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Protein delivery[1] has been considered as the most straight-
forward strategy for modulating cellular behavior without the
safety concerns and expression performance issues associated
with gene deliver approaches. Two major challenges remain
to be overcome in order to enable practical applications in
biology and medicine 1) how to foster cellular uptake of
protein molecules and 2) how to retain their stabilities and
functions[2] over the delivery process. Recently, attempts have
been made to develop a variety of delivery vectors, including
liposomes,[3] polymer micelles,[4] and nanoparticle,[5] to
enhance the uptake of protein molecules in target cells, and
at the same time, to stabilize the encapsulated proteins.
Owing to the time-consuming procedures employed in
optimization of delivery materials, significant endeavors
have been made in search of better delivery systems, although
there has been limited progress in the field to date.
Alternatively, recombinant technology[6] can be utilized to
conjugate cell-penetrating peptides[7] (CPPs) onto protein
molecules, this is the most commonly used protein delivery
system with improved delivery efficiency. In this case, the

major bottlenecks associated with the complicated procedure
of generating recombinant proteins and the lack of protection
mechanism against protein denature need to be solved.

Transcription factor (TF) is a protein responsible for
regulating gene transcription in cellular circuitry.[8] In general,
TFs contain one or more DNA-binding domains (DBDs),
which recognize matching DNA sequences adjacent to the
genes they regulate. Apparently, highly efficient delivery of
TFs can provide a powerful technology for modulating
cellular behavior. One of the most important in-vitro
applications that required highly efficient TF delivery is the
generation of human induced pluripotent stem cells (hiPSCs)
which has recently been demonstrated by introducing CPPs-
fused reprogramming TFs (i.e., OCT4, SOX2, KLF4, and c-
MYC)[9] into human somatic cells. The resulting hiPSCs have
the potential to revolutionize regenerative medicine.[10] How-
ever, the high costs of the four reprogramming TFs in their
recombinant forms, means it is unlikely that this approach can
be used for large-scale hiPSCs generation without further
improvement in the delivery performance of the reprogram-
ming proteins. Therefore, it is crucial to develop a new type of
vector capable of delivering intact (unmodified) TFs in a
highly efficient manner.

Previously, we demonstrated a convenient, flexible, and
modular self-assembly approach for the preparation of
supramolecular nanoparticles (SNPs) from a small collection
of molecular building blocks through a multivalent molecular
recognition based on adamantane (Ad) and b-cyclodextrin
(CD) motifs. Such a self-assembly synthetic strategy enables
control upon the sizes, surfaces chemistry, zeta potentials, and
payloads of the resulting SNPs, which open up many
interesting opportunities for biomedical applications, for
example, positron emission tomography (PET) imaging,[11]

magnetic resonance imaging (MRI),[12] photothermal treat-
ment of cancer cells,[13] and highly efficient gene delivery.[14]

Considering the unique role of TF, we attempted to
explore the use of SNPs as a new type of nanoscale vector for
delivering intact (unmodified) TFs with an efficiency superior
to that of existing approaches. Our idea is to achieve the
encapsulation of a TF into cationic SNP vectors by introduc-
ing anionic characteristics to the TF. A DNA plasmid with a
matching recognition sequence specific to a TF can be
employed to form an anionic TF·DNA complex, which can
be subsequently encapsulated into SNPs, resulting in TF-
encapsulated SNPs (TF·DNA�SNPs).

Herein, we introduce a new type of protein delivery
system capable of highly efficient transduction of intact TFs.
In this proof-of-concept study, a mammalian orthogonal
fusion TF, GAL4-VP16 was chosen to serve as a model TF.
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Since GAL4-VP16 is an artificial transcription factor, there
should be no background concentration in the mammalian
cells employed in the delivery studies. To facilitate the
encapsulation of the model TF into the SNP vectors, a DNA
plasmid (i.e., pG5E4T-Fluc) that contains five tandem copies
of GAL4-VP16 matching recognition sequences and a con-
jugated luciferase reporter was designed. The incorporation
of multivalent recognition sequences enhances dynamic
binding between GAL4-VP16 and pG5E4T-Fluc, allowing
improved encapsulation and dynamic releasing of the intact
TF. In addition, the conjugated luciferase reporter can be
specifically activated by GAL4-VP16, providing a real-time
readout reflecting the activities of the TF after its intracellular
delivery. As shown in Figure 1, three types of molecular

recognition mechanisms were employed to facilitate the
preparation of TF-encapsulated SNP (TF·DNA�SNPs).
First, the specific binding (the dissociate constant Kd

� 10 nm)[15] between GAL4-VP16 (TF) and pG5E4T-Fluc
(DNA) led to the formation of an anionic TF·DNA complex.
Second, the Ad/CD-based molecular recognition (K = 1.1 �
105

m
�1)[16] was utilized to form the SNP vectors with cationic

hydrogel cores. Third, electrostatic interactions assist the

incorporation of TF·DNA into SNPs to give TF·DNA�SNPs.
The preparation of TF·DNA�SNPs can be accomplished by
simply mixing TF·DNA complex with other five functional
building blocks (i.e., CD-PEI: CD-grafted branched poly-
ethylenimine, Ad-PAMAM: Ad-grafted polyamidoamine
dendrimer, Ad-PEG: Ad-grafted polyethylene glycol, Ad-
PEG-RGD: Ad-grafted polyethylene glycol with RGD
targeting ligand, and Ad-PEG-TAT: Ad-grafted polyethylene
glycol with TAT-based CPP). Among the three ligand
compounds, Ad-PEG plays a role of a capping/solvation
reagent that can not only confine continuous propagation of
the TF·DNA-encapsulated PEI/PAMAM hydrogel networks,
but also impart desired water solubility, structural stability,
and passivation performance to the resulting TF·DNA�SNPs.
In addition, Ad-PEG-RGD and Ad-PEG-TAT, which were
incorporated onto the surfaces of TF·DNA�SNPs during the
one-pot mixing process,[14b] enable delivery specificity (to
recognize a certain population of cells with avb3-integrin
receptors) and cell transfusion capability (to foster internal-
ization through membrane and releasing from endosome
trapping), respectively, of TF·DNA�SNPs. The previous
study revealed a set of optimal synthetic parameters[14a] that
produce DNA-encapsulated SNPs which have good gene
transfection performance. Additionally, the results suggested
that the presence of both 5% RGD and 9% TAT ligands[17] is
a crucial factor in the enhanced efficiency. In this study, we
took the advantage of these optimal synthetic parameters for
the preparation of TF·DNA�SNPs. We were able to demon-
strated unprecedented performance for delivery intact TF
when TF·DNA�SNPs is compared with the conventional
CPPs-based protein delivery strategy. Moreover, the intra-
cellular TF delivered by TF·DNA�SNPs retained its bioac-
tivity, which was confirmed by monitoring the biolumines-
cence intensity of TF·DNA�SNPs-treated cells.

The model plasmid pG5E4T-Fluc and all other molecular
building blocks (i.e. CD-PEI, Ad-PAMAM, Ad-PEG, Ad-
PEG-RGD, and Ad-PEG-TAT), were synthesized and char-
acterized as described in the Supporting Information. The
model transcription factor, GAL4-VP16 was obtained from
commercial sources. pG5E4T-Fluc is orthogonal to mamma-
lian genome, thus cannot be activated to express luciferase in
the absence of GAL4-VP16.[18] Prior to the preparation of
TF·DNA�SNP, GAL4-VP16 was incubated with a slight
excess amount of pG5E4T-Fluc (GAL4-VP16/pG5E4T-
Fluc = 1: 0.35 n/n, each pG5E4T-Fluc contains five tandem
copies of GAL4-VP16 recognition sequences thus might
accommodate more than one TF) for 30 min at 4 8C to
generate TF·DNA. Subsequently, TF·DNA�SNPs were pre-
pared by slowly adding CD-PEI (4.32 mg) in 1 mL phosphate-
buffered saline (PBS, pH 7.2) into a 19 mL of PBS solution
containing TF·DNA complex (200 ng GAL4-VP16 and 2 mg
pG5E4T-Fluc), Ad-PEG (5.94 mg), Ad-PEG-RGD
(0.297 mg), Ad-PEG-TAT (0.535 mg), and Ad-PAMAM
(0.528 mg). After a brief stirring, the mixture was incubated
at 4 8C for another 30 min.

To determine hydrodynamic size of the resulting
TF·DNA�SNPs, we performed dynamic light scattering
(DLS) measurements (Figure 2 b), indicating a uniform size
of (50� 3) nm. In parallel, the morphology of

Figure 1. Schematic representation of the self-assembly approach for
the preparation of transcription factor-incorporated supramolecular
nanoparticles (TF·DNA�SNPs). Three types of molecular recognition
mechanisms, including 1) specific binding between GAL4-VP16 (a
mammalian-orthogonal fusion TF) and pG5E4T-Fluc vector (with five
tandem copies of GAL4-VP16 matching recognition sequences and a
conjugated luciferase reporter) for formation of an anionic TF·DNA
complex, 2) the Ad/CD-based molecular recognition for generation of
SNP vectors with cationic PEI/PAMAM hydrogel cores, and 3) electro-
static interactions that facilitate incorporation of anionic TF·DNA into
SNPs, were harnessed for the self-assembly of TF·DNA�SNPs by
simply mixing TF·DNA with five functional molecular building blocks:
CD-PEI, Ad-PAMAM, Ad-PEG, Ad-PEG-RGD, and Ad-PEG-TAT. See text
for details. TAT provides the nanoparticle with the capacity to penetrate
cell membranes, RGD with cell targeting, and PEG passivation.
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TF·DNA�SNPs was characterized by transmission electron
microscopy (TEM), suggesting homogeneous, narrow size-
distributed spherical nanoparticles with size of (40� 3) nm
(Figure 2a). Finally, the encapsulation rate of TF in
TF·DNA�SNPs was characterized by quantifying the SNP-
encapsulated TF. For the convenience of using a florescence
spectroscopy, Cy5-labeled GAL4-VP16 was prepared and
employed (see detail procedure in Supporting Information).
The result indicated that more than (81� 12)% of the TFs
was successfully encapsulated into SNPs to give a
TF·DNA�SNP under the synthetic parameters described
above.

To examine the delivery performance of TF·DNA�SNPs,
we perform their cell uptake studies using by
incubating TF·DNA�SNPs (10 ng TF per
well) with HeLa cells in a 96-well plate (104

cells per well). Again, GAL4-VP16 was
labeled by Cy5 dye to allow quantitative
monitoring of the delivery performance of
TF·DNA�SNPs. Control experiments based
on Cy5-labeled-TF alone (TF), Cy5-labeled-
TF·DNA complex and Cy5-labeled-TF with
TAT-conjugation (TAT-TF) were carried out
in parallel under the same experimental
conditions. After incubation for various peri-
ods (i.e., 0.5, 1, 2, 6, 12, and 24 h) and removal
of non-uptaken reagents in the media, the
delivery performances of individual studies
were quantified by measuring their fluores-
cence intensities in a plate reader (Fujifilm
BAS-5000). As shown in Figure 3b, Cy5-
labeled TF·DNA�SNPs exhibited dramati-
cally enhanced delivery performance in con-
trast to those observed in the control studies.
It is noteworthy that the delivery efficiency of
TF·DNA�SNPs was approximately five-
times greater than that of TAT-TF, which
was commonly used as a standard method for
TF delivery. The time-dependent uptake
studies (Figure 3 c) of TF·DNA�SNPs
revealed that accumulation of the fluores-
cence signals increased with the incubation
time and reached saturation at 12 h. Fluores-

cence micrographs (Figure 3d) indicated that localization of
Cy5-labeled TF in the cell nuclei, suggesting that the TF
molecules were delivered to cell nuclei, where TF functioned
as a regulator by controlling the translation of specific
gene(s). This result was also confirmed by the co-localization
of Cy5-labeled TF and 4�,6-diamidino-2-phenylindole (DAPI)
stained cell nuclei using fluorescence microscopy (Supporting
Information).

To confirm that the GAL4-VP16 (TF) retained its activity
after delivery, we quantified the luciferase expression by
measuring the bioluminescence intensity of TF·DNA�SNPs-
treated cells (Figure 4). Again, the pG5E4T-Fluc (DNA) used
in our study contains a luciferase reporter that can be
specifically activated by GAL4-VP16. Therefore, the activity
of GAL4-VP16 is reflected in the bioluminescence intensity
of TF·DNA�SNPs-treated cells as a result of luciferase
expression. After the incubation of HeLa cells with
TF·DNA�SNPs and the control reagents (including SNP
vector, TF·DNA, and DNA�SNPs), the cells were lysed for
quantification of bioluminescence. After incubation with
luciferin for 2 min, the bioluminescence intensities were
recorded by both a plate reader (Figure 4b) and a cooled
charge-coupled device (CCD) camera (IVIS, Xenogen; Fig-
ure 4c). Compared to the background-level bioluminescence
intensities observed from the control experiments, that
observed for TF·DNA�SNPs-treated cells is significantly
higher, suggesting that the GAL4-VP16 retains its activity to
trigger the luciferase expression after intracellular delivery.
The dose-dependent studies (Figure 4b) indicated that bio-

Figure 2. a) Transmission electron microscopy (TEM) micrographs of
TF·DNA�SNPs. Scale bar: 80 nm. b) Histograms summarize the
hydrodynamic size distribution obtained from DLS measurement of
(50�3) nm TF·DNA�SNPs.

Figure 3. a) Quantification studies on the delivery performance of TF·DNA�SNPs.
b) Delivery efficiency of Cy5-labeled TF·DNA�SNPs, Cy5-labeled-TF alone (TF), Cy5-
labeled-TF·DNA complex, and Cy5-labeled-TF with TAT-conjugation (TAT-TF). c) Time-
dependent uptake studies of TF·DNA�SNPs. d) Fluorescence micrographs of HeLa cells
after incubating with TF·DNA�SNPs for 12 h. Cy5-labeled TF was localized in the cell
nuclei, where TF functioned as a regulator to control the translation of a specific gene.
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luminescence intensities of the TF·DNA�SNPs-treated cells
increased with the TF dosages. In addition, we also conducted
a set of control studies, where the functional gene (pG5E4T-
Fluc) and TF are delivered separately using the respective
SNP-based delivery systems at different ratios. We were able
to observe very similar bioluminescent outcomes as shown in
Figure 4, validating the release of TF from the SNP vector, as
well as the dominance of TF amount to the expression level of
luciferase (Supporting Information). Moreover, the cell
viability assays carried out at different doses of
TF·DNA�SNPs indicated that the TF·DNA�SNPs exhibit
negligible toxicity. (Supporting Information)

In conclusion, we have successfully demonstrated the
feasibility of applying TF·DNA�SNPs for delivery of intact
(unmodified) transcription factor (TF) in a highly efficient
manner. The uniqueness of our self-assembly synthetic
strategy for the preparation of TF·DNA�SNPs has to do
with the combined use of three types of molecular recognition
mechanisms, including 1) specific binding between TF and
matching DNA plasmid for formation of an anionic TF·DNA
complex, 2) the Ad/CD-based molecular recognition for
generation of SNP vectors with cationic hydrogel cores, and
3) electrostatic interactions that facilitate encapsulation of
anionic TF·DNA into SNPs. We believe such a TF delivery
approach provides a powerful method for manipulating
cellular behaviors. A potential application is for generating
human induced pluripotent stem cells (hiPSCs), which
required the delivery of four reprogramming TFs. We note
that, in conjunction with the use of a miniaturized high-
throughput screening platform[19] and biological assays,[20] to
achieve hiPSCs generation in a highly efficient manner, it is
feasible to optimize the ratios of the four reprogramming TFs,

something that could be possible through the use of
TF·DNA�SNPs.
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