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ABSTRACT: The direct delivery of functional proteins into the
cell cytosol is a key issue for protein therapy, with many current
strategies resulting in endosomal entrapment. Protein delivery to
the cytosol is challenging due to the high molecular weight and the
polarity of therapeutic proteins. Here we review strategies for the
delivery of proteins into cells, including cell-penetrating peptides,
virus-like particles, supercharged proteins, nanocarriers, polymers,
and nanoparticle-stabilized nanocapsules. The advantages and
disadvantages of these approaches including cytosolar delivery are
compared and contrasted, with promising pathways forward

identified.

Protein delivery has important applications both in vitro and in

INTRODUCTION

vivo. In vitro, delivery of proteins into cells provides a
potentially game-changing approach to manipulate signaling
pathways,' stimulate potent antitumor immune cells,” and
induce pluripotency for tissue engineering and wound healing.®
Effective in vivo protein delivery would provide therapeutic
replacement of missing, dysfunctional, or poorly expressed
proteins. Delivery of key functional proteins provides strategies
to agonize or antagonize key intracellular pathways for both
chronic and acute conditions, such as cancer, inflammatory
diseases, oxidative stress-related disorders, diabetes, and brain
injury. To date, around 100 proteins with different functions
have been transported into cells in various animal models, with
some protein systems making it to clinical trials.”’

Protein delivery into cells has two major challenges. First, the
protein must be transported into the cell. Proteins can be
modified or conjugated to take advantage of normal cell uptake
processes including endocytosis and phagocytosis.6 Once inside
the cell, however, there is a more vexing problem: delivered
proteins are trapped in vesicular structures (e.g., endosomes)
after internalization, which prevents their access to the cytosol.7
The encapsulated proteins therefore do not achieve their
desired biological activity because they do not reach their
cytosolic targets. While progress has been made on both
delivery and endosomal escape, effective delivery of proteins to
the cytosol remains a challenge. In this Topical Review we will
highlight current approaches to protein delivery, focusing on
the strengths and challenges of three broad categories:
mechanical methods, covalent protein modification, and
supramolecular delivery systems.
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B STRATEGIES OF CURRENT PROTEIN DELIVERY

Mechanical Delivery Methods. Mechanical/physical
methods such as microinjection and electroporation are the
most traditional methods for protein delivery. These
approaches provide the delivered proteins with direct access
to the cytosol, which makes them very useful for in vitro
investigations. These methods, however, are low-throughput,
invasive, and require specialized equipment to mechanically/
physically puncture membranes: important issues for in vitro
applications.>® In vivo use of these methods is complicated by
the need for direct physical access to the targeted cells, which
limits the volume of tissue that can be locally treated.
Additionally, the transient cell permeablization provided by
these approaches allows influx of other proteins and
biomolecules into the cell, generating potential side effects."

Carrier-Based Delivery. The inherent advantages of
carrier-based delivery systems makes them attractive alter-
natives to mechanical methods for transporting proteins into
cells. There are two categories of delivery strategies that have
been broadly employed: covalent protein modifications and
supramolecular delivery systems. These categories can be
further divided into several subgroups, including cell-penetrat-
ing peptides (CPPs), virus-like particles, supercharged proteins,
nanocarriers, supramolecular carrier-based delivery systems,
and nanoparticle-stabilized nanocapsules (Figure 1).

Covalent Protein Modifications. Cell-Penetrating Pep-
tides. Protein modification with cell-penetrating peptides
(CPPs) and other modifying group proteins provide promising
vectors for protein delivery. While these functionalization
strategies commonly use proteins modified with short cationic

Received: July 18, 2014
Revised: ~ August 10, 2014
Published: August 18, 2014

dx.doi.org/10.1021/bc500320j | Bioconjugate Chem. 2014, 25, 1602—1608



Bioconjugate Chemistry

+ ereeeEeTEtestorere

Teee,
-, e eccscttetececoecnony -
A mgtt £ A e ttenng, e,
B i3 e 2
Py 3
%, + 7
P M R Y
o Pt + \
Saaaa 0¥ +
+

-
'\v"':.\‘
g +

vy,
iy

2

saRReCTER,
o 2% n««,:‘"'
# Tery,

Preceessart T
R

vy,
",

",

i gec® ¥

ore, Troece, ecet 18

h, "frv.-,_“ Trreeceesereoeeroeette s preetet TS
“""\;ﬂ-un«- eccceectets !

Figure 1. Schematic illustration of protein delivery systems. (A) cell-
penetrating peptides, (B) supercharged proteins, (C) virus-like
particle, (D) nanocarrier, (E) liposomes, (F) polymer, and (G)
nanoparticle-stabilized nanocapsule.

peptides at one of their termini during expression, post-
modification of the protein provides a complementary means of
accessing proteins that are functionalized at other positions
(Figure 2).'" CPPs have been quite effective at bringing a wide
range of synthetic and biological components into cells,
including enzymes, cytokines, apoptotic molecules, protein
hormones, molecular chaperones, and cell-signaling proteins.
There is, however, some controversy as to the mechanism of
cell uptake of CPP-tagged materials.'””™'* The original
hypothesis was that CPPs worked by penetrating the cell
membrane through a translocation or transduction process,
which would provide cytosolic access.'” Further research
indicates that uptake often occurs through endocytic
mechanisms that result in endocytic entrapment.'>~"*

Regardless of mechanism, there have been numerous
examples of CPP-mediated delivery of proteins in vitro.'*”'
CPPs used in these studies have ranged from classical ones,
such as TAT peptide, polyarginine peptide, Pep-1, and
penetratin, to newly discovered ones. However, the efficiency
of cytosolic access of these protein conjugates is debatable. It is
reported that CPPs enter cells by an endocytic mechanism, and
the proteins linked with the CPP tend to rapidly concentrate
inside the endocytic organelles.'” ™' To address this issue,
several methods have been developed to improve endosomal
escape, including pH- and temperature-induced modulators,
synthetic endosomal lysis agents, and photoinduced physical
disruption.”>**

In vivo delivery features substantial additional challenges
beyond cellular uptake, including biodistribution, pharmacoki-
netics, and immune response. CPPs have been used in vivo to
address these issues, with recent results including the inhibition
of tumor growth by TAT fused with the C-terminal domain of
¢-FLIP,** and the cardioprotective function of TAT-Ndil in
treatment of the animal model of lethal myocardial ischemia-
reperfusion (I/R) injury.”® Despite these positive results from
rodent models, clinical trials indicate that challenges still
remain. For example, delcasertib (also known as KAI-9803), a
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Figure 2. Protein delivery into cells by using a CPP (R7). (A)
Schematic diagrams of recombinant proteins with or without the CPP
(R7)-conjugated vectors. (B) Comparison of the efficiency of two
different protein-delivery systems (CPP- and Streptolysin O-
mediated). Transduction of GFP and R7-GFP was detected by
confocal microscopy. GFP or R7-GFP is visualized in green. Nuclei
were counter-stained with DAPI and the images were merged (the top
three rows show 400X magnification and the bottom two rows show
1000X magnification plus 3X zoom). Scale bars represent 20 ym. GFP,
green fluorescent protein; DAPI, 4',6-diamidino-2-phenylindole.
Reprinted with permission from ref 11. Copyright 2011 Nature
Publishing Group.

selective a-PKC inhibitor composed of a fragment of the a-
PKC C2 domain (dV1—1), where TAT peptide did not show
significant decrease in heart tissue damage from artery-opening
surgery in a phase IIb clinical trial, although KAI-9803 reduced
cardiac damage in a rat model of acute myocardial infarction
caused by ischemia-reperfusion.*®

Virus-Like Particles. Virus-like particles (VLPs) are another
emerging category of protein delivery vehicle. VLPs are formed
by self-assembly of virus capsid proteins, which are similar in
size and conformation to intact infectious virions, but possess
nonviral properties, includin§ being nonreplicating, non-
pathogenic, and genomeless.”” Recent reports show that
VLPs can be used to deliver biologically active proteins into
cultured cells as heterologous protein fused with the anchoring
protein of VLPs.*®* However, the intercellular location of
proteins that results from VLPs delivery requires evaluation of
the efficiency of cytosolic access, and the immunogenicity and
safety of viral proteins in VLPs needs to be further determined
by in vivo studies.

Supercharged Proteins. Supercharged proteins are a class of
engineered or naturally occurring proteins with unusually high
positive or negative net theoretical charge (typically >1 net
charge unit per kilo-Dalton of molecular weight). Previous
reports suggest that engineered GFP variants with very high net
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Figure 3. MNPs deliver serratiopeptidase into cells. (A) Scheme of the immobilization of Cytc-Lac into MSN-SH via redox-sensitive smart bonds
followed by its intracellular delivery into cancer cells. (B) Internalization of the MSN-SPDP-Cyt c-Lac bioconjugate by HeLa cells observed by
confocal microscopy. The left image is the autofluorescence image of the cells, the lower left shows the FITC labeled MSN internalized by the cells,
the lower right shows the FM4-64 labeled endosomes, and the upper right micrograph is the merged image. FITC, fluorescein isothiocyanate.
Reprinted with permission from ref 36. Copyright 2014 American Chemical Society.

positive charge can penetrate and deliver other macromolecules
into mammalian cells.”® Recent studies indicate that a large,
diverse class of naturally occurring human proteins with
unusually high net positive charge (possibly >2% of the
human proteome) have the ability to deliver functional proteins
into mammalian cells both in vitro and in retinal, pancreatic,
and white adipose tissues in vivo.”' However, the internalization
mechanism of naturally occurring proteins with high net
positive charge for protein delivery remains unclear, and
supercharged modification of proteins may alter the protein
properties and activity. Nevertheless, there are examples of local
protein delivery by using supercharged proteins, including
intramuscular injection of Cre fused to a supercharged protein,
which leads to functional delivery only near the injection site, as
most of the protein fusion precipitated.®!

Covalent Nanoconjugates. Nanocarriers provide an alter-
native strategy to direct protein delivery, offering increased
options for control of size and surface properties.>**> Two
strategies have been used for nanocarrier-based protein
delivery.** Covalent attachment provides a stable linkage
between carrier and protein, an important issue for in vivo
applications. These covalent conjugates can, however, interfere
in protein folding and function. One successful application of a
covalent bioconjugate is the use of magnetic nanoparticles
(MNPs) as nanocarriers for delivery of serratiopeptidase to
targeted cells, in which chitosan amino-functionalized MNPs
conjugated to serratiopeptidase through a glutaraldehyde linker
increased the anti-inflammatory activity of the therapeutic
protein in vitro and in vivo.>> Another example of nanocarrier-
mediated protein delivery is the covalent conjugation of
mesoporous silica nanoparticles (MSN) to a small mitochon-
drial heme protein, cytochrome C (Cyt C), for induction of
cancer cell death (Figure 3).%

Supramolecular Delivery Systems. Carrier Based
Delivery Systems. Supramolecular carrier-based delivery
systems are modular and operate through reversible associa-
tions with target proteins. In noncovalent strategies, proteins
and delivery vectors self-assemble, which allows the transport of
unmodified proteins into the cell. These strategies can use
native protein, and overcome some of the limitations of
covalent protein modification strategies, including protein
misfolding and denaturation. One example of protein delivery
is by Kim and co-workers, in which self-assembled nano-
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particles composed of glycol chitosan (GC)-bearing f-cyclo-
dextrin (GC-CD) were used as a protein carrier to deliver
human growth hormone (hGH) into cells; as a result hGH was
released from the nanoparticles in a sustained manner for 9
days.*” Another example is the targeted delivery of proteins into
the brain by using a chitosan and rabies virus glycoprotein
(RVG) peptide-conjugated, pluronic-based complex nano-
carrier.

Liposomes. Liposomes are one of the more traditional
nanocarriers, with strengths that include modularity and ease of
preparation. Liposomal carriers have been used to effectively
deliver a wide variety of proteins into cells, including albumin,
antibodies, enzymes, and cytokines.***® For example, lysine-
based cationic liposomes effectively delivered albumin and
antibodies into cytoplasm via caveolae-mediated endocytosis,
and the delivery efliciency of the liposome/albumin complexes
can reach 99% at 37 °C.*' Although encapsulation of protein in
liposomes has high celluar transport efficiency, the amount of
encapsulated protein remains a challenge. A recent report
showed that a freeze—thaw cycling process can be used to
encapsulate a large amount of hydrophilic proteins into
unilamellar liposomes.*> However, it is risky with regard to
loss of protein activity during the freeze—thaw process.*’

Lipoplexes. Lipoplexes are composed of surfactants,
proteins, lipids, polymers, or a combination of these materials,
and include solid lipid particles, oily suspensions, submicron
lipid emulsions, lipid implants, lipid microbubbles, inverse lipid
micelles, lipid microtubules, lipospheres, and lipid micro-
cylinders.** One of the examples for lipoplex-mediated protein
delivery is to use a mixture of a Wr-T peptide and a
commercially available cationic lipid reagent (BioPORTER) to
efficiently deliver a variety of proteins into the cytoplasm of
living cells.* Additionally, the advantage of lipoplex-mediated
delivery is the flexibility to produce different types of protein
delivery vehicles based upon the molecular structure of the
lipids used in the composition.*® For example, solid lipid
particles composed of four different types of lipids and two
triglycerides with different chain-lengths of fatty acyl groups can
be used as efficient vehicles for oral delivery of peptide and
protein drugs, and the drug release mechanism (lipase-
mediated degradation-based release or, alternatively, lipase-
degradation-independent release) from solid lipid particles is
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dependent on the selection of lipid, which can be used in the
design of lipid excipients for oral delivery of protein drugs.*’
Polymers. Polymers have the advantage of controllable
multivalency, providing the capability to tune both the strength
and structure of polyplexes that result from supramolecular co-
ordination of the polymer to the protein. Polyethylenimine
(PEI) has been widely used for nucleic acid delivery,*
providing a cationic carrier to facilitate endocytosis and the
capability to disrupt endosomes through the “proton sponge”
effect.*” PEI is somewhat toxic, so a variety of other polymer
backbones including linear, branched, and dendritic architec-
tures have been also tested. A particularly interesting example
of dendrimer-based delivery was shown by Yao and colleagues,
who used carboxymethyl (CM) chitosan-poly(amidoamine)
dendrimer core—shell nanoparticles to load and release
lysozyme.”® These new dendrimer nanoparticles had better
loading capacity and pH sensitivity than previously generated
CM-chitosan polyion micelles. Examples of linear and branched
polymer-based protein delivery include delivery of bovine
serum albumin (BSA) and lysozyme to human breast
carcinoma cells through complexation to polymer polyelec-
trolytes produced from PEI (Figure 4).>' Many more examples
of different 6polymer structures have been used for protein
delivery.>**
Nanoplexes. Nanoplexes exploit the structural diversity of
nanoparticles, which is composed of chemically modified
nanoparticle, proteins, polymer, or other components that
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Figure 4. PEI-based polyelectrolytes deliver protein into MCF7 cells.
(A) Confocal images for intracellular tracking of the cationic
polyelectrolyte/BSA complexes (WR1) and BSA (10 pg/mL) and
(B) the intracellular endolysosome amount of the BSA- and
polycation/BSA-treated cells. Free BSA was labeled with RITC
(red). Acidic compartments and nuclei were stained with LysoTracker
Green (green) and Hoechst 33342 (blue), respectively. RITC,
Rhodamine Bisothiocyanate. Reprinted with permission from ref S1.
Copyright 2013 American Chemical Society.
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can incorporate unique imaging properties from the core in
nanosize scale. One of the simplest examples of protein delivery
through a nanoplex was by Rotello and co-workers,””® in
which a cationic nanoparticle transported a large anionic
protein f-galactosidase (473 kDa) into cells. The delivered
protein retained activity inside the cell. When fluorescently
tagged protein was used, punctate florescence was observed,
indicative of vesicular localization. This fluorescence did not
colocalize with endosomal tracking agents, which suggests post-
uptake release (Figure S). Another example of nanoplex-based

Figure S. Nanoplex delivery of a large anionic protein f-galactosidase
(473 kDa) into cells. (A) Intracellular delivery of functional protein
using gold nanoparticles. (B) Co-localization study using confocal
microscopy after protein transfection (NP_Pep/ FITC-gal: 100 nM/50
nM) of HeLa cells in the presence of FM4-64: (a) green fluorescence
from FITC-gal, (b) red fluorescence from FM4-64, an endosome-
specific marker, and (c) overlap of the green and the red channels. In
the merged image, green spots (shown with green arrowheads)
indicate proteins outside endosomes, while entrapped proteins inside
endosomes appear as yellow dots (shown with yellow arrowheads).
Reprinted with permission from ref 57. Copyright 2010 American
Chemical Society.

delivery was by Palivan and colleagues,” in which self-
assembled polyethylene glycol (PEG) modified chitosan
Bombyxmori nanoparticles (PEG-O-ChsBm) were used to
deliver BSA into HeLa and THP-1 cells. More examples of
nanoplex structures were also reported for protein delivery.*>®!

Nanopatrticle-Stabilized Nanocapsules. As mentioned
above, direct transport through the cell membrane is an ideal
mechanism for protein delivery, providing direct access of
proteins to the cytosol. In recent studies, Rotello and co-
workers used nanoparticle-stabilized nanocapsules (NPSCs) to
directly deliver proteins to the cytosol (Figure 6).°%%* GFP was
used to determine the intracellular distribution of delivered
proteins. The delivered GFP was distributed throughout the
cell with identical cellular distribution to that of endogenously
expressed red fluorescent protein (RFP). Further proof of
cytosolic access was demonstrated through efficient intracellular
targeting of a GFP fusion protein to the peroxisome. Caspase-3
(CASP3) was chosen to demonstrate therapeutic delivery of an
active, biomedically important enzyme.*” Delivery of CASP3 is

dx.doi.org/10.1021/bc500320j | Bioconjugate Chem. 2014, 25, 1602—1608



Bioconjugate Chemistry

A Nanoparticle-protein Template generation

> E_J
E Agitation : : .
o/ v |

I = HKRK AuNP

e
Caspase-3
Proteins

Releasing proteins
through
membrane fusion

Supramolecular interaction
between the oil and AuNP

HKRK AuNP

4 min

-2 min

Figure 6. Intracellular protein delivery by NPSCs. (A) Schematic
showing the preparation of the protein NPSC complex containing
caspase-3 or GFP and proposed delivery mechanism. (B) Live cell
imaging of rapid GFP release into the cytosol of HeLa cell by NPSCs.
Scale bar: 20 pm. Reprinted with permission from ref 62. Copyright
2013 American Chemical Society.

a particularly stringent test of the efficacy of this approach, as
caspases are delicate enzymes that would be susceptible to
inactivation during the delivery process. CASP3 was efficiently
delivered into cells, resulting in effective induction of apoptosis.
NPSCs are promising vehicles for in vitro applications;
however, their usefulness in vivo has not been demonstrated.

B CONCLUSIONS

Protein delivery has the potential to revolutionize therapeutics,
allowing us to treat currently untreatable diseases and minimize
side effects from off-target interactions. Tremendous progress
has been made, and there are many promising leads in the
effort to deliver proteins. All of the strategies described in this
Topical Review have successful applications, and many are
working their way toward translation. Each of these approaches,
however, currently has limitations and challenges that will need
to be overcome for optimal application. There are many ways
in which these roadblocks can be addressed both synthetically
and biologically through engineering of either protein or
delivery vehicle. Perhaps the most promising route, however,
would be the synergistic coengineering of proteins and carriers
to provide integrated vectors to provide enhanced delivery of
active proteins to their desired intracellular locations.

1606

B AUTHOR INFORMATION

Corresponding Author
*Phone: +1-413-545-2058. Fax: +1-413-545-4490. E-mail:
rotello@chem.umass.edu.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The support of the NIH (EB B014277) is gratefully
acknowledged. AF. also acknowledges the support from
Natural Science Foundation of China (81273416) and the
Scientific Research Foundation for Returned Scholars, Ministry
of Education of China (2012-940).

B REFERENCES

(1) Shah, D. A, Kwon, S. J,, Bale, S. S., Banerjee, A., Dordick, J. S,
and Kane, R. S. (2011) Regulation of stem cell signaling by
nanoparticle-mediated intracellular protein delivery. Biomaterials 32,
3210—-3219.

(2) Foster, S., Duvall, C. L., Crownover, E. F., Hoffman, A. S., and
Stayton, P. S. (2010) Intracellular delivery of a protein antigen with an
endosomal-releasing polymer enhances CD8 T-cell production and
prophylactic vaccine efficacy. Bioconjugate Chem. 21, 2205—2212.

(3) Kim, D., Kim, C. H,, Moon, J. L, Chung, Y. G,, Chang, M. Y,,
Han, B. S, Ko, S, Yang, E.,, Cha, K. Y, Lanza, R, and Kim, K. S.
(2009) Generation of human induced pluripotent stem cells by direct
delivery of reprogramming proteins. Cell Stem Cell 4, 472—476.

(4) Vasconcelos, L., Pirn, K, and Langel, U. (2013) Therapeutic
potential of cell-penetrating peptides. Ther. Delivery 4, $73—591.

(5) Kratz, F., and Elsadek, B. (2012) Clinical impact of serum
proteins on drug delivery. J. Controlled Release 161, 429—44S.

(6) Le Roy, C., and Wrana, J. L. (2005) Clathrin- and non-clathrin-
mediated endocytic regulation of cell signalling. Nat. Rev. Mol. Cell.
Biol. 6, 112—126.

(7) Mellert, K., Lamla, M., Scheffzek, K., Wittig, R., and Kaufmann,
D. (2012) Enhancing endosomal escape of transduced proteins by
photochemical internalisation. PLoS One 7, e52473.

(8) Choi, S. O., Kim, Y. C,, Lee, J. W,, Park, J. H., Prausnitz, M. R,,
and Allen, M. G. (2012) Intracellular protein delivery and gene
transfection by electroporation using a microneedle electrode array.
Small 8, 1081—1091.

(9) Daugimont, L., Baron, N, Vandermeulen, G., Pavselj N,
Miklavcic, D., Jullien, M. C., Cabodevila, G., Mir, L. M., and Préat, V.
(2010) Hollow microneedle arrays for intradermal drug delivery and
DNA electroporation. J. Membr. Biol. 236, 117—125.

(10) Sharei, A., Zoldan, J., Adamo, A., Sim, W. Y., Cho, N., Jackson,
E., Mao, S., Schneider, S., Han, M. J,, Lytton-Jean, A., Basto, P. A,
Jhunjhunwala, S., Lee, J., Heller, D. A, Kang, ]J. W., Hartoularos, G. C,,
Kim, K. S., Anderson, D. G., Langer, R, and Jensen, K. F. (2013) A
vector-free microfluidic platform for intracellular delivery. Proc. Natl.
Acad. SciUS.A. 110, 2082—2087.

(11) Jo, J, Hong, S, Choi, W. Y, and Lee, D. R. (2014) Cell-
penetrating peptide (CPP)-conjugated proteins is an efficient tool for
manipulation of human mesenchymal stromal cells. Sci. Rep. 4, 4378.

(12) Wadia, J. S., Stan, R. V., and Dowdy, S. F. (2004) Transducible
TAT-HA fusogenic peptide enhances escape of TAT-fusion proteins
after lipid raft macropinocytosis. Nat. Med. 10, 310—315.

(13) Madanj, F., Lindberg, S., Langel, U., Futaki, S., and Grislund, A.
(2011) Mechanisms of cellular uptake of cell-penetrating peptides. J.
Biophys. 2011, 414729.

(14) Duchardt, F., Fotin-Mleczek, M., Schwarz, H., Fischer, R, and
Brock, R. (2007) A comprehensive model for the cellular uptake of
cationic cell-penetrating peptides. Traffic 8, 848—866.

(15) Brock, R. (2014) The uptake of arginine-rich cell-penetrating
peptides: putting the puzzle together. Bioconjugate Chem. 25, 863—868.

(16) Rodrigues, M., de la Torre, B. G., Radis-Baptista, G., Santos, N.
C., and Andreu, D. (2011) Efficient cellular delivery of f-galactosidase

dx.doi.org/10.1021/bc500320j | Bioconjugate Chem. 2014, 25, 1602—1608



Bioconjugate Chemistry

mediated by NrTPs, a new family of cell-penetrating peptides.
Bioconjugate Chem. 22, 2339—2344.

(17) Gaj, T, Guo, J,, Kato, Y,, Sirk, S. J,, and Barbas, C. F., 3rd.
(2012) Targeted gene knockout by direct delivery of zinc-finger
nuclease proteins. Nat. Methods 9, 805—807.

(18) Bersani, S., Salmaso, S., Mastrotto, F., Ravazzolo, E., Semenzato,
A, and Caliceti, P. (2012) Star-like oligo-arginyl-maltotriosyl
derivatives as novel cell-penetrating enhancers for the intracellular
delivery of colloidal therapeutic systems. Bioconjugate Chem. 23, 1415—
142S.

(19) Johnson, J. R, Kocher, B, Barnett, E. M., Marasa, J., and
Piwnica-Worms, D. (2012) Caspase-activated cell-penetrating peptides
reveal temporal coupling between endosomal release and apoptosis in
an RGC-5 cell model. Bioconjugate Chem. 23, 1783—1793.

(20) Madani, F., Lindberg, S., Langel, U., Futaki, S., and Grislund, A.
(2011) Mechanisms of cellular uptake of cell-penetrating peptides. J.
Biophys. 2011, 414729.

(21) Boeneman, K., Delehanty, J. B., Blanco-Canosa, J. B., Susumu,
K, Stewart, M. H,, Oh, E., Huston, A. L., Dawson, G., Ingale, S,
Walters, R., Domowicz, M., Deschamps, J. R., Algar, W. R., Dimaggio,
S., Manono, J.,, Spillmann, C. M., Thompson, D., Jennings, T. L.,
Dawson, P. E., and Medintz, L. L. (2013) Selecting improved peptidyl
motifs for cytosolic delivery of disparate protein and nanoparticle
materials. ACS Nano 7, 3778—3796.

(22) Shete, H. K, Prabhu, R. H,, and Patravale, V. B. (2014)
Endosomal escape: a bottleneck in intracellular delivery. J. Nanosci.
Nanotechnol. 14, 460—474.

(23) Radgel, H., Hein, M., Kriiska, A., Siilik, P., Florén, A., Langel,
U, and Pooga, M. (2013) Cell-penetrating peptide secures an efficient
endosomal escape of an intact cargo upon a brief photo-induction.
Cell. Mol. Life Sci. 70, 4825—5839.

(24) Pennarun, B, Gaidos, G., Bucur, O., Tinari, A., Rupasinghe, C.,
Jin, T., Dewar, R, Song, K,, Santos, M. T., Malorni, W., Mierke, D.,
and Khosravi-Far, R. (2013) killerFLIP: a novel lytic peptide
specifically inducing cancer cell death. Cell Death Dis. 4, e894.

(25) Mentzer, R. M,, Jr., Wider, J., Perry, C. N., and Gottlieb, R. A.
(2013) Reduction of infarct size by the therapeutic protein TAT-Ndil
in vivo. J. Cardiovasc. Pharmacol. Ther. 19, 315—320.

(26) Miyaji, Y., Walter, S., Chen, L., Kurihara, A., Ishizuka, T., Saito,
M., Kawai, K., and Okazaki, O. (2011) Distribution of KAI-9803, a
novel §-protein kinase C inhibitor, after intravenous administration to
rats. Drug Metab. Dispos. 39, 1946—1953.

(27) Zhao, Q., Chen, W., Chen, Y., Zhang, L., Zhang, J., and Zhang,
Z. (2011) Self-assembled virus-like particles from rotavirus structural
protein VP6 for targeted drug delivery. Bioconjugate Chem. 22, 346—
352.

(28) Muratori, C., Bona, R, and Federico, M. (2010) Lentivirus-
based virus-like particles as a new protein delivery tool. Methods Mol.
Biol. 614, 111—124.

(29) Kaczmarczyk, S. J., Sitaraman, K, Young, H. A., Hughes, S. H,
and Chatterjee, D. K. (2011) Protein delivery using engineered virus-
like particles. Proc. Natl. Acad. Sci. U. S. A. 108, 16998—17003.

(30) Cronican, J. J., Beier, K. T., Davis, T. N., Tseng, J. C,, Li, W,
Thompson, D. B,, Shih, A. F., May, E. M,, Cepko, C. L., Kung, A. L.,
Zhou, Q., and Liu, D. R. (2011) A class of human proteins that deliver
functional proteins into mammalian cells in vitro and in vivo. Chem.
Biol. 18, 833—838.

(31) Thompson, D. B, Cronican, J. J, and Liu, D. R. (2012)
Engineering and identifying supercharged proteins for macromolecule
delivery into mammalian cells. Methods Enzymol. 503, 293—319.

(32) Algar, W. R, Prasuhn, D. E., Stewart, M. H., Jennings, T. L,
Blanco-Canosa, J. B, Dawson, P. E., and Medintz, L. L. (2011) The
controlled display of biomolecules on nanoparticles: a challenge suited
to bioorthogonal chemistry. Bioconjugate Chem. 22, 825—858.

(33) Rao, N. V,, Ganivada, M. N,, Sarkar, S., Dinda, H., Chatterjee,
K, Dalui, T., Das Sarma, J,, and Shunmugam, R. (2014) Magnetic
norbornene polymer as multiresponsive nanocarrier for site specific
cancer therapy. Bioconjugate Chem. 25, 276—28S.

1607

(34) Doane, T., and Burda, C. (2013) Nanoparticle mediated non-
covalent drug delivery. Adv. Drug Delivery Rev. 65, 607—621.

(35) Kumar, S, Jana, A. K, Dhamija, I, and Maiti, M. (2014)
Chitosan-assisted immobilization of serratiopeptidase on magnetic
nanoparticles, characterization and its target delivery. J. Drug Targeting
22, 123—137.

(36) Méndez, J., Morales Cruz, M., Delgado, Y., Figueroa, C. M,
Orellano, E. A., Morales, M., Monteagudo, A., and Griebenow, K.
(2014) Delivery of chemically glycosylated cytochrome ¢ immobilized
in mesoporous silica nanoparticles induces apoptosis in HeLa cancer
cells. Mol. Pharmacol. 11, 102—111.

(37) Sivasubramanian, M., Lee, J. Y., Kim, K. J., Saravanakumar, G.,
Kang, Y. M, and Park, J. H. (2013) Cyclodextrin-based nano-
complexes for sustained delivery of human growth hormone. J.
Nanosci. Nanotechnol. 13, 7306—7311.

(38) Kim, J. Y., Choi, W. I, Kim, Y. H,, and Tae, G. (2012) Brain-
targeted delivery of protein using chitosan- and RVG peptide-
conjugated, pluronic-based nano-carrier. Biomaterials 34, 1170—1178.

(39) Sarker, S. R, Hokama, R., and Takeoka, S. (2014) Intracellular
delivery of universal proteins using a lysine headgroup containing
cationic liposomes: decipering the uptake mechanism. Mol. Pharmacol.
11, 164—174.

(40) Furuhata, M., Kawakami, H., Toma, K., Hattori, Y., and Maitani,
Y. (2006) Intracelluar delivery of proteins in complexes with
oligoarginine-modified liposomes and the effect of oligoarginine
length. Bioconjugate Chem. 17, 935—942.

(41) Sarker, S. R, Hokama, R., and Takeoka, S. (2014) Intracellular
delivery of universal proteins using a lysine headgroup containing
cationic liposomes: deciphering the uptake mechanism. Mol.
Pharmacol. 11, 164—174.

(42) Xu, X, Costa, A, and Burgess, D. J. (2012) Protein
encapsulation in unilamellar liposomes: high encapsulation efficiency
and a novel technique to assess lipid-protein interaction. Pharm. Res.
29, 1919-1931.

(43) Roessl, U, Jajcevic, D., Leitgeb, S., Khinast, ]. G., and Nidetzky,
B. (2014) Characterization of a laboratory-scale container for freezing
protein solutions with detailed evaluation of a freezing process
simulation. J. Pharm. Sci. 103, 417—426.

(44) Li, P., Nielsen, H. M., and Miillertz, A. (2012) Oral delivery of
peptides and proteins using lipid-based drug delivery systems. Expert
Opin. Drug Delivery 9, 1289—1304.

(45) Yamaguchi, K, Inoue, M., and Goshima, N. (2011) Efficient
protein transduction method using cationic peptides and lipids. J.
Biomed. Biotechnol. 2011, 872065.

(46) Holser, R. (2012) Encapsulation of polyunsaturated fatty acid
esters with solid lipid particles. Lipid Insight S, 1-S.

(47) Christophersen, P. C., Zhang, L., Yang, M., Nielsen, H. M,,
Miillertz, A., and Mu, H. (2013) Solid lipid particles for oral delivery of
peptide and protein drugs I-elucidating the release mechanism of
lysozyme during lipolysis. Eur. J. Pharm. Biopharm. 8S, 473—480.

(48) Li, S., Liu, Z., Ji, F., Xiao, Z., Wang, M., Peng, Y., Zhang, Y., Liu,
L, Liang, Z, and Li, F. (2012) Delivery of quantum dot-siRNA
nanoplexes in SK-N-SH cells for BACEI gene silencing and
intracellular imaging. Mol. Ther. Nucleic Acids 1, e20.

(49) Tripathi, S. K, Singh, V. P., Gupta, K. C., and Kumar, P. (2013)
Hydrophobic and membrane permeable polyethylenimine nano-
particles efficiently deliver nucleic acids in vitro and in vivo. J. Mater.
Chem. B 1, 2515—2524.

(50) Zhang, X, Zhao, J,, Wen, Y., Zhu, C,, Yang, J., and Yao, F.
(2013) Carboxymethyl chitosan-poly(amidoamine) dendrimer core—
shell nanoparticles for intracellular lysozyme delivery. Carbohyd. Polym.
98, 1326—1334.

(51) Tian, L., Kang, H. C,, and Bae, Y. H. (2013) Endosomolytic
reducible polymeric electrolytes for cytosolic protein delivery.
Biomacromolecules 14, 2570—2581.

(52) Lackey, C. A., Press, O. W., Hoffman, A. S., and Stayton, P. S.
(2002) A biomimetic pH-responsive polymer directs endosomal
release and intracellular delivery of an endocytosed antibody complex.
Bioconjugate Chem. 13, 996—1001.

dx.doi.org/10.1021/bc500320j | Bioconjugate Chem. 2014, 25, 1602—1608



Bioconjugate Chemistry

(53) Foster, S., Duvall, C. L., Crownover, E. F., Hoffman, A. S., and
Stayton, P. S. (2010) Intracellular delivery of a protein antigen with an
endosomal-releasing polymer enhances CD8 T-Cell production and
prophylactic vaccine efficacy. Bioconjugate Chem. 21, 2205—2212.

(54) Ayame, H., Morimoto, N., and Akiyoshi, K. (2008) Self-
assembled cationic nanogels for intracellular protein delivery.
Bioconjugate Chem. 19, 882—890.

(55) Bhuchar, N., Sunasee, R., Ishihara, K., Thundat, T., and Narain,
R. (2012) Degradable thermoresponsive nanogels for protein
encapsulation and controlled release. Bioconjugate Chem. 23, 75—83.

(56) Zhang, J., Wu, L., Meng, F., Wang, Z., Deng, C., Liu, H,, and
Zhong, Z. (2012) pH and reduction dual-bioresponsive polymersomes
for efficient intracelluar protein delivery. Langmuir 28, 2056—206S.

(57) Ghosh, P., Yang, X, Arvizo, R, Zhu, Z. J., Agasti, S. S., Mo, Z,
and Rotello, V. M. (2010) Intracellular delivery of a membrane-
impermeable enzyme in active form using functionalized gold
nanoparticles. J. Am. Chem. Soc. 132, 2642—2645.

(58) Yang, X. C,, Samanta, B., Agasti, S. S., Jeong, Y., Zhu, Z. J., Rana,
S., Miranda, O. R, and Rotello, V. M. (2011) Drug delivery using
nanoparticle-stabilized nanocapsules. Angew. Chem., Int. Ed. 50, 477—
481.

(59) Vasquez, D., Milusheva, R, Baumann, P., Constantin, D.,
Chami, M. and Palivan, C. G. (2014) The amine content of
PEGylated chitosan Bombyxmori nanoparticles acts as a trigger for
protein delivery. Langmuir 30, 965—975.

(60) Yan, M,, Dy, J,, Gu, Z,, Liang, M., Hu, Y., Zhang, W., Priceman,
S., Wy, L, Zhou, Z. H,, Liu, Z., Segura, T., Tang, Y., and Lu, Y. (2010)
A novel intracelluar protein delivery platform based on single-protein
nanocapsules. Nat. Nanotechnol. 5, 48—53.

(61) Zhao, M., Biswas, A, Hu, B,, Joo, K. I, Wang, P, Gu, Z,, and
Tang, Y. (2011) Redox-responsive nanocapsules for intracellular
protein delivery. Biomaterials 32, 5223—5230.

(62) Tang, R, Kim, C. S,, Solfiell, D. J., Rana, S., Mout, R., Velizquez-
Delgado, E. M., Chompoosor, A., Jeong, Y., Yan, B., Zhu, Z. J., Kim, C,,
Hardy, J. A, and Rotello, V. M. (2013) Direct delivery of functional
proteins and enzymes to the cytosol using nanoparticle-stabilized
nanocapsules. ACS Nano 7, 6667—6673.

1608

dx.doi.org/10.1021/bc500320j | Bioconjugate Chem. 2014, 25, 1602—1608



