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ABSTRACT: Supramolecular nanoassemblies, which are
capable of binding and delivering either lipophilic small
molecules or hydrophilic molecules, are of great interest.
Concurrently binding and delivering this combination of
molecules is cumbersome, because of the opposing
supramolecular host requirements. We describe the
development of a versatile nanoassembly system that is
capable of binding and delivering both, a protein and a
lipophilic small molecule, simultaneously inside the cells.

Self-assembled nanostructures, with the capability of
sequestering guest molecules, have garnered great interests

for applications in drug delivery and biomedical diagnostics.1

These nanocarriers can be broadly classified into two categories
depending on their cargo: carriers for lipophilic guest
molecules2 and those for hydrophilic guests.3 With the surge
in interest in areas such as nanotheranostics,4 which require the
presence of a therapeutic and a diagnostic agent in a
nanocarrier, there have been recent developments in nanoscale
vehicles that can concurrently sequester and deliver two
different molecules.4,5 One can envision reasonably satisfying
this requirement for two lipophilic or two hydrophilic
molecules through co-encapsulation strategies. However, the
molecular design requirements become more complicated,
when it is a combination of a water-soluble hydrophilic
molecule and a water-insoluble lipophilic molecule. It is
especially cumbersome when one of the cargos is a protein.
While concurrent encapsulation involving macromolecules that
lack well-defined secondary structures is feasible,6 the
propensity of proteins to irreversibly denature under non-
native conditions presents a significant challenge to develop
such a strategy for protein−small molecule combinations. We
outline a versatile strategy for such nanocarriers, especially for
the combination of water-soluble globular proteins and
lipophilic small molecules.
We envisaged the possibility of utilizing the hydrophobic

interior of a polymer assembly to stably encapsulate lipophilic
guest molecules, while utilizing the complementary electrostatic
interaction between the surface of the polymer assembly with a
peptide to bind proteins (see Figure 1 for a schematic
illustration). We use β-galactosidase (β-gal, pI: 4.8, from
Escherichia coli) as the model protein for this study, because the
activity of this enzyme can be studied conveniently both inside
and outside the cells, a feature essential to test the versatility of
our strategy. We use 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-

indocarbocyanine perchlorate (DiI) dye as the model small
molecule, since it is lipophilic and exhibits fluorescence
characteristics (complementary to the fluorescein labeling of
the protein) allowing for concurrent monitoring of the protein
and the small molecule in solution and inside the cells. Finally,
we use our recently developed self-cross-linked nanogels as the
nanocarrier, because these tunable vehicles have shown the
capabilities for stably encapsulating lipophilic dye molecules.7

We prepared two nanogels, NG1 and NG2, with 6% and
14% cross-linking densities, respectively. The nanogel was
prepared from a random copolymer, obtained using a
hydrophilic oligo(ethylene glycol)methacrylate and a lipophilic
methacrylate monomer containing a pyridyldisulfide (PDS)
moiety. The self-organized amphiphilic nanoassembly formed
from this polymer was utilized to noncovalently sequester the
lipophilic DiI molecule. The self-assembled structure was
“locked in” with the lipophilic guest molecules by initiating a
thiol-disulfide exchange reaction among the PDS units using
dithiothreitol (DTT).7b The extent of cross-linking was simply
controlled by the amount of DTT added to the reaction
mixture.
Note that the surface of this nanogel contains charge-neutral

functional groups. We were interested in introducing positively
charged functional groups to bind to the negatively charged
surface of β-gal. We targeted tri-arginine as the functional group
for this purpose, since this tripeptide can perform the dual role
of providing the positive charge and also exhibiting cell-
penetrating peptide characteristics.8 Since only a small
percentage of the PDS groups was used for the cross-linking
reaction, we took advantage of the residual PDS moieties to
conjugate the tri-arginine moiety using a Cys-Arg-Arg-Arg
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Figure 1. Nanogel−protein complexation by complementary electro-
static interactions.
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(CRRR) peptide. Here, the thiol moiety in cysteine reacts with
the PDS units to provide the targeted nanogel. The structures
of the nanogel’s polymer precursor and the CRRR peptide is
shown in Scheme 1.

In the nanogel formation process, NG1 showed only a small
amount of production of pyridiothione (the byproduct of
disulfide cross-linking) at 330−340 nm. On the other hand,
NG2 showed a large amount of pyridiothione release indicating
that NG2 is more densely cross-linked (see Supporting
Information for details; Figure S3 and cross-link density
estimation). Subsequent CRRR addition showed a further
increase in the absorption peak of pyridiothione, indicative of
peptide conjugation onto the surface of the nanogels. The same
amount of CRRR addition showed a smaller increase for NG2
compared to NG1. This means that the degree of modification
with CRRR peptide is much more for NG1 than for NG2. This
is because the remaining PDS groups for surface modification
after nanogel formation are less at high cross-linking densities.
Thus, the two nanogels have different degrees of surface
functionalization, which should have implications in protein
binding and delivery. We also found that the absorption
intensity of hydrophobic dye, DiI, did not change during the
surface modification step. This suggests that peptide
modification process does not affect the encapsulation stability
of the hydrophobic guest in the nanogel.
Next, we investigated the ability of these nanogels to bind β-

gal. For this, we utilized β-gal functionalized with fluorescein
(FITC-β-gal). The absorption and emission spectra of DiI and
fluorescein suggest that these two dye molecules can be ideal
fluorescence resonance energy transfer (FRET) partners. FRET
is one of the most efficient techniques to evaluate the proximity
of two different molecules. Using FRET, we found that the
optimum ratios of NG1−CRRR and NG2−CRRR complex-
ation with β-gal were 2:1 and 4:1, respectively. Notably, NG1−
CRRR showed stable complexation at a lower concentration
than NG2−CRRR, suggesting stronger binding by the former
nanogel. We attribute this to the greater amount of the peptide
on the NG1−CRRR surface.
We also evaluated the size change and charge alteration of

the nanogel surface due to the complexation event using
dynamic light scattering (DLS) and zeta potential measure-
ments, respectively. The hydrodynamic diameters of individual
NG1−CRRR, NG2−CRRR, and β-gal were found to be
approximately 20, 12, and 10 nm, respectively (Figure 2a,b).
Once the nanogels and the protein were mixed, the size shifts
to about 40 nm for the complex of NG1−CRRR/β-gal and 30

nm for NG2−CRRR/β-gal complex. On the basis of the sizes
of the nanogels, β-gal, and the complexes, combined with their
ratio, we estimate the average numbers of nanogel and β-gal per
complex to be 7.6 and 3.8, respectively, for NG1−CRRR and
13.6 and 3.4 for NG2−CRRR (see Supporting Information for
details). Zeta-potential studies suggest that the apparent surface
charge of the nanoparticles shift toward negative values, from
+25 mV to −5 mV for NG1-CRRR and from 0 mV to −20 mV
for NG2-CRRR after β-gal incorporation (Figure 2c,d).
Evidence of nanogel−protein complexation is also supported
by gel electrophoresis studies (Figure S5). While NG2−CRRR
showed a large amount of unbound β-gal, NG1−CRRR showed
a negligible amount of free β-gal. Put together, these results
suggest that while both nanogels bind β-gal, the more positively
charged NG1−CRRR exhibits stronger binding to the protein.
The key motivation in developing this system is to achieve

efficient intracellular delivery of the hydrophilic protein along
with the lipophilic small molecules. It is important to maintain
stability and activity of the delivered protein throughout the
process.8 To this end, we tested the activity of the protein when
complexed to the nanogel in solution before performing any
intracellular release studies. An enzyme activity assay was done
for β-gal complexed to NG1−CRRR and NG2−CRRR after 1
h incubation with the nanogels. We observed that the protein
retains its activity even when bound to the surface of the
nanogels (Figure S6). These results demonstrate the robustness
of the complex in maintaining protein activity.
Next, we tested the intracellular delivery of DiI and β-gal. As

the nanogels consist of biodegradable disulfide cross-linkers, the
release of the complexed protein and encapsulated lipophilic
molecule can be triggered upon exposure to glutathione
(GSH), a biological reducing agent which is present at higher
concentrations inside the cells (mM), compared to the
extracellular concentration (μM). To compare the release
profile of these dual delivery systems, NG1−CRRR and NG2−
CRRR, containing DiI in its interior and complexed with FITC
labeled β-gal, were added to HeLa cells with serum and without
serum. If there is cell internalization of both encapsulated DiI
and FITC labeled protein, a yellow color would be observed
due to the co-localization and overlay of both red and green
fluorophores for DiI and FITC, respectively. If there is no
internalization of the nanogel, we would not see any color. For
this experiment, HeLa cells were treated with a 2:1 ratio of

Scheme 1. Structures of the Nanogel’s Polymer Precursor
and Tri-Arginine Peptide

Figure 2. DLS and ζ-potential graphs of (a) β-gal, NG1−CRRR, and
β-gal:NG1−CRRR complex (1:2) and (b) β-gal, NG2−CRRR, and β-
gal:NG2−CRRR-β-gal complex (1:4).
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NG1−CRRR/FITC-β-gal complexes and a 4:1 ratio of NG2−
CRRR/FITC-β-gal complexes. Fluorescence distribution of DiI
and FITC was observed over time by confocal fluorescence
microscopy with simultaneous excitation of both dye molecules
at 488 and 543 nm for FITC and DiI, respectively. As shown in
Figure 3a,b, green and red emissions were observed when the

cells were treated with the nanogel−protein complexes. On the
other hand, cells incubated with FITC-β-gal alone displayed no
fluorescence, suggesting that the protein is not capable of cell
penetration by itself (Figure S7). The green fluorescence of the
FITC (label for protein) and red fluorescence for DiI
(encapsulated small molecule) appear uniformly distributed.
While co-localization of DiI dye and β-gal in cells both with and
without serum was observed for NG1−CRRR (Figure 3a,c),
NG2−CRRR showed almost no efficiency of intracellular
delivery of either cargos in the presence of serum (Figure 3b,d).
The differences in delivery efficiency appear to be due to the
stronger interaction of the protein with NG1−CRRR compared
to NG2−CRRR, where serum proteins appear to compete for
the interaction with the nanogels. Also, note the presence of red

fluorescence with the yellow fluorescence in the case of the
NG1−CRRR complex. This suggests that the nanogel and the
protein are not only internalized, but are also starting to
spatially separate from each other, presumably due to GSH-
based degradation of the disulfide bonds.
Finally, we interrogated whether the protein activity is intact

after internalization into the cells. X-gal assays were performed
on cells, which had been incubated with the nanogel/β-gal
complex, to probe the intracellular activity of the delivered β-gal
(Figure 3e). The observed blue color is due to the conversion
of the 5-bromo-3-indoyl-β-D-galactopyranoside substrate to an
intensely blue colored indigo derivative, by β-gal. From the
optical microscope images, we see that the cells treated with
protein-conjugated NG1−CRRR show enhanced blue colo-
ration, due to greater β-gal internalization compared to NG2−
CRRR and the control cells. These studies suggest that the
delivered β-gal is active inside the cells. The observation that
protein bound to NG1−CRRR has better intracellular activity
than NG2−CRRR is consistent with the internalization studies
using confocal microscopy. Considering that the protein itself is
not permeable through the cellular membrane and the
hydrophobic dye is not soluble in water, the results above
suggest that concurrent delivery of a protein and a hydrophobic
dye simultaneously is indeed feasible with the approach
outlined here.
In summary, we have developed a nanogel that is capable of

encapsulating lipophilic small molecules within its cross-linked
interiors and binding proteins on its surface through electro-
static interactions. We have shown that: (i) the nanogels can be
functionalized with cell penetrating peptides efficiently; (ii) the
nanogels bind oppositely charged proteins and that the charge
density on the nanogel surface affects the efficiency of binding
of the complementarily charged proteins; (iii) complexation of
the protein with the nanogel does not alter the activity of the
protein; (iv) the complex exhibits efficient uptake by cells,
where both the lipophilic small molecule and the protein are
concurrently taken up by the cells; and (v) the enzyme retains
its activity even upon cellular entry. The design strategy
outlined here could have broad implications in a variety of areas
including therapeutics, diagnostics, and a combination of the
two by way of nanotheranostics.
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Figure 3. Protein and hydrophobic dye delivery using NG1−CRRR (a
and c) and NG2−CRRR (b and d) without serum, and with serum,
respectively. Within each image set, top left is the FITC channel which
shows green color (β-gal) and top right is the DiI channel which
shows red color (hydrophobic dye). Bottom left is the DIC image and
bottom right is an overlap of all three. Yellow color is overlay of green
and red. Scale bar is 20 μm. (e) X-gal activity assay of delivered β-gal
into cells.
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