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ABSTRACT: We describe here light-regulated swelling and degradation features of polymeric nanoparticles that are produced
using an inverse microemulsion polymerization method. We demonstrate the phototriggered release characteristics of the
nanoparticles by sequestering protein molecules and releasing them using light as a trigger. Furthermore, the intracellular
translocation of the nanoparticles, along with its fluorescent protein payload, was achieved using a cell-penetrating peptide-based
surface modification. We expect that the noncovalent encapsulation of proteins using nanoparticles and their photo triggered
release using an external light would provide opportunities for achieving intracellular release of molecular therapeutics for on-

demand requirements.

B INTRODUCTION

Nanosized materials have emerged as effective delivery systems
for therapeutic applications in recent years." In part, this
development has been fuelled by their unique properties,
including (i) greater cell penetration capability and (ii) the
ability to passively accumulate near tumor cells through the
enhanced permeation and retention (EPR) effect.” * Nanoma-
terials that are currently explored for delivery purposes are
mainly lipids, surfactants, copolymers, and dendrimers.>®
While the technology of utilizing polymeric assemblies
(particularly self-assembled structures of copolymers) is rapidly
growing, these nanovehicles are solely based on noncovalent
interactions, which have considerably restricted stability,
especiall}r when transferred to large volumes of biological
fluids.”~"" Furthermore, sequestering large drug molecules like
proteins in these noncovalently assembled structures is a
challenge. To address these issues, cross-linked polymer
nanoparticles have emerged as potent nanosized delivery
vehicles that are highly stable and capable of maintaining
their structure even at diluted conditions.">™"® However, in
initial studies, release of cargos from these polymeric materials
was entirely diffusion controlled. To provide greater diversity,
there is a growing interest in introducing functionalities that are
responsive to specific triggers, as cross-linkers in these
polymeric materials;>*>* not only to control the release
kinetics, but also to trigger release after reaching targeted
locations. This strategy of triggered de-cross-linking has
positioned cross-linked polymeric materials as promising
systems for controlled delivery of therapeutics. Herein, we
present such de-cross-linking features using a light sensitive
cross-linked polymeric nanoparticle system.

While there are a significant number of triggers such as pH,
temperature, redox, proteins, light ,and magnetic field being
explored,” ™ light has drawn much attention, because it
provides the opportunity for the user to not only control
release properties, but also to do so remotely in a
spatiotemporal defined manner. Exploiting this advantage,
light has been widely utilized to (i) pattern surfaces, (ii)
activate caged biological entities and, (iii) spatially control the
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properties of gel-like scaffolds.**™>" Although there are a
significant number of photocontrolled release systems, they are
either exclusively employed in noncovalently assembled
polymeric systems or based on cyto-incompatible shortwave
UV light (~250 nm).>*"* In this context, photolabile
protecting groups are also utilized to de-cross-link polymer
networks and control release of noncovalently encapsulated
guest molecules.*”*> More recently, light-sensitive polymeric
microgels have been reported using emulsion polymerization
methods, which produce particles that are quite hydrophobic.**
A potential complementary approach to this is developing
particles that are hydrophilic, since this renders them highly
water-soluble and provides opportunities to sequester hydro-
philic molecular entities such as proteins and DNA/RNAs.
Such photocontrolled systems would allow us to carry out
fundamental studies that offer unprecedented control over
cellular responses to cargo release in in vitro experiments, and
consequently provide basic understanding on cell properties. In
this manuscript, we report water-soluble, cross-linked polymeric
nanogels that exhibit photoinduced swelling and degradation
properties in aqueous conditions with the potential ability to
encapsulate and release proteins in response to light (Figure
la).

B EXPERIMENTAL SECTION

Synthesis of Photodegradable Nanogels. The photodegrad-
able nanogels used in this study were prepared through inverse
microemulsion polymerization following the method developed by
Mcallister et al’ with modifications. The molar ratio of the
hydroxyethylacrylate (HEA) to the cross-linker A in the emulsion
was maintained at 95:S. Accordingly for the reference, 125 mg (1.08
mmol) of HEA and 22.6 mg of cross-linker A (0.05 mmol) were taken
in a 20 mL vial and was diluted using 100 yL of distilled water. This
vial was then protected from light to prevent degradation of the light
sensitive cross-linker. Separately, the inverse microemulsion was
prepared by mixing 5.0 g of n-heptane with 0.6 g of the surfactant,
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Figure 1. (a) Schematic illustration of protein encapsulation and its
light-induced release from cross-linked polymeric nanogels. (b)
Chemical structures of monomers used in the synthesis of photo-
controlled nanogels. (c) TEM image of nanogels. (d) Hydrodynamic
size of nanogel (0.2 mg/mL).

Laureth-4 (Brij 30, from Sigma Aldrich). The microemulsion solution
was then added to the monomer mixture solution and then vortexed
until a clear solution was obtained. Then, the contents of the vial were
stirred and purged with argon for 4 min to remove oxygen from the
reaction vial. The initiator, ammonium persulfate (APS) (10 mg) in
water (60 uL) was added to the microemulsion-monomer mixture,
followed by 10 uL of the activator, tetramethylethylenediamine
(TEMED) under argon conditions. The reaction, while shielded from
light, was conducted at room temperature under argon conditions for
12 h. To isolate the nanogels, 8 mL water was added to the emulsion
and allowed to stir for 5 min. The contents were transferred to two 15
mL falcon tubes and were centrifuged for 15 min at 4400 rpm. After
disposing the organic layer, the aqueous layer in each tube was then
washed with 2 mL of n-butanol and centrifuged for 15 min at 4400
rpm. This wash was repeated two times to remove all the surfactants.
The remaining aqueous layers of each tube were combined and poured
into a 7K-dialysis membrane. The membrane was then dialyzed in 2.0
L of water for 24 h at 5 °C, replacing the water every 6 h. The nanogel
solution was removed from the dialysis tube and then passed through
0.22 pum filter. The resulting solution was lyophilized to obtain the
nanogels as a dry solid (yield: 40%).

Protein Encapsulation in Photodegradable Nanogels. For
protein encapsulation, the same procedure described above for
nanogel synthesis was followed with minor variations. Here the
molar ratio of the HEA to the cross-linker A in the emulsion was kept
at 97.5:2.5. Similarly, 131.0 mg (1.13 mmol) of HEA and 12.6 mg of
cross-linker A (0.03 mmol) were taken in a 20 mL vial and diluted
using 100 pL of distilled water. To this vial was added a solution of 2.5
mg of alkaline phosphatase (ALP) (or fluorescein-BSA) in 100 L of
water. Separately, the inverse microemulsion was prepared and added
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to the monomer mixture solution and then vortexed mildly. While
stirring, the contents of the vial were purged with argon for 4 min to
remove oxygen from the reaction vial. The initiator, APS (S mg) in
water (30 pL) and S uL of TEMED were added to the
microemulsion—monomer mixture, and then the reaction was
conducted at room temperature under argon conditions for 2 h.
The nanogels were isolated according to the above procedure, but
dialysis was carried out using phopshate buffered saline (PBS) buffer
(pH 7.6) for 24 h at 5 °C and replacing the water for every 6 h. The
protein loaded nanogel solution was removed from the dialysis tube
and then passed through a 022 um filter. The filtered resulting
solution was directly used for ALP activity studies. The amount of
nanogels in these solutions was obtained by lyophilization, and then
the approximate concentrations were calculated. The concentration of
nanogels before lyophilization was found to be 4 mg/mlL, and for ALP
activity studies the nanogel solution was directly used from dialysis.

ALP Activity/Release Studies of Photodegradable Nanogels.
Approximately 4.0 mg/mL of nanogel solution loaded with ALP (NG-
ALP) was used for the study and was passed through a 0.22 um filter
before experiments. Fifty microliters of these NG-ALP solutions was
exposed to 365 nm (10 mW/cm?) light for different times. Then 8.0
UL of NG-ALP solutions (0, 2, and 4 min of light exposures) was
added to 150 uL of 0.2 mM solution of ALP substrate (p-nitrophenyl
phosphate (p-NPP)) in a 96 well plate. The final concentration of NG
in each well was 0.2 mg/mL. The change in the absorbance at 400 nm
was tracked over a period of 15 h, and the temperature was kept at 25
°C throughout the experiment.

Intracellular Uptake of Bovine Serum Albumin (BSA)—
Fluorescein Loaded Nanogels. 3T3 cells were plated at 50 000
cells per well in a six-well plate and then allowed to attach on a cover
glass that was placed on the bottom of each well for 6 h. Then BSA-
loaded nanogel solutions (each well contained 0.25 mg of nanogel)
were added to the wells and continued the culturing for 12 h. After 12
h, the media was removed, and the cells were washed with media 2—3
times. The cover glass was removed from the well and imaged by
confocal microscopy. For all cell experiments, the basic culture
composition was low glucose Dulbecco’s modified Eagle's medium
supplemented with 10% fetal bovine serum, 50 U/mL each of
penicillin and streptomycin, and 1 pg/mL fungizone (all from
invitrogen). The cells were kept at 37 °C and 5% CO, for the
duration of the experiments.

B RESULTS AND DISCUSSION

To obtain the photodegradable nanogel, we designed and
synthesized a short photodegradable cross-linker A (Figure 1b).
Here, a methoxy-nitrobenzyl ether derivative was selected as
the photodegradable moiety because of its well-established
chemistry and greater utilization in numerous biological
applications due its absorbance at longer wavelengths of
light.8 Also, a triethylene glycol spacer was introduced to the
base nitro-benzyl unit in order to improve its solubility in water.
The key photodegradable cross-linker A was obtained in six
steps as shown in Scheme 1la. First the phenolic hydroxyl group
of starting acetovanillone 1 was benzyl-protected for nitration
and then deprotected using TFA. Then, the nitro-acetovanil-
lone 2 was treated with monotosylated tri(ethylene glycol)
(TEG-OTs) followed by keto-reduction and acrylation of
terminal hydroxyl groups to yield the photodegradable cross-
linker A. Having synthesized the main cross-linker A, we
decided to assemble nanogels using an inverse microemulsion
polymerization method,® because it enables us to achieve
particles that are: (i) water-soluble for the encapsulation of
biologically relevant cargos such as proteins/enzymes and (ii)
within the nanosized regime for efficient intracellular delivery.
Photodegradable nanogels were obtained by copolymerizing
the cross-linker A with HEA in an inverse microemulsion
milieu using a free-radical-initiated polymerization. To initiate
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Scheme 1. (a) Synthesis of Key Photocleavable Crosslinker
A. (b) Light Induced De-cross-linking of Photodegradable

Nanogel
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polymerization, APS was used as the initiator and TEMED as
the activator (Supporting Information (SI)).

To determine whether the photodegradable cross-linker was
incorporated into the polymer network, we first used '"H NMR
spectroscopy (SI). The presence of signals for the nitro-benzyl
unit at the aromatic region clearly indicated incorporation of
the photodegradable monomer in the polymeric backbone.
Additionally, there were no signals corresponding to mono-
meric vinylic protons in the spectrum, suggesting very high
levels of conversion. We then characterized the size and shape
of the resulting nanogels using both transmission electron
microscope (TEM) and dynamic light scattering studies (DLS).
The TEM image in Figure 1c indicated a spherical morphology
of the nanogels with sizes ranging from 25 to 40 nm. Since
TEM images were obtained from dry surfaces, DLS was carried
out to obtain the hydrodynamic sizes of the nanogels in
solution. DLS results indicate that the nanogels have a relatively
narrow size distribution, with an average diameter of 50 nm
(Figure 1d).

To test the photoresponsive properties of the nanogels, we
investigated changes in the hydrodynamic diameter as a
function of exposure time using DLS. When aqueous solutions
of the nanogel were exposed to 365 nm of light at 10 mW/cm?,
we observed two prominent changes (Figure 2a): (i) a
systematic increase in the size of the nanogels occurred with
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Figure 2. Studies of photoresponsive properties and protein release: (a) Change in hydrodynamic size of nanogel (0.2 mg/mL) at different time of
light exposures (2.5, S and 10 min) using DLS; (b) GPC traces outlining light induced degradation of nanogel (1.0 mg/mL); (c) Control over
protein activity: Evolution of p-NP (4,,,,: 400 nm) upon exposing p-NPP substrate (0.2 mM) to ALP loaded nanogel (0.2 mg/mL) and its light
exposed (2 min of exposure) counterpart in UV—vis; (d) SDS-PAGE electrophoresis depicting protein release: L - ladder; 1- native ALP; 2- ALP
loaded nanogel; 3- ALP loaded nanogel after exposure to light (2 min); 4 - blank nanogel (not loaded with ALP).
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Figure 3. Confocal images of 3T3 cells after being exposed to flourescein-BSA loaded nanogel: (a) without TAT peptide; (b) with TAT peptide.

increasing exposure time, consistent with light-induced de-
cross-linking and subsequent swelling of the nanogels (Scheme
1b); (ii) an increase in the hydrodynamic size of the nanogels
was observed up to 5 min of light exposure. Interestingly,
turther light exposure did not lead to significant increases in the
nanogel size, possibly due to either the existence of noncovalent
larger aggregates or partial degradation/de-cross-linking of the
cross-linked polymer. To verify this further, the degradation
profiles of the nanogels were examined using gel permeation
chromatography (GPC). Before exposure to light, the nanogels
showed a single peak with a slight shoulder in the chromato-
gram (Figure 2b), but this peak gradually decreased in area with
increasing light exposure, implying the disappearance of the
starting nanogel due to its light-induced degradation. More
importantly, this steady decrease in the original peak was
concomitant with the emergence of a new peak at longer
elution times (i.e., the lower molecular weight region), which
corroborated the degradation of the starting nanogel into lower
molecular weight polymers. As a control experiment, when
nonphotodegradable nanogels, synthesized using diethylene
glycol diacrylate as a cross-linker, were exposed to light, we did
not observe any significant change in the GPC profile (SI).
This further supports the idea that changes observed in the
GPC for photodegradable nanogels were due to light-induced
de-cross-linking of the polymer networks.

Having explored the swelling and degradation profiles of the
nanogels, we then entrapped protein molecules in the nanogels
and tested the possibility of controlling protein release in
response to light. For this demonstration, we chose ALP as a
model protein, since ALP is a biologically important enzyme
that is readily available and known to specifically cleave only
phosphate esters. Hence, the release of ALP from the nanogel
could be easily monitored by the change in the enzyme activity,
but the ALP would have minimal ability to access its substrate
when entrapped in the nanogel compartments. Once released,
however, it would have easy access toward its substrate and its
concentration can be readily inferred from activity measure-
ments. Prior to test this hypothesis, we investigated size, shape,
and loading efficiency of the ALP sequestered nanogels using
TEM analysis. While being spherical, TEM image of the
protein-loaded nanogels showed an increase in size, i.e.,, ranged
from 100 to 200 nm compared to unloaded nanogels (Figure
S1). The ALP loading efficiency of the nanogels was
determined using micro BCA assay and found to be almost
15 ug of protein per mg of nanogel (~50% loading efficiency)
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(SI). We then moved on to study the effect of light exposure on
the release and enzymatic activity of ALP-loaded nanogels.
Typically, the activity of ALP is monitored using p-NPP as the
substrate, which releases p-nitrophenol (p-NP) upon the
enzymatic cleavage of the phosphate ester. Here, the evolution
in the absorbance of p-NP in Figure 2c shows that light-
degraded ALP-loaded nanogels exhibit significantly increased
enzyme activity as compared to samples that were not exposed
to light. This result clearly suggests that the bioactivity of the
ALP is (i) intact; and (ii) can be controlled using an external
light. However, it is important to further determine whether
this increase in enzymatic activity is due to (i) the light induced
swelling of nanogels that results in increased diffusion of small
molecule substrate into the nanogel or (i) the release of
protein from the nanogel compartments. For this, we have
carried out protein gel electrophoresis, and the results are
shown in Figure 2d. The ALP loaded nanogels before exposing
to light did not show any well-defined protein band (lane 2) as
compared to the distinctive band observed for native ALP (lane
1). After exposure to light, the appearance of a well-defined
band (lane 3) that is comparable to the native ALP indicated
that the protein molecules are indeed released from nanogel
compartments that effect in increased enzymatic activity.
Finally, we investigated the intracellular uptake of nanogels
loaded with fluorescein-labeled BSA using NIH 3T3 cells.
Confocal imaging (Figure 3a) of the cells clearly indicated that
there is minimal uptake of the nanogels by the 3T3 cells.
However, if a cell penetrating TAT peptide is included on the
surface of the nanogel, internalization is facile (Figure 3b). TAT
is known to facilitate cellular uptake of nanoparticles, and
functionalization was achieved using an azide-terminated
acrylate B (Figure 1b), which was readily incorporated during
the nanogel synthesis. The azide-containing particles were then
treated with alkyne-tagged TAT peptide C (Figure 1b) under
click chemistry conditions. When these TAT-incorporated
nanogels were incubated with 3T3 cells, they were easily
internalized and almost exclusively in the cell cytoplasm as
shown in Figure 3b. This further demonstrates that these
protein-loaded nanogels have the potential to be internalized by
cells, and subsequent control over the intracellular release of
cargos using an external light can be easily envisioned. Since
nitrobenzyl molecular systems are known to cleave under two-
photon light (740 nm),*® for such controlled intracellular
applications, one can also utilize two-photon light. Moreover,
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both 740 and 365 nm light are known to be cgrto-compatible
. s . 45,46
over a range of intensities and exposure times.

B CONCLUSION

In summary, we have designed and synthesized light controlled
polymeric nanoparticles and explored their photoresponsive
properties in aqueous conditions. The synthesis of photo-
degradable nanogels was achieved using a short photocleavable
diacrylate as a cross-linker in an inverse microemulsion milieu.
We demonstrate that light induces degradation and concom-
itant swelling of the nanogels, as observed by significant
changes in the hydrodynamic size and GPC response/
retention-time with exposure time. More importantly, we
demonstrate that these nanomaterials are capable of
encapsulating proteins, maintaining their activity, and releasing
proteins in response to light. Since light is a remote-trigger and
can be used externally, we envision that these photoresponsive
nanosized materials might provide new opportunities for
controlled/targeted delivery applications. Utilization of these
nanomaterials for encapsulation of specific disease oriented
proteins/RNA molecules and controlling cellular properties
using light are current investigations in our laboratory.

B ASSOCIATED CONTENT

© Supporting Information

Syntheses and characterization of photocleavable cross-linker,
TAT peptide, and its incorporation to the nanogel are
presented. Also, methods for TEM, DLS, and GPC can be
found here. This material is available free of charge via the
Internet at http://pubs.acs.org.
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