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Transcription factors (TFs) can direct cell fate by binding to DNA and regulating gene transcription.
Controlling the intracellular levels of specific TFs can therefore enable reprogramming of cellular
function and differentiation. Direct delivery of recombinant TFs to target cells can thus have widespread
therapeutic value, but has remained challenging due to structural fragility of TFs and inefficient
membrane transduction. Here we describe the functional delivery of TFs using degradable polymeric
nanocapsules to drive cellular differentiation. The nanocapsules were synthesized with poly(ethylene)
glycol (PEG)-based monomers and intracellularly-degradable crosslinkers. Physical properties and
release kinetics of the nanocapsules were optimized through tuning of monomer and crosslinker ratios
to achieve enhanced delivery of cargo destined for the nuclei. The nanocapsules did not display cyto-
toxicity in primary cell lines up to concentrations of 5 mM. A recombinant myogenic transcription factor,
MyoD, was delivered to the nuclei of myoblast cells using degradable nanocapsules to induce myogenic
differentiation. MyoD was confirmed to be delivered to the nuclei of myoblasts using confocal micros-
copy and was demonstrated to be active in transcription through a luciferase-based reporter assay. More
importantly, delivered MyoD was able to drive myoblast differentiation as evidenced by the hallmark
elongated and multinuclear morphology of myotubes. The activation of downstream cascade was also
confirmed through immunostaining of late myogenic markers myogenin and My-HC. The efficiency of
differentiation achieved via nanocapsule delivery is significantly higher than that of native MyoD, and is
comparable to that of plasmid transfection. The encapsulated MyoD can also withstand prolonged
protease treatment and remain functional. The ease of preparation, biocompatibility and effective cargo
delivery make the polymeric nanocapsule a useful tool to deliver a variety of recombinant TFs for
therapeutic uses.

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

Transcription factors (TFs) aremodular proteins that include one
or more DNA-binding domains capable of attaching to specific
sequences and regulating transcription of specific genes [1,2]. As
such, TFs are the primary regulatory components of cells and can
determine the expression of all genes, including those imperative
for cellular development and cell cycle control. The expression of
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specific TFs is also regulated by elaborate control mechanisms in
response to different intracellular and extracellular signals [3,4].
The discovery that the diversity of different cell lineages can result
from the varying combinations of TF expression has enormously
impacted the field of regenerative medicine, which aims to replace
diseased cells with healthy, functional cells of the same type [5,6].
For example, terminally differentiated cells have been reprog-
rammed into induced pluripotent stem (iPS) cells by the ectopic
expression of four TFs, Oct4, Sox2, Klf4 and c-Myc, which then have
the capability to be differentiated into healthy functional cells of all
three germ layers [7,8]. Specific TFs can also dedifferentiate cells
into immature forms as evidenced by the demyelination of
Schwann cells when c-Jun expression is increased, thereby allowing
cell proliferation for replacement of damaged cells after nerve
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injuries [9,10]. Key TFs for differentiation of immature cells or
transdifferentiation from different cell lineages have been identi-
fied including CEBPa and CEBPb for macrophages [11], Pdx1 for
pancreatic b-cells [12], Foxp3 for regulatory T cells [13] and Ascl1,
Brn2 and Myt1l for neurons [14], etc. As a result, controlling intra-
cellular levels of specific TFs is a powerful method to redirect
cellular fate and produce healthy functioning cells of desired line-
ages. Developing tools to directly deliver TFs to specific cells can
therefore have widespread therapeutic value in regenerative
medicine.

Delivery of TFs to redirect cell fate has been explored primarily
through retroviral or lentiviral methods [15e17]. These methods
have raised safety concerns due to the incidence of viral integration
within endogenous genomes leading to unintended gene activation
[18] or transgene reactivation [19]. To address these concerns, TF
delivery for generation of iPS cells has been explored using
adenoviruses [20], plasmids [21,22] and transposons followed by
transgene removal using Cre-mediated excision [23]. However
safety issues of delivering TFs using genetic methods remain
widespread due to the potential for unexpected genetic modifica-
tions by the exogenous sequences in target cells. To avoid the
introduction of foreign genetic material into the cell, TFs can be
introduced directly as recombinant proteins fused with protein
transduction domain (PTD) tags [24,25]. However, PTD-tagged
proteins suffer from inefficient escape of transduced protein from
endosomes to the cytosol, degradation and inactivation of protein
during the cellular uptake process [26].

To protect protein integrity and activity, and to enhance the
efficiency of intracellular protein delivery, polymeric nanocarriers
can be complexed to recombinant proteins using both covalent and
non-covalent methods [27]. The use of polymers allows custom-
ization of the proteinepolymer complexes, including tuning of
overall size and surface charge, addition and presentation of
responsive elements, and the installation of protective layers to
preserve protein activity during cellular uptake. Nanocarrier-
mediated delivery of TFs is challenging because the intricate
structural features of recombinant TFs must remain intact during
nanocarrier synthesis, cellular transduction and intracellular
release steps [28,29]. In particular, the abundance of basic amino
acid residues in the DNA-binding domains of TFs are critical for
binding to the DNA-phosphate backbone, and chemical modifica-
tions to key lysines and arginines will result in loss of TF functions.
Additionally, many TFs have large unstructured regions, including
the DNA-binding domain, which can become structurally well-
defined when interacting with specific DNA sequences or other
co-activator proteins during assembly of the transcription
machinery [30]. The specificity and affinity of TFs are highly reliant
on preserving the native structure throughout the delivery process.
Therefore for regenerative therapies, polymeric nanocarriers that
can deliver recombinant TFs in native and functional form to cells
are highly desired.

We have developed polymeric protein nanocapsules (NCs) to
facilitate intracellular delivery of diverse proteins [31e33]. These
NCs have been engineered to encapsulate proteins without cova-
lent modification and have crosslinkers that can degrade intracel-
lularly. To achieve intracellular release of protein, the crosslinkers
are designed to be degradable only when inside the cells. We used
a peptidyl crosslinker containing a highly favored substrate (RVRR)
of furin, a ubiquitous endoprotease in mammalian cells [34]. Upon
entry into the cell, where furin activities are abundant, the cross-
linkers are proteolyzed and the polymeric matrix is degraded,
leading to the release of cargo in native form. Another degradation
strategy is by using a redox-responsive, disulfide-containing
crosslinker N,N’- bis(acryloyl)cystamine [35]. The polymer shell
maintains its integrity under oxidative conditions outside the cell
but undergoes degradation and cargo release after entry into the
more reducing cytosol. We have successfully delivered recombi-
nant proteins to human cell lines using both furin-degradable and
redox-responsive NCs. However, our approach so far is based on the
less desirable polyacrylamide polymer and functional delivery of
TFs has not been demonstrated to date. Here we demonstrate the
synthesis, optimization and application of poly(ethylene) glycol
(PEG) based protein NCs in the nuclear delivery of the TF MyoD for
differentiation of myoblasts into myotubes.

2. Materials and methods

2.1. Materials

All chemicals were purchased from SigmaeAldrich unless noted otherwise. N-
(3-aminopropyl) methacrylamide hydrochloride was purchased from Polymer
Science, Inc. CellTiter 96� AQueous One Solution Cell Proliferation Assay (MTS)
reagent was purchased from Promega Corporation. The furin-degradable peptide
was synthesized as previously described [32]. Deionized water was prepared using
a Millipore NanoPure purification system.

2.2. Instruments

Bradford assay absorbances were measured in a Thermo Scientific GENESYS 20
spectrometer. TEM images of nanoparticles were obtained on a Philips EM-120 TEM
instrument. Zeta potential and particle size distribution were measured on the
Malvern particle sizer Nano-ZS. Peptides were synthesized on a C S Bio Co. CS336X
solid phase peptide synthesizer. Fluorescent images of cells were obtained with
either a Zeiss Axio Observer Z1 Inverted Microscope or Leica one-photon confocal
laser scanning microscope (Leica Microsystems, Heidelberg).

2.3. Protein expression and purification

NLS-eGFP was expressed and purified as previously reported [32]. For expres-
sion of MyoD, pET-His-MyoD (a gift from Dr. Kobatake) was transformed into BL21
cells by electroporation. Transformed cells were inoculated overnight at 37 �C with
shaking in LuriaeBertani medium containing 100 mg/mL ampicillin. Overnight
cultures were diluted 1:200 and grown in Fernbach flasks containing 1 L of LB
medium with 100 mg/mL ampicillin at 37 �C with shaking at 270 rpm. When the
cultures reached an absorbance A600 w 0.8, isopropyl b-D-thiogalactopyranoside
was added to a final concentration of 1 mM to induce protein expression, and the
cells were incubated for 3 h at 37 �C. The cells were harvested by centrifugation
(3500 g, 4 �C, 15 min), resuspended in 30 mL Buffer A (50 mM TriseHCl, pH 8.0, 2 mM

DTT, 2 mM EDTA), and lysed by sonication. The insoluble fraction was collected by
centrifugation (15,000 g, 4 �C, 30 min) and dissolved in 8 M urea overnight at 4 �C.
After centrifugation at 14,000 g, 4 �C, 10 min, the solubilized fraction was filtered
with a 0.45 mm filter and incubated with 3 mL of Ni-NTA resin (Qiagen) for 3 h at
4 �C. The protein was then purified using a step gradient of Buffer A with 8 M urea
with increasing concentrations of imidazole (10, 20, and 250mM). MyoD proteinwas
eluted with 15 mL Buffer A containing 250 mM imidazole. The protein concentration
was qualitatively assessed by SDS-PAGE and quantitatively determined by the
Bradford protein assay. MyoD was dialyzed three times in refolding buffer (1xPBS,
1 M urea, 400mM arginine, 40 mM glutathione (reduced), 4 mM glutathione (oxidized))
and then three times in 1xPBS. Far-UV circular dichroism (CD) spectra of MyoD
protein (0.1 mg/mL in PBS) before and after refolding were obtained at 20 �C with
a JASCO J-715 Circular Dichroism Spectrometer. Optical rotation was measured from
190 to 250 nm with a bandwidth of 1 nm.

2.4. Preparation of protein NCs

1 mg protein was diluted in 500 mL of 5 mM pH 9 NaHCO3 buffer after which
polyethylene glycol methyl ether acrylate (Mn w 480) was added with stirring for
10 min at 4 �C. Next, N-(3-aminopropyl) methacrylamide (APMAAm) was added
with stirring for 5 min. Afterwards, the furin-degradable, redox-responsive (N,N’-
Bis(acryloyl)cystamine) or non-degradable crosslinker (N,N0-methylene bisacryla-
mide) was added. The polymerization was immediately initiated by adding 3 mg of
ammonium persulfate and 3 mL of N,N,N’,N’-tetramethylethylenediamine. The
polymerization was allowed to proceed for 60 min at 4 �C. Finally, buffer exchange
with 100 mM HEPES, 1 mM CaCl2, pH 7.5 (furin-degradable NCs) or 1xPBS (redox-
responsive and non-degradable NCs) was performed to remove unreacted mono-
mers and initiators.

2.5. Cell-free protein release assay from NCs

150 nmol of NLS-eGFP furin-degradable NC was added to 100 mM HEPES, 1 mM

CaCl2, pH 7.5 buffer into a total volume of 50 mL. 10 units of furin enzyme was added
to the reaction mixture and incubated at 37 �C for various times. 1 unit of enzyme is
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defined by Sigma as the amount of enzyme needed to release 1 pmole from
flourogenic peptide Boc-RVRR-AMC in 1 min at 30 �C. 10 mg NLS-eGFP redox-
responsive NCwas incubatedwith 1mMGSH in 200 mL PBS buffer at 37 �C for various
times. Samples from specific time points were appropriately diluted for the GFP
ELISA assay.

2.6. Enzyme-linked immunosorbant assay (ELISA)

To quantify native eGFP protein released, a GFP ELISA kit was obtained from Cell
Biolabs, Inc., San Diego, CA. A standard curve was constructed using known eGFP
amounts with the kit’s standard eGFP sample and by performing the assay. Briefly,
samples were centrifuged for 10 min at 7000 rpm with a 30 kDa MWCO filter to
isolate native eGFP protein. Then, the samples were loaded into anti-GFP rabbit
antibody coated wells and incubated at 4 �C overnight. After careful washing,
a detection antibody (anti-GFP mouse antibody) was added to each well and incu-
bated at room temperature for 2 h. Next, an anti IgG mouse-HRP conjugate antibody
was added. After 1 h, TMB substrate was added and incubated for 30 min. After the
addition of stop solution to each well, absorbance at 450 nm was measured.

2.7. Cell culture

HeLa and HFF (ATCC, Manassas, VA) were cultured in Dulbecco’s Modified
Eagle’s Medium (Invitrogen) or DMEM supplemented with 10% bovine growth
serum (BGS) (Hyclone, Logan, UT) or BGS, 1.5 g/L sodium bicarbonate, 100 mg/mL
streptomycin and 100 U/mL penicillin. Mouse C2C12 myoblast cells (a gift from Dr.
Rachelle Crosbie, UCLA) were cultured in DMEM with 20% BGS, 1.5 g/L sodium
bicarbonate, 100 mg/mL streptomycin and 100 U/mL penicillin. All cells were
cultured at 37 �C, in 98% humidity and 5% CO2. Cells were regularly subcultured
using 0.25% trypsin-EDTA.

2.8. Cytotoxicity studyusing3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay

Cells were seeded into 96 well plates at a density of 5000 cells per well and
cultivated in 100 mL of DMEM with 10% BGS. The plates were then incubated in 5%
CO2 and at 37 �C for 12 h to reach 70e80% confluency before addition of protein/NCs.
After 24 h or 48 h incubation with protein NCs, the cells were washed with
PBS solution and incubated with 100 mL fresh DMEM and 20 mL MTS solution
(CellTiter 96� AQueous One Solution Cell Proliferation Assay, Invitrogen). The plates
were incubated for an additional 3 h. The absorbance of the plates was read at
550 nm and a reference wavelength of 690 nm using a microplate reader (Power-
Wave X, Bio-tek Instruments, USA).

2.9. Imaging and quantification of nuclear localization

Cells were seeded into 48 well plates at a density of 10,000 cells/well and
cultured in 250 mL DMEM with 10% BGS. The plates were incubated for 12 h before
being treated with 400 nM NCs. After 24 h, cells were washed 3x with PBS and fixed
for 15 min with 4% paraformaldehyde. Nuclei were stained with 1 mg/mL DAPI. Cells
were imaged using Z-stack imaging and Image J was used for quantification of eGFP
and nuclear overlap.

2.10. Nuclear and cytoplasmic fractionation

Cells were seeded into 6-well plates at a density of 1 � 105 cells per well and
cultivated in 1.5 mL of DMEM with 10% BGS. The plates were incubated for 12 h
before being treatedwith 400 nM of appropriate NCs. Cells were collected by trypsin-
EDTA and centrifugation after 24 h. A Nuclear/Cytosol Fractionation Kit (BioVision,
Inc., Mountain View, CA) was used to separate cytosolic and nuclear extracts from
NC-treated cells. Fractions were obtained per the manufacturer’s instructions. All
procedures were performed at 4 �C. Extracts were stored at �80 �C until the GFP-
ELISA assay was performed (Cell Biolabs, Inc., San Diego, CA).

2.11. Protein-rhodamine conjugation

NHS-rhodamine (Thermo Scientific Pierce) was reacted with MyoD protein in
a 5 molar excess in 50 mM NaHCO3 buffer, pH 9 for 2 h at 4 �C. After the reaction,
MyoD-rho was purified by extensive buffer exchange using PBS with 30,000 MWCO
filters. MyoD-rho NCs were synthesized and cellular uptake was subsequently
imaged as previously described.

2.12. MyoD luciferase reporter construct cloning

A MyoD firefly luciferase reporter plasmid was constructed using pGL3-
promoter vector (Promega) as a template. Four copies of the E-box promoter
sequence upstream of the firefly luciferase gene was PCR amplified using
the specific primers I (50-CTCTTACGCGTCACCTGCACCTGCACCTGCACCTGCTCGA-
GATCTGCGATCTGC-30 with an underlined MluI site) and II (50CAGTACCGG-
AATGCCAAGCTTTTTGCAAAAGCCTAGGCCTCC-30 with an underlined HindIII site).
This fragment was amplified and inserted between the MluI and HindIII sites of
pGL3-promoter, thus resulting in MyoD-luc. After sequence confirmation, the
plasmid was transformed into E. coli XL1 cells and subsequently purified by min-
iprep (Zymo Research).

2.13. Dual-luciferase assay

C2C12 cells were plated at a density of 10,000 cells per well in 96-well plates and
incubated for 16 h. Cells were transfected with Lipofectamine per the manufac-
turer’s instructions with 50 ng pRL-TK Renilla luciferase (Promega) and 0.1 mgMyoD-
luc. For MyoD DNA transfected cells, 0.1 mg pORFMyoD (a gift from Dr. Derrick Rossi)
was also transfected. Cells were incubated in antibiotic-free media for 4 h, after
which 400 nM MyoD protein/NCs were added into freshmediawith antibiotics. After
16 h, another 400 nMMyoD protein/NCs were added to cells. After a total 48 h, cells
were washed three times with PBS and lysed with 80 mL Passive Lysis Buffer
(Promega) for 15 min at 25 �C. Cell lysate was centrifuged at 4 �C at 3500 rpm and
10 mL was plated in a 96-well plate and luciferase activity was monitored using
the Dual-Luciferase Reporter Assay system (Promega) with the GloMax
Multi þ Detection System.

2.14. Myoblast differentiation treatment

C2C12 cells were plated in 24 well plates (3000 cells/well) for immunostaining
or 6 well plates (10,000 cells/well) for qPCR and cultured in DMEM þ 20% BGS. After
24 h, cells were treated with 400 nM MyoD protein/NCs for 3 subsequent days. For
MyoD transfected cells, 1 mg or 3 mg pORFMyoDwas transfected using Lipofectamine
using the manufacturer’s protocol for 24 well or 6 well plates, respectively. Media
was changed each day thereafter for a total of 7 days after which cells were either
fixed or harvested for further experiments. For proteinase K treatment assays, 10 mg
protein/NCs were treatedwith 50 mg/mL proteinase K in 50mM TriseHCl, 5mM CaCl2
pH 7.5 buffer for 1 h at 37 �C before incubation with cells.

2.15. Immunostaining

Treated C2C12 cells were washed with PBS and fixed by 4% paraformaldehyde in
PBS. Immunostaining was performed with mouse anti-MyHC antibody (1:400, Mil-
lipore) and an Alexa Flour 488 conjugated secondary Ab. DAPI (0.1 mg/mL) was used
for nuclear counterstaining. Positively-stained cells were counted using Image J.

2.16. Quantitative real-time PCR

Treated C2C12 cells were trypsinized, collected by centrifugation and homoge-
nized using QIAshredder and total RNA was extracted using the RNeasy mini kit
(Qiagen). RNA samples (1 mg) were treated with DNase I (Invitrogen) and reverse
transcription was performed using the iScript RT kit (Bio-Rad). The SybrGreen
supermix kit (Bio-Rad) was used for real-time PCR. Threshold cycle (Ct) was
determined on the linear phase. Results were normalized by Ct of 18 s. Relative gene
expression fold differencewas calculated by 2�Dnormalized Ct. PCR primers are listed in
Table S2.
3. Results and discussion

3.1. Synthesis and optimization of PEG NCs

In order todevelopan intracellular proteindeliverysystemthat is
feasible for in vivo applications, a non-cytotoxic polymeric platform
is desired. PEG is the most widely used polymer for drug delivery
applications due to its biocompatibility and ability to reduce cargo
aggregation and proteolysis while increasing circulation time [36].
We selected a short chain length PEG (Mn w 480) as a monomer for
NC synthesis motivated by favorable properties of low molecular
weight PEG including complete water solubility [37], formation of
loosely packed particles [38] and easy excretion by humans [39]. A
positively charged co-monomer, N-(3-aminopropyl) meth-
acrylamide (M2), was also used in relatively lower quantities to
provide a slight positive charge on the surface of the NC needed for
cellular entry [40]. A two-step procedure is applied to fabricate the
protein NCs: first, a co-monomer mixture of M2 and PEG are
deposited onto the surface of target protein by adsorption; next in
situ polymerization is initiated in an aqueous solution, containing
monomers and furin or redox-responsive crosslinkers which allow
intracellular degradability of NCs (Fig.1A andB). The polymerization



Fig. 1. Furin-degradable and redox-responsive PEG NCs can release encapsulated protein. (A) Schematic of NC-mediated TF nuclear delivery. NCs are internalized into cells, the
polymeric shell degrades due to furin proteolysis or reduction in the cytosol of the crosslinker (pink), the released TF in native form localizes to the nucleus to bind DNA and initiate
transcription of genes. (B) Structures of monomers and crosslinkers used for NC synthesis. (C) TEM image of redox-responsive NLS-eGFP PEG NCs. The scale bar corresponds to
40 nm. NLS-eGFP release from (D) 150 nmol furin-degradable NCs upon incubation with 10 U furin at 37 �C and (E) 10 mg NLS-eGFP redox-responsive NCs after incubation with 1 mM

GSH at 37 �C at various time points quantified by ELISA. Data shown represents average values with standard deviation from three independent experiments. (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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is allowed to proceed for 1 h after which unreacted small molecules
are removed by ultrafiltration.

We first used nuclear localization signal-tagged enhanced green
fluorescent protein (NLS-eGFP) as protein cargo to examine NC
synthesis, and to establish the capability of PEG NCs to carry protein
across the membrane, degrade in response to cellular cues and
release protein destined for the nuclei of cells. As shown in Fig. 1C,
under preparation conditions, NLS-eGFP PEG NCs are uniform and
spherical in size (10e20 nm) as evidenced by transmission electron
microscopy (TEM) and dynamic light scattering (DLS) (Figure S1).
We further quantified the release of encapsulated protein from
degradable NCs using ELISA for both furin-degradable (Fig. 1D) and
redox-responsive (Fig. 1E) NCs. Upon incubationwith 10 units furin
or 1 mM glutathione (GSH), degradable PEG NCs released w90% of
the encapsulated NLS-eGFP protein. In contrast, NCs released <5%
of NLS-eGFP without degradation stimuli indicating that the poly-
meric layer can maintain structural integrity when subject to
incubation at 37 �C and no outward diffusion of the encapsulated
cargo takes place.

We next sought to optimize the NC formulation to achieve the
maximum relative content of PEG monomer while retaining cellular
internalization. NLS-eGFP NCs were synthesized with varying
PEG:M2 molar ratios using a non-degradable (ND) crosslinker (N,N’-
methylene bisacrylamide). The NCs were physically characterized by
DLStodetermine thesizeand z�potentialwhileuptakeefficiencywas
measured by incubation with HeLa cells followed by visualization
with fluorescent microscopy (Figures S1, S2). As shown in Figure S1,
a maximum PEG:M2molar ratio of 3.3 was determined above which
the eGFP fluorescencewas undetectable inside cells, presumably due
to the low z�potential of theNCs [41]. Additionally, NC diameters and
z�potentials were measured along with cellular uptake efficiency to
establish the optimal total amount of monomers for NC formation
(total moles monomers:moles protein ¼ 21:1) (Figure S1, S2). We
selected a PEG:M2 molar ratio of 2.6 which afforded NCs with the
most desired properties, including an average diameter of w10 nm,
lower positive z�potential between 0 and 3 mV and the resulting
intracellular eGFP signal as measured by fluorescent microscopy.

We next optimized the cytosolic release properties of the NCs
through tuning of the crosslinking ratio (moles crosslinker: total
moles monomers) (Fig. 2). The crosslinking density of NCs is
a critical synthesis parameter that directly impacts intracellular
degradability; a low crosslinking ratio can result in a loose poly-
meric matrix which “leaks” protein to the outside environment
before the desired destination, whereas a high crosslinking ratio
can result in a denser NC that is unable to be degraded inside the
cell in a timely fashion. Using intracellular NLS-eGFP fluorescence
distribution as a reporter, we can evaluate the extent of crosslinker
degradation and protein release from the NCs. If the NC is unable to



Fig. 2. Degradable PEG NCs can be engineered to deliver proteins to the nucleus. (A) Localization of eGFP with nuclei when HeLa cells were treated with 400 nM NLS-eGFP non-
degradable NCs with various crosslinking ratios for 24 h before imaging. Data represents average values and standard deviation of 10 images. (B) Representative images of HeLa cells
treated with NLS-eGFP NCs prepared with the same molar ratio of PEG:M2 and the same crosslinking ratio with either furin-degradable (furin-deg), redox-responsive (redox-resp)
or non-degradable (non-deg) crosslinkers. Cells were treated for 24 h with 400 nM NCs before being fixed and stained. (green: eGFP; blue: DAPI-stained nuclei) (C) Quantification of
eGFP in the nuclear fraction of HFF cells using ELISA. Cells were treated with 400 nM NLS-eGFP NCs prepared with various crosslinkers for 24 h before the nuclei were isolated. The
data represent the average and standard deviation of three treatments. (D) Cell proliferation profiles of various concentrations of NLS-eGFP NCs delivered to HFF cells for 24 h and
quantified by the MTS assay. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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degrade intracellularly, fluorescence from NLS-eGFP will be
retained in the cytosol due to inaccessibility of the NLS tag.
However, upon disassembly of the NC polymeric layer and release
of NLS-eGFP in the cytosol, the exposed NLS will guide the entry of
the protein into the nuclei where green fluorescence can be visu-
alized. To determine the minimal crosslinker density that can
completely return protein cargo in the absence of degradation, NLS-
eGFP NCs were prepared with a PEG:M2 ratio of 2.6 with varying
crosslinking ratios using ND crosslinkers and delivered to HeLa
cells. As shown in Fig. 2A, NLS-eGFP delivered to HeLa cells with ND
NCs synthesized from a crosslinking ratio <0.16 displayed nuclear
localization, likely due to the more porous polymeric matrix that
enabled outward diffusion of NLS-eGFP without degradation. Near
zero nuclear localization of NLS-eGFP was found when the cross-
linker ratio is >0.16 when preparing ND NCs.

Using optimized PEG:M2 (2.6) and crosslinking ratio (0.16), NLS-
eGFP PEG NCs synthesized with furin or redox-responsive cross-
linkers were prepared. Compared to the ND NCs described above,
the three different crosslinkers afforded NCs with similar physical
properties (Table S1). When delivered to HeLa cells, degradable NCs
afforded significant colocalization of green fluorescence in the
nuclei (Fig. 2B). Optimized NLS-eGFP NCs were also delivered to
human foreskin fibroblast (HFF) cells and nuclear fractions were
isolated for quantification of eGFP using ELISA (Fig. 2C). Nuclear
eGFP concentrations were more than 1000 fold enhanced in HFF
cells treated with degradable NCs compared to cells treated with
native NLS-eGFP proteinwhich is unable to enter cells. Importantly,
none of the NCs displayed significant cytotoxicity in HFF or HeLa
cells up to concentrations of 5 mM, promoting the biocompatibility
of optimized PEG-based NCs (Fig. 2D, S3).
3.2. NC-mediated nuclear MyoD delivery

After establishing the capability of the new PEG-based NCs as
nanocarriers for nuclear protein delivery, we targeted the delivery
of a recombinant TF that can drive the differentiation of specific
cells. MyoD is a TF belonging to the basic helix-loop-helix (bHLH)
TF family, which contains a structural motif of two a-helices con-
nected by a loop [42]. MyoD is a master regulatory TF capable of
activating muscle-specific genes and stimulating the complete
myogenesis process when introduced into a large variety of cell
types [43]. MyoD function is characterized to be intimately corre-
lated with its structural integrity which has been elucidated in
many previous studies; the basic DNA-binding region and a-helices
must remain intact for promoter binding and dimer formation,
respectively [44].

Mouse full-lengthMyoD protein (45 kDa)was expressed in E.coli
BL21(DE3) cells with a polyhistidine tag, purified from inclusion
bodies using affinity chromatography and refolded through
extensive dialysis. Circular dichroism (CD) was performed to
confirm that refolded MyoD regained the correct secondary struc-
ture content [45] (Figure S4). We subsequently synthesized MyoD
NCs using the optimized PEG formulationwith non-degradable and
degradable crosslinkers and obtained NCs with sizes and
z-potentials similar to each other (Fig. 3A). MyoD NCs exhibited
slightly positive z-potentials after synthesis as desired for cellular
uptake; in contrast, native MyoD displayed a negative z�potential
before encapsulation. Interestingly, we observed decreases in sizes
and size variances of MyoD NCs (w10 nm) following encapsulation
when compared to native MyoD protein (w14 nm) (Figure S5). The
basic region of bHLH TFs is known to be unstructured in the



Fig. 3. MyoD protein can be encapsulated in degradable PEG NCs and delivered in active form to cells. (A) Mean hydrodynamic size and z�potential of MyoD protein and NCs
prepared with various crosslinkers. (n ¼ 6). (B) Z-stack imaging of C2C12 myoblasts which were treated with 2 doses of 400 nM rhodamine-tagged MyoD protein/NCs for 48 h
before being fixed and stained. (red: rhodamine-tagged MyoD; blue: DAPI-stained nuclei; purple: nuclear colocalization) (C) Dual-luciferase assay in C2C12 cells which were
transfected with a MyoD-responsive firefly luciferase construct (MyoD-luc) and subsequently treated with 2 doses of 400 nMMyoD protein/NCs for 48 h before cells were harvested
and assayed for luciferase activity. (n ¼ 4) Data is the average and standard deviation. Unpaired student t-test; *P < 0.05; **P < 0.01. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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absence of DNA but undergoes a conformational change into
a-helices when bound to cognate DNA sequences [46]. As
a result, the unstructured domains of MyoD may contribute to the
larger hydrodynamic radius obtained from DLS measurements.
Polymerization of an encapsulating layer around MyoD may
therefore serve to decrease the size of MyoD in solution by con-
straining motion of the unstructured regions into a more compact
shape.

To examine intracellular localization of delivered MyoD in
C2C12 mouse myoblast cells [47], MyoD was first conjugated to
a fluorescent rhodamine dye to yield MyoD-rho prior to encapsu-
lation. As observed by confocal microscopy (Fig. 3B), enhanced
nuclear localization of MyoD-rho delivered via degradable NCs is
observed in C2C12 cells in comparison to native MyoD-rho. As
expected, MyoD-rho encapsulated in ND NCs exhibited little to no
nuclear colocalization, further confirming the complete encapsu-
lation of MyoD. These observations are consistent with previous
findings indicating that native MyoD protein is able to penetrate
cell membranes due to an internal PTD sequence, however nuclear
localization is highly inefficient compared to those delivered by
degradable NCs, likely due to protein entrapment in endosomal
vesicles and degradation during cellular entry [48].

To demonstrate that MyoD delivered to nuclei by NCs was in
active form, we constructed a luciferase reporter plasmid (MyoD-
luc) containing 4 copies of the E-box sequence (CACCTG) upstream
of the firefly luciferase gene. bHLH TFs are known to recognize and
bind the E-box sequence to enhance transcription of downstream
genes [49]. C2C12 cells were cotransfected with MyoD-luc and an
internal control Renilla luciferase plasmid using Lipofectamine�

and treated with 2 doses of 400 nM MyoD protein/NCs for 48 h. As
shown in Fig. 3C, the levels of Firefly/Renilla luciferase expression
were increased for cells treated with degradable MyoD NCs or
transfected withmyoD DNA. The lower level of increased luciferase
expressionmay occur because the E-box sequence is not specific for
MyoD and is recognized by other bHLH TFs, thereby contributing to
background luciferase levels in untreated cells. Both furin-
degradable and redox-responsive MyoD NC-treated cells demon-
strated significant increases in firefly luciferase expression (w1.5
fold). In contrast, cells treated with native MyoD and NDMyoD NCs
did not show significant increase in luciferase signals compared to
untreated cells.

3.3. Differentiation of myoblast cells using degradable NCs

C2C12myoblast cells are embryonic progenitor cells which have
the potential to develop into all three muscle types: skeletal,
cardiac or smoothmuscle [44]. When introduced into cells from the
mesoderm layer, MyoD commits cells to the skeletal lineage and
further regulates the process by increasing its own expression as
well as enhancing expression of other myogenic TFs and differen-
tiated muscle proteins in a feed-forwardmechanism. These cellular
actions lead to myogenic differentiation and a phenotypic change
from proliferating myoblasts to contractile multinucleated muscle
fibers made of myotubes. Having established that degradable PEG
NCs can deliver recombinant MyoD in active form to the nuclei of
C2C12 cells, we devised a treatment protocol for myoblasts in
which cells were treated for 3 days with 400 nM of either native
MyoD protein or MyoD NCs (Fig. 4A). Subsequently, the media was
changed each day until day 7 when cells were analyzed for differ-
entiation. To test the extent of differentiation of myoblast cells into



Fig. 4. C2C12 myoblasts can be differentiated into myotubes using degradable MyoD NCs. (A) Schematic of treatment of C2C12 myoblasts with MyoD protein/NCs to induce
differentiation to multinucleated, elongated myotubes. (B) Fluorescent images of C2C12 cells after MyoD protein/NC treatment. Cells were immunostained with a myosin-heavy
chain (My-HC) antibody conjugated with an Alexa-Fluor 488 (green). Nuclei were counterstained with DAPI (blue). (C) Quantification of positively-stained cells for each treatment
group with and without 50 mg/mL proteinase K for 1 h at 37 �C. Data is the average and standard deviation of 10 images. (D) Real-time PCR analysis of the relative expression of
muscle-specific genes of myogenin and My-HC in treated C2C12 cells at day 4 and day 5 of treatment. (n ¼ 2). Unpaired student t-test; *P < 0.05; **P < 0.01. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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mature myotubes, we performed immunostaining using a myosin-
heavy chain (My-HC) antibody. My-HC is the major muscle protein
of the contractile apparatus of mature muscle fibers and its
increased expression is correlated with increased expression of
MyoD [50,51]. As evidenced by fluorescent imaging and quantifi-
cation (Fig. 4B and C), an increased number of cells exhibited My-
HC expression when treated with degradable MyoD NCs as
compared to cells treated with ND NCs or native MyoD protein.
More excitingly, cells treated with degradable NCs also displayed
elongation and multinucleation which are hallmark morphological
properties of differentiated myotubes [52]. In contrast, untreated
and ND MyoD NC-treated cells did not show positive staining for
My-HC or morphological changes. Native MyoD protein-treated
cells displayed low levels of positive staining for My-HC but did
not exhibit elongated multinucleated myotubes as observed in cells
treated with degradable MyoD NCs, possibly due to incomplete
differentiation as a result of inefficient delivery. Notably, cells
treated with degradable MyoD NCs displayed similar differentia-
tion patterns and efficiencies to cells transfected with myoD
plasmid using Lipofectamine�.
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We further characterized the differentiation of myoblast cells
by analyzing gene expression of myogenic markers My-HC and
myogenin using quantitative real-time PCR at various time
points during the treatment (Fig. 4D, S6, Table S2). Myogenin is an
essential bHLH TF acting downstream of MyoD that coordinates
skeletal muscle development into early myotubes [53]. As shown
in Fig. 4D, degradable MyoD NC-treated cells showed a gradual
increase in myogenin and My-HC expression and exhibited
a significant increase in myogenic gene expression compared to
untreated cells within 5 days after treatment. In contrast, cells
treated with native MyoD and ND MyoD NCs did not exhibit
significant increases in myogenin or My-HC expression within day
5. The late-stage increased expression of myogenin in MyoD
protein-treated cells may be attributed to partial differentiation of
myoblasts which is further supported by low expression of the later
myogenic differentiation marker, My-HC observed from immu-
nostaining and real-time PCR (Figure S6). The enhanced gene
expression at earlier time points in degradable MyoD NC-treated
cells may correlate to a greater quantity of functional MyoD being
present in the nuclei, thereby providing the foundation to drive
differentiation through cooperative associationwith MyoD or other
related proteins to bind DNA and initiate transcription of myogenic
proteins. The myogenic differentiation initiated by MyoD degrad-
able NCs indicates that structural motifs of MyoD are preserved
throughout the entire delivery and release steps. In addition to
the requirement for the basic DNA-binding region of MyoD to be
intact for E-box promoter binding and subsequent transcription
[54e56], the a-helices of MyoD must also form homodimers or
interact with the E47 co-activator to form heterodimers to activate
differentiationmarker expression [57e59]. Moreover, MyoD adopts
different conformations in response to particular co-activators,
further establishing the importance of maintaining intact MyoD
structure for eventual myogenic differentiation.

3.4. Protease treatment of MyoD NCs

A desired property of nanocarriers for intracellular delivery is
the ability to protect encapsulated biological components from
potential degradation encountered before and during cellular
entry. The unstructured regions of MyoD are targets of cellular
proteases and can be inactivated upon proteolysis. To test the
ability of degradable NCs to withstand external proteolysis, we
incubated MyoD protein or MyoD NCs with proteinase K (PK),
a broad spectrum serine protease [60]. MyoD protein or MyoD NCs
were incubated with 50 mg/mL PK at 37 �C for 1 h and subsequently
incubated with C2C12 cells using the differentiation treatment
protocol (Fig. 4A). As shown in Fig. 4C and S7, degradable NC-
treated cells persisted in forming elongated and multinucleated
maturemyotubes as evidenced by immunostaining and subsequent
quantification. In contrast, native MyoD protein-treated cells
completely lost the ability to drive the differentiation of myoblasts
into myotubes, reflected in the same number of positively-stained
cells as background levels (Fig. 4C). These combined results confirm
the ability of polymeric NCs to shield proteins from external
degradation factors such as proteolysis and retain the activity of
encapsulated protein.

4. Conclusion

Intracellular delivery of recombinant TFs has extensive thera-
peutic impact by directing cell fate without introducing foreign
genetic material into cells. The various structural components of
TFs required for interacting with a plethora of macromolecular
partners/targets necessitate the proteins to remain unmodified
during the internalization and delivery process. In this study, we
demonstrated the design, synthesis and optimization of PEG-based
degradable protein NCs. Notably, PEG NCs did not display cyto-
toxicity in concentrations up to 5 mM, supporting the future
development of degradable NCs for in vivo applications. We
established the in situ polymerization strategy can package the TF
MyoD into robust, spherical and sub-20 nm nanoparticles. The
degradable NCs can subsequently deliver MyoD to the cytosol of
myoblast cells, release functional MyoD to enter the nuclei and
initiate myogenic differentiation. Importantly, PEG NCs are vali-
dated as a platform which retains encapsulated protein structure
and activity as evidenced by the ability of MyoD to perform
complex downstream processes and regulate myogenesis.
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