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Proteins are the engines of life by per-
forming essential functions, such as
catalysis, signal transduction, and

gene regulation, and maintaining a fine bal-
ance between cell survival and program-
med death.1 Consequently, intracellular de-
livery of functional proteins has significant
therapeutic implications in biological appli-
cations, including disease therapies, vacci-
nation, and imaging.2 However, the poor
stability and membrane impermeability of
most native proteins make efficient delivery
difficult. Different strategies that aim to
protect protein integrity and activity as well
as to aid intracellular delivery have been
explored. Covalent approaches include ge-
netic fusion of protein transductiondomains3,4

and conjugation of polymers to free amine
groups on the surface of proteins.5-7 How-
ever, these approaches often suffer from
alteration of protein activity due to modifi-
cation of protein structure. Noncovalent-
based polymer carriers that encapsulate
protein cargo via electrostatic assembly8,9

or hydrophilic and hydrophobic interac-
tions have also been explored.10,11 These
methods employ various materials to effec-
tively help the protein travel into cells, albeit
often suffer from instability in serum.
Polymer carriers can be engineered to

release cargo after cellular entry by employ-
ing a degradable moiety triggered by an
external or cellular signal.12,13 These strate-
gies allow protein to be protected during
cellular entry through the negatively charged
phospholipid bilayer membrane and de-
grade to expose native protein once inside
the cell in response to different cellular
environments. Degradation of the polymer
carrier has been engineered to respond to
loweredpH inendosomal compartments,14,15

higher levels of reducing agent glutathione

in the cytosol,16 and hydrolysis by nonspe-
cific esterases in the cytosol.17,18 Despite
these significant efforts, a controlled release
mechanism that is based on specific actions
of cellular enzymes is highly attractive be-
cause of the exquisite selectivity and the
neutral pH degradation conditions.19 Re-
cent advances have utilized secreted and
membrane-associated proteases, such as
matrix metalloproteinases (MMPs), to de-
grade polymers and release cargo in extra-
cellular space from hydrogels.20,21 To achieve
delivery of native proteins, we recently re-
ported a strategy to first protect and then
remove the protective coating intracellularly
without affecting protein function.22 We de-
monstrated intracellular delivery of apoptotic
protease caspase-3 (CP3) encapsulated in
polymer nanocapsules (NCs) that are cross-
linkedwith peptides that canbedegraded by
CP3 from within. Although effective as an
apoptosis-inducing NC, the strategy is spe-
cialized by the requirement that the cargo
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ABSTRACT Proteins possess distinct intracellular roles allowing them to have vast therapeutic

applications. However, due to poor cellular permeability and fragility of most proteins, intracellular

delivery of native, active proteins is challenging. We describe a biomimetic protein delivery vehicle

which is degradable upon the digestion by furin, a ubiquitous intracellular protease, to release

encapsulated cargos. Proteins were encapsulated in a nanosized matrix prepared with monomers

and a bisacrylated peptide cross-linker which can be specifically recognized and cleaved by furin.

Release of encapsulated protein was confirmed in a cell-free system upon proteolytic degradation of

nanocapsules. In vitro cell culture studies demonstrated successful intracellular delivery of both

nuclear and cytosolic proteins and confirmed the importance of furin-degradable construction for

native protein release. This endoprotease-mediated intracellular delivery system may be extended

to effectively deliver various biological therapeutics.
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itself must be proteolytically active to degrade the
protective shell.
In order to deliver a wide assortment of functional

proteins that can interact with different cellular targets,
a general mechanism for enzymatic degradation of the
NC and release of the protein cargo is needed. Toward
this end, we sought to design the NC that can disin-
tegrate and release proteins in response to the essen-
tial endoprotease furin (53 kDa), which is an ubiquitous
proprotein convertase expressed in all eukaryotic or-
ganisms and many mammalian cells.23,24 Furin is loca-
lized in various intracellular locations and has a
preferred substrate in the form RX(K/R)RV (R: arginine;
K: lysine, X: any amino acid; V: the cleavage site).25 Furin
processes a diverse group of endogenous proproteins
and foreign proteinaceous substrates, including those
from bacterial toxins, such as Shiga toxins and anthrax
as well as many viruses, such as measles and HIV-1. A
previous study elucidated the significance of a furin-
mediated cleavage of the papillomavirus (PV) minor
capsid protein L2 for necessary dissociation of the
capsid, release of viral DNA, and subsequent
transfections.26 We were motivated by these existing
natural roles of furin, both in the maturation of cellular
proteins and the activation of foreign invaders. We
demonstrate here the design and synthesis of a furin-
degradable biomimetic protein delivery vehicle that
can successfully deliver both cytosolic and nuclear
proteins in active forms to a variety of cell lines.

RESULTS AND DISCUSSION
Physical Characterization of Protein NCs. The biomimetic

design of our NCwas inspired fromhownatural foreign
delivery vehicles, such as viruses, utilize furin to cleave
their protective layers leading to release of invading
cargo.27 Furin-mediated processing of these viruses
allows the mature viral envelope to become exposed
or leads to disintegration of the capsid, thereby leading
to successful transfections. Our strategy was to noncova-
lently encapsulate the target protein cargo in a thin,
positively charged polymer layer, using two monomers
and furin-cleavable peptides as cross-linkers (CLs)
(Figure 1A). The peptidyl cross-linkers are analogous
to various furin substrates, such as the PV L2 capsid
protein. Upon entry into the cell, where furin activities
are abundant at various intracellular locations, the CLs
are proteolyzed and the polymeric matrix degrades,
leading to the release of cargo in native form (Figure 1B).

We selected a highly favored furin substrate (RVRR)
and synthesized a bisacrylated peptide CL (Ahx-RVRRSK)
as the NC CL, as shown in Scheme S1, Supporting
Information.28,29 Fmoc chemistry was used to synthe-
size a peptide with 6-aminohexanoic acid (Ahx) at the
N-terminus and a methyltrityl (Mtt)-protected lysine
residue at the C-terminus. After selective deprotection
and cleavage of the Mtt protection group with 3%
trifluoroacetic acid (TFA), the peptide was bisacrylated

using acryolyl chloride. This strategy, which utilized
differential acid-labile protection groups on the side
chains of amino acids to synthesize the CL, allowed
acryolation of only the N- and C-terminal free amine
groups while preserving the arginine groups unmodi-
fied for furin recognition. Additionally, complete synth-
esis on amide resin resulted in high yield and purity of
the final peptide product. The CL was purified with
high-performance liquid chromatography (HPLC) and
characterized by liquid chromatography mass spectro-
metry (LCMS) analysis (m/z: [M þ 2H]2þ = 511; [M þ
3H]3þ = 341; expected molecular weight: 1021). Upon
incubation with 1 unit of furin, complete cleavage of 1
ng peptide was observed within 2 h (Figures S1 and S3,
Supporting Information). To prepare the protein-con-
taining NCs, monomers acrylamide (AAm) and posi-
tively charged N-(3-aminopropyl) methacrylamide
(APMAAm) and CLs (Figure 1A) were first physically
adsorbed onto the surface of the target protein, which
included enhanced green fluorescence protein (eGFP),
caspase-3 (CP3), bovine serum albumin (BSA), or the
transcription factor Klf4, in this study. This was followed
by in situ free radical interfacial polymerization to form
the polymeric shell and to assemble the NC, which can
disintegrate and release cargo upon furin cleavage.

The sizes of NCs were assessed to be between 10
and 15 nm by dynamic light scattering (DLS) (Table S1,
Figure S4, Supporting Information). The NCs displayed
positive ζ potential of 7-9 mV (Table S1, Supporting
Information), which is desired for enhanced intracellu-
lar uptake.30,31 To evaluate the furin-degradable prop-
erty of the synthesized NCs, we first examined NCs
using transmission electron microscopy (TEM) and
observed furin-degradable eGFP NCs to have a compact,
spherical shape. In contrast, after 10 h incubation with
furin (1 unit), the NCs appeared completely dissociated,
less robust, and were indistinguishable from native eGFP
(Figure 1C and D). To confirm that the structural integrity
of protein remained intact during NC synthesis and furin
digestion, we performed circular dichroism (CD) to ex-
amine eGFP before and after NC degradation. CD spectra
indicated that the secondary structure of eGFP remained
unchanged during the entire NC assembly and disinte-
gration process and was identical to that of native
eGFP in solution (Figure S5, Supporting Information).

We then quantified the release of eGFP from NCs
using the enzyme-linked immunosorbant assay
(ELISA), since only released native eGFP is able to bind
to anti-GFP antibody, while encapsulated eGFP is un-
able to be recognized by the antibody. In addition to
furin-degradable NCs, we also examined protein re-
lease from nondegradable NCs that were cross-linked
using N,N0-methylene bisacrylamide. In the absence of
furin, degradable NCs did not display significant protein
release over a period of 24 h (Figure 1E), which was
comparable to that of nondegradable NCs. This indicates
that eGFP can remain encapsulated in thepolymeric shell
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over an extended period of time and that protein diffu-
sion effects are negligible. In contrast, upon addition of 1
unit furin to furin-degradable NCs, a steady increase
(∼0.15 nmol eGFP/unit of furin/hr) in the amount of free
eGFP was observed over 10 h, indicating gradual release
of eGFP from the NCs. The slower releasing phase
observed before 6 hmay be attributed to an initial period
in which the peptide CLs are being digested by furin.
When an increased concentration of enzyme (4 units)
was incubated with NCs, the release of protein occurred
more rapidly and reached a similar plateau level corre-
sponding to ∼80% total eGFP encapsulated. When a
competitive furin inhibitor, dec-RVKR-cmk,32 was added
to the assay (10 μM), the release of eGFP was remarkably
attenuated to the same level as the nondegradable and
furin-free samples. To assess the stability of NCs, we
performed the eGFP release assay of furin-degradable
NCs in conditions established for stability studies of
nanoparticles, including the uses of an acidic pH 5.5
buffer and a high-salt concentration of 500mMNaCl.33,34

As shown in Figure S6, Supporting Information, NCs did
not show significant protein release in either of these
conditions, indicating the NC remains intact and is not
subject to nonspecific acid hydrolysis or destabilization
due to shifts in ionic strength. These combined results
confirmed that the release of native eGFP from the NCs
was specifically dependent on the enzymatic activities of
furin.

Intracellular Furin-Mediated Native Protein Delivery in CHO
Cell Lines. Having established the furin-dependent de-
gradability of the NCs, we then sought to demonstrate

the ability of NCs to delivery native proteins to the
nuclei of mammalian cells. The first target protein
chosen was eGFP fused with the nuclear localization
signal (NLS, sequence PKKKRKV) from the simian virus
40 large-T antigen (NLS-eGFP).35 NLS-eGFP is chosen as
a fluorescent marker for the following reasons: First,
NC-mediated delivery into the cytosol of cells can be
readily visualized. However, in the absence of NC
degradation, the NLS tag will be concealed and thus
confine the eGFP fluorescence in the cytosol. Subse-
quently following furin-mediated degradation of NCs,
we expect NLS-eGFP to be released and lead to entry
of eGFP into the nucleus facilitated by the exposed NLS
tag. The change in the localization of the eGFP signal will
then be an indication of the release of protein cargo.

We first compared the extent of nuclear colocaliza-
tion of delivered NLS-eGFP using different Chinese
hamster ovary (CHO) cell lines with varied intracellular
furin levels, including CHO-K1 that expresses furin at a
normal level, FD11 that is furin-deficient, and FD11 þ
furin which is the FD11 strain transfected with an
overexpressed furin gene.36 We incubated 200 nM
furin-degradable NLS-eGFP NCs with CHO cell lines
and examined intracellular delivery with confocal mi-
croscopy after 24 h. Localization of eGFP signal to the
nucleus was prominent with furin-degradable NCs in
CHO-K1 and FD11þ furin cells (Figure 2A). In contrast,
eGFP fluorescence was only localized in the cytosol in
FD11 cells, and no nuclear entry was observed, indicat-
ing no capsule degradation in the absence of furin.
Furthermore, when nondegradable NCs were used as

Figure 1. Schematics and physical characterization of degradable NCs. (A) Structure of monomers, acrylamide and N-(3-
aminopropyl) methacrylamide, and synthesized furin-degradable CL used to form NCs. (B) Monomers and furin-degradable
CLs are polymerized to create a degradable polymericmatrix aroundprotein. NCs degrade intracellularly andprotein releases
upon proteolysis of the CLs by furin. (C) TEM images of fresh NCs and (D) NCs after incubation with furin for 10 h. (E) eGFP
releaseby 2.5 nmolNCs for 10 h. Black solid circle: Furin-degradableNCs; Furin-degradableNCswith 1U (red solid circle) and4
U (blue solid circle) furin; Green solid circle: Furin-degradable NCs with 1 U furin and dec-RVKR-cmk; and purple solid circle:
NCs with nondegradable CLs. The data represent averages with error bars from three independent experiments.
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delivery vehicles for NLS-eGFP, nearly all fluorescence
was found only in the cytosol for all cell lines (Figure S5,
Supporting Information), confirming the inaccessibility
of the encapsulated NLS-eGFP toward the nuclei.

To quantify the extent of nuclear delivery of NLS-
eGFP, we isolated the nuclear fractions from these
treated cells and measured the amount of eGFP using
ELISA. As shown in Figure 2B, the levels of eGFP
delivered to the nuclei by furin-degradable NCs were
two to three times greater in furin-expressing cell lines
compared to FD11. When these cells were cocultured
with furin-degradable NCs and 25 μM dec-RVKR-cmk,
the amount of eGFP in CHO-K1 decreased to that of the
FD11 levels. A smaller decrease was observed in FD11
þ furin cell lines treatedwith furin inhibitor, whichmay
be attributed to the higher expression levels of furin. As
controls, nearly no nuclear localization of eGFP was
observed in: (1) NLS-eGFP delivered by nondegradable
NCs; (2) untagged eGFP delivered by furin-degradable
NCs; and (3) NLS-eGFP delivered by NCs cross-linked
with Ahx-AAARSK (Figure S2, Supporting Information),
which is not recognized by furin (Figure S5g, Support-
ing Information). The absence of nuclear eGFP delivery
when NCs were cross-linked with a nonfurin-specific
peptide indicates that the peptide CL is not subjected
to hydrolysis by nonspecific proteases. Notably, NCs
did not show significant cytotoxicity up to ∼2 μM in
cell lines treated with NLS-eGFP NCs for 24 h (Figure 2C
and Figure S9, Supporting Information). Furthermore,
FD11 and FD11þ furin cells treated with 400 nM furin-
degradable NLS-eGFP NCs displayed identical cell
morphologies and no visible toxicity despite different
intracellular eGFP localization, further confirming the
nontoxic nature of this delivery method (Figure 2D).
Thus, proteolytically cleavable NCs can be constructed

with specific peptide crossslinkers, and the degrada-
tion to release protein can be modulated by the
activities of furin or other target endoproteases. Exam-
ination of furin-dependent nuclear delivery of eGFP
utilizing: (1) CHO cell lines with varying furin concen-
trations; (2) a competitive furin inhibitor dec-RVKR-
cmk; and (3) nonspecific peptide CLs (Ahx-AAARSK)
collectively indicates that the presence of active intra-
cellular furin and furin-degradable NCs are both
required for successful delivery.

Internalization of Protein NCs in Human Cell Lines. We then
explored intracellular protein delivery to various hu-
man cell lines. We first studied the delivery of NCs to
the HeLa cell line, which exhibits high levels of furin
expression.37 When furin-degradable NLS-eGFP NCs
were delivered to HeLa cells, significant eGFP localiza-
tion was observed within nuclei (Figure S5, Supporting
Information). Quantitative analysis of nuclear eGFP
levels also confirmed the successful delivery of eGFP
toHeLa cells using furin-degradable NCs (Figure 2B). We
thenexplored the cellular traffickingof furin-degradable
NLS-eGFP NCs in HeLa cells. We monitored eGFP fluor-
escence for 2 h following NC incubation with cells by
staining early endosomal marker, EEA1, or the late
endosomal marker, CI-MPR (Figure 3A). After 30 min
incubation, eGFP NCs showed ∼60% peak colocaliza-
tion with EEA1 indicating that NCs are internalized
by endocytosis (Figure 3B). The observation of eGFP
fluorescence signals at later time points lacking coloca-
lization with either endosomal marker indicates that
some NCs or proteins are able to be delivered into
the cytosol within 2 h of cellular uptake (Figure 3A
and Figure S8, Supporting Information). The inefficient
escape of protein from the endosome to the cyto-
sol remains an obstacle in many current delivery

Figure 2. In vitro studies demonstrating furin-degradability of NCs. (A) Confocal images of 200 nM furin-degradable NLS-
eGFP NCs delivered to FD11 þ furin cells and FD11 furin-deficient cells after 24 h treatment; red: nuclei, green: eGFP. The
central panel shows a slice of the xy plane, the xz plane corresponding to the position of the crosshairs is shown on the right,
and the yz plane is shown at the bottom. The scale bars are 10 μm. (B) Quantification of eGFP in the nuclear fraction of NC-
treated cells using ELISA. Cells were treated for 24 h before the nuclei were isolated. The data shown represent the average
value with error bars from three independent experiments. (C) Cell proliferation profiles of NCs delivered to CHO-K1 cells for
24 hwhichwere quantified by theMTS assay. (D) Representative phase and fluorescence images of CHO cell lines treatedwith
NLS-eGFP degradable NCs. The scale bar is 100 μm.
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approaches.38,39 Delivery methods that rely on cyto-
solic esterases or reducing environments to release
protein may never reach the cytosol and become
entrapped in endosomes, undergo lysosomal degra-
dation, and are eventually cleared from the system.

We also used HeLa cells to observe the effects of
using various amounts of furin-degradable CL to syn-
thesize NCs. We varied the molar ratio of AAm:AP-
MAAm:CL from 6:3.5:1 (A) to 6:3.5:0.5 (B) and synthe-
sized furin-degradable NLS-eGFP NCs. Both NCs had
similar size and charge (Table S1, Supporting Infor-
mation). As shown in Figure 3C and Figure S8, Support-
ing Information, cells treated with NCs synthesized
with more CL (NC A) displayed higher colocalization
with nuclei than those treated with NCs synthesized
with less CL (NC B), while the overall internalization of
eGFP and cell morphologies were comparable after
24 h. When the nuclear fractions were extracted and
eGFP was quantified with ELISA, nuclear eGFP of NC
A-treated cells were significantly higher than that of
cells treated with NC B (Figure 3D). These results imply
that the degradability and the surface chemistry of NCs
may play an important role in internalization and may
facilitate cytosolic native protein delivery at various
cellular entry points.

We then examined protein delivery into human
amniotic fluid-derived cells (hAFDCs). hAFDCs have

the potential to differentiate into all three germ layers40

and act as somatic resources which can be efficiently
induced into a pluripotent state.41 Hence, controlled
delivery of various factors to tune the functions of
these cells has significant therapeutic potential. We
delivered furin-degradable and nondegradable NLS-
eGFP NCs to hAFDCs and examined the extent of
nuclear delivery using confocal microscopy as shown
in Figure 3E and Figure S8, Supporting Information.
hAFDCs treated with 200 nM furin-degradable NCs
show a marked overlap between cell nuclei and pro-
tein, while fluorescence signals from nondegradable
NCs were only detected in the cytosol. These results
strongly indicate that furin-degradable NCs can be
used to deliver proteins to the nuclei of a diverse
variety of mammalian cells.

Delivery of Anticancer Caspase-3 to HeLa Cells. To further
demonstrate the utility of furin-mediated release of
functional protein cargo from the degradable NCs, we
prepared NCs containing CP3. CP3 is a potent execu-
tioner when delivered in native form to cells, as it acts
as a signal peptidase in the cellular apoptotic path-
way.42,43 Therefore, cell apoptosis is the physiological
change observed upon successful delivery and release
of native CP3 protein. We previously delivered CP3 to
cells using self-degradable NCs cross-linked with CP3-
cleavable peptides;22 here we seek to generalize the

Figure 3. Cellular internalization ofNCs in human cell lines. (A) The traffickingof NLS-eGFPNCs through endosomes. Early and
late endosomes were detected by EEA1 antibody (left) and CI-MPR antibody (right), respectively, which are stained in red.
HeLa cells were incubated with 10 nM NLS-eGFP NCs at 37 �C for various time points, fixed, and the overlap of eGFP with
endosomalmarkerswas observed by red andgreen colocalization resulting in a yellow color. The nuclei are stainedwithDAPI
shown in blue. The scale bar is 10 μm. (B) Quantification of NLS-eGFP NCs colocalized with EEA1 þ or CI-MPR þ endosomal
markers at various incubation times. Colocalization coefficients were calculated using the Manders' overlap coefficient (>10
samples). (C) Phase and fluorescence images of HeLa cells treated with degradable NLS-eGFP NCs for 24 h with varying cross-
linking density (blue: DAPI-stained nuclei; green: GFP). NC Awas synthesizedwith twice the amount of furin-degradable CL as
NC B. The scale bars are 100 μm. (D) Quantification of eGFP using ELISA in extracted nuclei of HeLa cells treatedwith NCA and
NC B with varying cross-linking densities of NCs. (E) Confocal images of AFDC cells treated with 200 nM nondegradable (left)
and furin-degradable (right) NLS-eGFP NCs (blue: Hoescht stained nuclei, green: eGFP). The scale bars are 50 μm.
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degradability of that systemby utilizing the activities of
intracellular furin instead. CP3 NCs were prepared in
similar fashion as the eGFP NCs starting from purified,
recombinant CP3. Various control CP3 NCs were also
synthesized to facilitate comparison to the furin-de-
gradable vehicle. After confirmation of surface charges
and sizes (Table S1, Supporting Information), the CP3
NCs were added to HeLa cells. As shown in Figure 4A,
cell death was only observed in HeLa cells treated with
furin-degradable CP3 NCs, with IC50 of ∼400 nM. In
contrast, cells treated with unencapsulated native CP3,
nondegradable NCs, and furin-degradable BSA NCs all
exhibited minimal apoptotic death within the concen-
trations of NCs used, confirming the furin-dependent
release of CP3 and the relatively nontoxic nature of the
polymeric capsule. This indicates that only furin-
degradable CP3 NCs are able both to enter the cell
and be degraded to release the executioner protein
which can induce apoptosis. To confirm the cell death
observed was indeed apoptosis, we performed the
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay which detects DNA fragmenta-
tion by labeling the terminal end of nucleic acids.44

When cells were treated with 200 nM CP3 NCs or
protein, trademark cell membrane blebbing and shrink-
age characteristics of apoptotic cells were observed in
cells treatedwith furin-degradable CP3NCs (Figure 4B).
After detachment of cells and performance of the
TUNEL assay, detection of DNA nicks observed with
AlexaFlour488-labeled antibody (green) was only de-
tected in cells treated with furin-degradable CP3 NCs
(Figure 4C and Figure S8, Supporting Information). In
contrast, native CP3-treated cells or nondegradable
CP3 NC-treated cells did not show signals of nicked
DNA in the total DNA content visualized with propi-
dium iodide (red). This indicates that furin-degradable
NCs are able to deliver active CP3 to the cytosol and
lead to apoptosis.

The successful delivery of CP3 also implicates the
future potential of this system to deliver various cancer
therapeutics which can interact with cellular machin-
ery to activate the apoptotic pathway.45 The amount of
furin-degradable CLs incorporated in the NC can be
tuned to achieve cell-specific intracellular protein de-
livery, as furin is upregulated in breast, ovary, head and
neck, and brain as well as nonsmall cell lung carcino-
mas, in comparison to normal cells.46-49 In this study, a
positive surface charge on the NC was targeted to
facilitate cellular entry by interaction with the nega-
tively charged phospholipid bilayer membrane.50 To
achieve selective cellular uptake, targeting positive
ligands could be attached to the surface of the NCs,
and the surface charge could be adjusted to neutral by
using uncharged monomers.51

Delivery of a Transcription Factor to Nuclei of MEF Cells. To
demonstrate the delivery of biologically relevant nu-
clear protein cargos to cells, we prepared NCs encap-
sulating the transcription factor Klf4. Klf4 is critical in
regulating expression levels of genes involved inmain-
taining the cell cycle as well as cellular structure,
adhesion, metabolism, and signaling.52 Many studies
implicate Klf4 as a tumor suppressor for colorectal and
gastric cancers.53 Particularly, Klf4 has been shown to
be one of the essential factors needed to maintain a
pluripotent state.54 Recently, recombinant iPS tran-
scription factor proteins were fused to protein trans-
duction domains (PTDs) of multiple arginines (9R or
11R), transduced into mouse and human fibroblasts,
and reprogrammed to produce induced pluripotent
stem (iPS) cells.55,56 The 11R-tagged proteins have
been delivered in vitro and in vivo to subcellular
compartments, such as nuclei and mitochondria in
a variety of tissues and organs, including the brain,
heart, and lymphocytes, thereby asserting 11R tags
as a useful delivery strategy for protein therapeu-
tics.57 We sought to compare intracellular delivery of

Figure 4. Cytosolic delivery of caspase-3 to HeLa cells. (A) Cell death profiles of HeLa cells treated with various cross-linked
NCs/protein for 24 h before performing theMTS assay for quantification of cell proliferation. (B) Cell phase images prior to the
TUNEL assay of HeLa cells treated with NCs for 24 h. The scale bar is 200 μm. (C) TUNEL assay results following detachment of
NC-treated cells, permeabilization, and staining. Propidium iodide (red) signifies the total DNA content, while AlexaFluor 488-
tagged antibody (green) corresponds to nick end DNA. The scale bar is 200 μm.
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11R-tagged proteins and protein NCs using Klf4 as a
model.

We synthesized NCs with Klf4-11R and verified the
size of nanocapsules to be ∼20 nm with TEM (Figure
S10, Supporting Information). We directly determined
the extent of protein delivery by performing immuno-
cytochemistry after culturing mouse embryonic fibro-
blast (MEF) cells with Klf4-11R or furin-degradable Klf4
NCs. As shown in Figures 5 and Figure S8, Supporting
Information, Klf4 delivered via NC can be prominently
detected in nuclei of cells which are counterstained
with Hoescht and examined using confocal micro-
scopy. Virtually every cell nucleus shows a strong signal
of Klf4 staining. The degree of staining is comparable to
the positive control, BJ-iPS cells, which are neonatal
human foreskin fibroblasts which have been repro-
grammed into iPS cells and have high-expression
levels of Klf4.58 In contrast, Klf4-11R shows much
weaker intensity and much less colocalization with
nuclei indicating delivery of Klf4 was not as efficient.
PTD-tagged cargo often becomes trapped in endoso-
mal compartments with no mechanism of release into
the cytosol, and <1% of the protein cargo may be
released.4,59 The prominent staining of Klf4 in the
nuclei of MEF cells suggests that NCs may offer more
protection for preservation of protein structure and
activity. PTD-tagged proteins and other proteins which
are exposed to the acidic environment in the endo-
someoften experience degradation and loss of activity.
The cargo can also be degraded or subjected to
proteolysis during cellular entry. In contrast, the en-
doprotease-mediated delivery system has a protective
polymer layer during cellular uptake until cleavage by
furin and release of protein. Collectively, these findings
demonstrate that degradable nanocapsules are suita-
ble vehicles for nuclear delivery for transcription
factors. The successful nuclear delivery of Klf4 using

furin-degradable NCs is also particularly promising as a
reprogramming tool. Direct delivery of transcription
factors would allow patient-specific therapies which
eliminate risks arising from genetic-based methods,
including unexpected modifications in target cell gen-
omes.

CONCLUSION

Intracellular delivery of active proteins is an essential
goal in various medical applications, including cancer
therapy, imaging, vaccination, and treating loss of
functioning genes in many diseases.60 Protein-based
therapeutic methods are safer alternatives to gene
therapies because no random or permanent genetic
changes are involved and only transient actions of
proteins are required for desired effects. However,
most native proteins are unable to penetrate the cell
membrane and often suffer from loss of function due
to proteolysis or aggregation in serum. Consequently, a
general intracellular protein delivery system is highly
desirable for delivery of diverse targets which have
different therapeutic uses. Particularly, using an enzy-
matic-based method would achieve a level of specifi-
city and control which is challenging with current
methods.
We successfully demonstrated both cytosolic and

nuclear delivery of proteins using our engineered NC
carrier which degrades in response to the ubiquitous
endoprotease furin. Different cell lines were demon-
strated to be amenable hosts for furin-mediated deliv-
ery, including the immortalized HeLa, the highly
regenerative hAFDC, and the essential structural MEF.
We also showed that protein cargos of different sizes
and tertiary structures can be encapsulated and re-
leased reversibly without loss of bioactivity, including
the 27 kDa β-barrel eGFP,61 the 51 kDa Klf4 that has
three zinc finger regions,62 and the 64 kDa CP3which is

Figure 5. Intracellular delivery of Klf4 to cells. Klf4 immunostaining in MEF cultures treated with Klf4-11R and furin-
degradable Klf4 NCswas examined using confocal imaging. BJ-iPSCswere also immunostained as a positive control, and cells
without any treatment were used as a negative control. The top panel shows Klf4 immunostaining with Cy3 conjugated
antibody (red), middle panel shows nuclear staining using Hoescht dye (blue), and bottom panel shows overlap between
both.
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a heterotetramer.63 In summary, through extensive
imaging and quantitative analysis in vitro, we have
shown the successful delivery of both cytosolic and
nuclear proteins based on specific furin-mediated

degradation and cargo release. This approach may
also be applicable to the intracellular delivery of other
therapeutics, including small drugs, peptides, siRNA,
and plasmid DNA.

MATERIALS AND METHODS
Complete materials and methods can be found in the

Supporting Information.
Synthesis of Furin-Degradable Peptide. Peptides were synthe-

sized using an automatic peptide synthesizer. Standard solid-
phase peptide synthesis protocols for Fmoc chemistry were
used. Peptides were assembled in the C-terminal amide form
using rink amide 4-methylbenzhydrylamine (MBHA) resins
(Anaspec, Inc.). Coupling of amino acids to the resin backbone
was accomplished by a 0.9 equiv of 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) acti-
vation and 2 equiv of diisopropylethylamine (DIEA). The Fmoc
group was removed by 20% piperidine in dimethylformamide
(DMF). Peptides were constructed with Fmoc-6-Ahx-OH at
the N-terminal and Fmoc-Lys(Mtt)-OH at the C-terminal
(Ahx-RVRRSK). The nonspecific peptide (Ahx-AAARSK) was
constructed in the same manner.

Resin bearing peptides were swollen in DCM, and then the
Mtt group was selectively removed with 3% TFA in DCM. The
exposed primary amine groups were acrylolated using a 20-fold
excess of acryloyl chloride and 20-fold excess of DIEA in DMF for
1 h on ice and then 1 h at room temperature. The progress of
acrylolation was monitored with the p-chloranil test. When a
negative p-chloranil test was achieved, the resin was washed,
dried under vacuum, and cleaved using TFA:water:TIPS in a
95:2.5:2.5 ratio. After cleavage, the peptide was drained into
cold ether, washed, and centrifuged four times. The crude
peptide was dissolved in water and lyophilized. The nonspecific
peptide was constructed in the same manner.

Preparation of Protein NCs. Onemg protein was diluted to 1mL
with 5 mM pH 9 NaHCO3 buffer after which acrylamide (AAm)
was added with stirring for 10 min at 4 �C. Next, N-(3-amino-
propyl) methacrylamide (APMAAm) was added. Afterward, the
peptide CL or nondegradable CL N,N0-methylene bisacrylamide
was added. Themolar ratio of AAm:APMAAm:CLwas 6:3.5:1. The
polymerization was immediately initiated by adding 3 mg of
ammonium persulfate and 3 μL of N,N,N0 ,N0-tetramethylethyle-
nediamine. The polymerization was allowed to proceed for 90
min at 4 �C. Finally, buffer exchange with 100 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES) and 1 mM
CaCl2, pH 7.5, was performed to remove unreacted monomers
and initiators.

Cell Free Furin Cleavage of Peptide and NCs. Fifty ng of furin CL
peptide or 2.5 nmol of furin-degradable protein NCs was added
to 100 mM HEPES, 1 mM CaCl2, and pH 7.5 buffer to a total
volume of 40 μL. One unit of furin enzyme was added to the
reaction mixture and incubated at 37 �C for various times. One
unit of enzyme is defined by Sigma as the amount of enzyme
needed to release 1 pmole from flourogenic peptide Boc-RVRR-
AMC in 1min at 30 �C. When furin inhibitor dec-RVKR-cmk (EMD
Chemicals, Inc., Gibbstown, NJ) was used, it was added to the
reaction mixture at a final concentration of 25 μM.

Enzyme-linked Immunosorbant Assay (ELISA). To quantify native
eGFP protein released, a GFP ELISA kit was purchased from Cell
Biolabs, Inc., San Diego, CA. We constructed a standard curve by
using knowneGFP amountswith 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 molecular weight cut-off
(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 incubated at room temperature for 2 h. Next, an anti
IgG mouse-HRP conjugate antibody was added. After 1 h,

tetramethylbenzidine (TMB) substrate was added and incu-
bated for 30 min. After the addition of stop solution to each
well, absorbance at 450 nm was measured.

Cell Culture. HeLa, MEF, (ATCC, Manassas, VA), and CHO cells
(a generous gift from Stephan Leppla, National Institutes of
Health) were cultured in Dulbecco's modified eagle's medium
(DMEM, Invitrogen) supplemented with 10% bovine growth
serum (BGS, Hyclone, Logan, UT), 1.5 g/L sodium bicarbonate,
100 μg/mL streptomycin, and 100 U/mL penicillin. AFDC cells
were cultured in minimum essential medium (R-MEM; Invitro-
gen) supplementedwith 10% fetal bovine serum (FBS). The cells
were cultured at 37 �C, in 98% humidity and 5% CO2. Cells were
regularly subcultured using trypsin-ethylenediaminetetraacetic
acid (EDTA).

Cellular Internalization Trafficking. NLS-eGFP NCs (10 nM) were
added to HeLa cells at 4 �C for 30 min. The cells were shifted to
37 �C for various incubation periods, fixed with 4% formalde-
hyde, permeabilized with 0.1% triton X-100, and separately
immunostained with antibodies against early endosomes
(mouse anti-EEA1 Ab) and late endosomes (rabbit anti-CI-MPR
Ab). Texas red goat anti-mouse IgG and Alexa Fluor647 goat
anti-rabbit IgGwere used as secondary antibodies. The nuclei of
treated cells were stained with DAPI. To quantify the extent of
colocalization between eGFP and endosomes, colocalization
coefficients were calculated using the Manders' overlap coeffi-
cient by viewingmore than 10 cells at each time point using the
Nikon NIS-Elements software.

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 in
5% CO2 and at 37 �C for 12 h before being treated with 200 nM
of appropriate NCs. Dec-RVKR-cmk was used at a concentration
of 25 μM. Cells were collected by trypsin-EDTA and by centri-
fugation after 24 h. A nuclear/cytosol fractionation kit (BioVision,
Inc., Mountain View, CA) was used to separate cytoplasmic and
nuclear extracts from NC-treated cells. Fractions were obtained
per the manufacturer's instructions. All procedures were per-
formed at 4 �C. Extracts were stored at -80 �C until the GFP-
ELISA assaywas performed (Cell Biolabs, Inc., SanDiego, CA). For
nuclear staining and subsequent Z-stack imaging, nuclei were
counterstained with TO-PRO-3 (Invitrogen).

TUNEL Assay. Apoptosis was detected in isolated HeLa cells
using a commercially available APO-BrdU terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assay kit
from Invitrogen. Briefly, cells were seeded into 6-well plates at a
density of 100 000 cells per well and cultivated in 2mL of DMEM
with 10% BGS. The plates were then incubated in 5% CO2 and at
37 �C for 12 h to reach 70-80% confluency before addition of
protein/nanocapsules. After 24 h incubation, cells were first
fixed with 1% paraformaldehyde in phosphate-buffered saline,
pH 7.4, followed by treatment with 70% ethanol on ice to
permeabilize the membrane. The cells were then loaded with
DNA labeling solution containing terminal deoxynucleotidyl
transferase and bromodeoxyuridine (BrdUrd). Cells were then
stained with Alexa Fluor 488 dye-labeled anti-BrdUrd antibody
for nick end labeling. The cells were finally stained with propi-
dium iodide (PI) solution containing RNase A for total DNA
content and visualized under fluorescence microscope (Zeiss,
Observer Z1) using appropriate filters for Alexa Fluor 488 and PI.

Immunostaining. Mouse embryonic fibroblast (MEF) cells were
plated in 8-well chamber slides at a density of 10 000 cells/well.
Cells were treated with 8 μg/mL of Klf4-11R or furin-degradable
Klf4 for 6 h and subsequently cultured in fresh media overnight.
As a control, BJ-iPS cells were also cultured. Cells were then
washed with PBS and fixed by 4% paraformaldehyde in PBS.
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Immunostaining was performed with rabbit anti-KLF antibody
(1:1000, Santa Cruz Biotechnology, Santa Cruz, CA) and Cy3
conjugated secondary Ab. Hoechst was used for nuclear counter-
staining.
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