sheet structure, we can easily identify the proteins that can be deliv-
ered by RV24 peptide if the 3D structures of the proteins are well-
characterized. To the best of our knowledge, this is the first study
to demonstrate the possibility of using peptide for intracellular pro-
tein delivery into human pluripotent stem cells and to identify the
interaction site for peptide/protein complex formation using 2D-
HSQC NMR. This simple yet efficient peptide/protein self-assembly
technology should have great potentials for intracellular delivery of
functional proteins into pluripotent stem cells for stem cells biology
research and their derivatives for therapeutic applications.
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