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Abstract

Enzyme-responsive protein nanocapsules are synthesized to release their protein cargoes in
response to specific enzymes secreted in certain cellular events not only with specificity but also
with controlled rate by composition tuning. The unique nanocapsule structures protect the
encapsulated proteins with robustness against reacting reaction system, providing a new direction
towards responsive protein delivery according to specific cellular events or local environment.
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Biological systems rely on synergic actions of proteins and other biomolecules to maintain
their normal functions. Delivering proteins to replace the malfunctioned ones or to direct or
regulate normal biological functions holds great promises for a broad spectrum of
applications ranging from therapeutics, tissue engineering to other areas[1]. To date,
although various delivery approaches have been established, developing the capability to
deliver proteins according to local environmental changes (e.g. pH, [2][3] glucose[4] and
enzyme concentrations[5] [6] ) has been of great demand but remains highly challenging.

It is known that biological system often secret specific enzymes in response to certain
cellular events such as injury or disease. [7][8] If such enzymes can be used to trigger a
delivery system to release its protein cargoes, proteins may be delivered effectively based on
specific cellular events or environmental changes. Moreover, enzymes are generally highly
specific and secreted with precisely spatial and temporal control; such an enzyme-responsive
delivery may allow protein delivery with spatial and temporal control, opening huge
opportunities for tissue engineering and other applications. However, despite of such
advantages, the current state of the art for protein delivery from hydrogel scaffolds mainly
relies on attaching protein-containing polymer microspheres to hydrogel scaffolds or
directly immobilizing protein covalently or electrostatically to hydrogel scaffolds. [9][10])
The use of enzymatic action for protein delivery is limited to bulk hydrogels containing
enzyme-responsive linkers, which can be cleaved off by specific enzymes and release their
protein cargoes. [10] [11] [12] Note that hano-hydrogels have been synthesized using
microemulsion polymerization for general purpose of drug delivery. [13] [14] Generally,
enzyme-responsive linkers may also be incorporated within the nano-hydrogels to provide
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enzyme-responsive delivery capability. However, the synthesis of such nano-hydrogels was
generally achieved in reaction media containing significant amount of organic solvent and
surfactant, forbidding effective incorporation of active proteins within such nano-hydrogels.

Herein, we report a novel enzyme-responsive delivery platform with controlled-releasing
capability and specificity based on protein nanocapsules illustrated in Scheme 1. In this
work, bovine serum albumin (BSA) and vascular endothelial growth factor (VEGF) were
used as the model proteins; VEGF has been proven to be specific and critical for
angiogenesis. [15] It has also been proven that matrix metalloproteinases (MMP) [16] and
serine proteases, such as plasmin, [17][18] are generally up-regulated in diseased or injured
tissues. Using such proteases as the trigger, we demonstrated here controlled release of
VEGF from the nanocapsules to induce and guide blood vessel formation.

The synthesis of the nanocapsules was achieved using a simple encapsulating technique as
illustrated in Scheme 1. We started from buffer solutions containing positively charged
monomer (N-(3-aminopropyl) methacrylamide (APM), neutral monomer (acrylaminde
(AAM)), non-degradable and protease-degradable crosslinkers. Electrostatic and hydrogen-
bonding interactions enrich the monomers and crosslinkers around the protein molecules
(Step 1). In-situ free-radical polymerization forms a thin polymer layer around the proteins,
forming the protein nanocapsules (denoted as nNVEGF and nBSA, respectively) with
controlled composition (Step 11). [19] Tuning the ratio of the positive-charged and the
neutral monomers allows the control of nanocapsule surface charge; while turning the ratios
of the degradable peptide and non-degradable crosslinkers allows the synthesis of
nanocapsules with tunable degradability. Upon exposed to proteases, the peptide
crosslinkers are cleaved off and release their protein cargo with controlled release rate (Step
I11). Figure 1B shows a representative transmission electron microscopic (TEM) image of
the nanocapsules prepared with a VEGF/monomer ratio of 1:6000 and an APM: AAM:
degradable crosslinker molar ratio of 5/5/1. These nanocapsules exhibit a zeta potential of
+1.4 mV and diameters ranging from 20 to 45 nm, which is consistent with the dynamic
light scattering (DLS) measurement (25~60 nm) (Figure 1A). The nanocapsule is expected
to have multiple proteins per nanocapsule; however, it is very difficult to measure the exact
number of protein molecules within each capsules. Note that surface charge of the
nanocapsules can be readily tuned from —7 to +5 mV by adjusting the ratios of the positively
charged monomer to other building molecules used (Table S1). The stability of these
nanocapsules was examined by monitoring their size variation in PBS buffer at 4 °C (Figure
1C). Similar to the native protein, these nanocapsules with an average diameter of 35 nm
exhibit no obvious aggregation in 8 days, indicating an excellent stability in solution.

The release of the protein from the nanocapsules can be readily controlled by the ratios of
degradable crosslinkers to non-degradable crosslinker. In this work, plasmin-cleavable
crosslinker was synthesized by bisacryloylating a plasmin-specific peptide Lys-Asn-Arg-
Val-Lys (KNRVK); [20] while N, N’-methylene bisacrylamide was chosen as the non-
degradable crosslinker. Figure 2A shows the SDS-PAGE image of (1) native BSA, (2)
nBSA prepared with 100% degradable crosslinker without plasmin treatment, and (3-6)
nBSA prepared with 100, 50, 33, 25, and 0% degradable crosslinkerafter treating with 0.2
mg/mL plasmin for 30 min. Compared with the native BSA exhibiting a well-defined band
(line 1), the nBSA is broadly dispersed within the gel, possibly because of their dispersive
size and charge distribution (line 2). Exposing the nanocapsules to plasmin degrades the
polymer shell, leading to a subsequent release of the BSA that exhibits bands (line 3-5)
similar as that of native BSA (line 1). As expected, nBSA prepared using the non-
degradable crosslinker (line 6) exhibits similar pattern as that of the degradable one prior to
exposing to plasmin (line 2). This work demonstrates the feasibility to encapsulate proteins
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within the nanocapsules and release them responsively by enzymatic degradation of the
nanocapsules.

The degradation kinetics of the nanocapsules can be quantified using the DLS technique.
Using nVEGF as an example, Figure 2B shows the degradation profiles of nVEGF prepared
with different ratios of degradable crosslinkers in the presence of plasmin. The initial shell
thickness of the nVEGF can be estimated from Ry-Ryegr, Where Rg is the initial diameter
of n"VEGF and Ryegk is the diameter of a VEGF molecule (~ 4nm). The degree of
degradation can be described as [Ro-R¢l/[Rg-Rvege]*100%, where R; is the time-depended
nVEGF diameters. nVEGF prepared with 100% degradable crosslinkers was degraded
completely after 40 min, while those prepared with 0% degradable crosslinker, no
degradation was observed. Note that the slopes of the degradation profiles consistently
increase with the % of degradable crosslinkers, confirming increasing degradation rates with
increasing percentage of the degradable crosslinkers.

Consistent with the degradation kinetics, as-encapsulated VEGF can be released with
controlled rates, which were determined using enzyme-linked immunosorbent assay
(ELISA). It was found that more that 90% of VEGF was encapsulated within the capsules
(Figure S1-2). Figure 2C shows the concentrations of VEGF released from the nVEGF
prepared with different percentages of degradable crosslinkers with and without the presence
of plasmin. In the absence of plasmin, no free VEGF was detected in all "\VEGF samples,
suggesting that no VEGF was released and VEGF antibody could not bind to nVEGF. In the
presence of plasmin, nVEGF degradation leads to release of their encapsulated VEGF. As
expected, the amount of VEGF released systematically increases with increasing percentage
of degradable crosslinker used during the nanocapsule synthesis, indicating that the rate of
VEGF release can be modulated effectively. It is worth pointing out that nVEGF formed
with 100% degradable crosslinker released 95% of the VEGF used to form the
nanocapsules, indicating that VEGF can be effectively encapsulated and released using this
technology.

This method can be generalized for protein delivery not only with rate control but also with
specificity to the enzyme present. To demonstrate this concept, nBSA containing plasmin-
cleavable crosslinker KNRVK (denoted as nBSAjRry) or MMP-cleavable crosslinker
KLGPAK (Lys-Leu-Gly-Pro-Ala-Lys) (denoted as nBSA| gpa) Were used as the model
system. Plasmin, a serine protease in blood, is commonly secreted by tissue cells during the
formation of vessels, while MMP plays an important role in tissue remodeling to degrade
extracellular matrix proteins during the angiogenesis. [21] [16] Figure 2D shows SDS-page
image of native BSA, nBSAnRry and nBSA| gpa Without and with exposing to plasmin or
collagenase [22] (a bacterial equivalent of MMP with capability to degrade MMP sensitive
peptides) for 30 min. Compared to the characteristic band of native BSA (line 1), nBSANRry
without exposing to plasmin (line 2) or after exposing to collagenase (line 4) does not show
any well-defined band, but does exhibit a well-defined band (line 3) similar to that of native
BSA upon exposing to plasmin. This observation clearly suggests the release of BSA is
highly specific to the enzyme exposed and confirms a feasibility to deliver protein with
enzyme specificity. Similarly, exposing nBSA( gpa to plasmin (line 5) results in broad
dispersion in the gel, confirming that plasmin is incapable to trigger release of BSA from
MMP-specific nBSA[ gpa; as expected, exposing nBSA| gpa to collagenase results in
specific degradation of the polymer shells, which is confirmed by DLS study (Figure S2).
This study indicates that the specific enzyme-degradation of nanocapsules can be achieved
by choosing judicious choice of enzymes and particular peptide crosslinkers with specific
sequences.
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To further confirm the bioactivity of the encapsulated VEGF, the ability of the released
VEGF to phosphorylate its receptor was assessed and compared with native VEGF. VEGF
nanocapsules with different percentages of the plasmin degradable crosslinkers (100% to
0%) were exposed to plasmin for 15 min and added to confluent HUVECs cells for another
5 min. A western blot of the exposed cells was run and probed for phosphorylated VEGFR-2
as well as the total VEGFR-2 (Figure 3A). Clearly, all nVEGF that contained the degradable
crosslinker showed receptor phosphorylation, indicating that the VEGF released from the
nanocapsules was active. Further, these data show that the nanocapsules were degraded to a
sufficient extent by plasmin to release their VEGF cargoes. Care was taken to expose the
cells to the same amount of VEGF for all the conditions. Figure 3B shows a histogram of
normalized pVEGFR-2-band intensities vs. that of total VEGFR-2 for each sample
(IpPVEGFR-2/IVEGFR-2). Native VEGF and the 100% degradable n\VEGF show a similar
level of receptor phosphorylation, indicating the nanocapsules well preserve the VEGF
activity. Further, nVEGF prepared without the plasmin degradable crosslinker (0%) shows a
ratio less than 0.1, confirming the degradation of the nanocapsules is required for receptor
phosphorylation. This finding further confirms the possibility to controllably release growth
factors from the nanocapsules.

Such protein nanocapsules with highly retained activity, controlled released capability and
specificity are of great interest for a board range of applications ranging from therapeutics to
tissue engineering. For example, as illustrated in Figure 4A, hydrogel scaffolds are
commonly synthesized by reacting a polymer containing vinyl groups with crosslinkers
containing dithiol groups, during which Michael addition reaction between the vinyl and
thio groups effectively crosslinks the polymer into a hydrogel. [23] Proteins including
growth factors can be directly added to the mixture of the polymer and crosslinker and
incorporated within the hydrogels[10] [12][24].Although such hydrogels are extensively
used for tissue regeneration application, the crosslinkers may react with disulfide bridges of
the proteins, resulting in structural miss-folding and loss of activity. Since the nanocapsules
contain the protective shells that prevent the encapsulated protein from reacting with the
crosslinkers, the nanocapsules can be effectively incorporated within the hydrogel with
better-retained activity.

To demonstrate the enhanced stability of the encapsulated VEGF, native VEGF and nVEGF
were incubated with crosslinker HS-(CH,CH,0)75-SH (HS-PEG-SH) for 30 min, allowing
exchange reaction between the disulfide bonds within the VEGF with the thiol groups of the
crosslinker molecules. Such an exchange reaction would result in increasing number of thiol
groups within the VEGF, which can be quantified using the Ellman’s test. In a typical assay,
as generated thiol groups were reacted with 5,5'-Dithio-bis(2-nitrobenzoic acid) (DTNB)
and stoichiometric released 2-nitro-5-thiobenzoate ions with a characteristic absorbance at
412 nm. Figure 4B compares the relative absorbance intensity after incubating native VEGF
and nVEGF (made with 100% degradable crosslinker) with different amounts of HS-PEG-
SH for 30 min followed by addition of DTNB. For the native VEGF, the absorbance
increases systematically with increasing the amount of HS-PEG-SH used, suggesting
increasing degree reaction between the VEGF disulfide bonds with the crosslinker
molecules. The disulfide bonds survived from the reaction rapidly decrease; at VEGF/HS-
PEG-SH molar ratio of 1/5, all the disulfide bonds were breakdown. In contrast, the
absorbance for nVEGF remains constant and the disulfide bonds were retained at all
nVEGF/HS-PEG-SH ratios, suggesting the encapsulated VEGF is immune from the
crosslinker attack. This study unambiguously proves that encapsulating proteins within the
nanocapsules can effectively prevent such inactivating reactions, providing a novel approach
for the design and fabrication of regenerative bio-scaffolds.

Adv Mater. Author manuscript; available in PMC 2012 October 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wen et al.

Page 5

Furthermore, rapid leaching of the incorporated proteins from hydrogels has been a
challenge that is required to be addressed. [25] One may consider decreasing the pore size of
the hydrogels to decrease or avoid leaching of incorporated proteins. Nevertheless, to ensure
cellular growth and nutrient diffusion into the hydrogels from surrounding media, hydrogels
with large enough pore size are often required, which inevitably causes leaching of
incorporated protein. Fortunately, the protein nanocapsules described here generally contain
residual vinyl groups on their surface, which can be immobilized to the hydrogel network
through the Michael addition reaction with the thio-containing crosslinkers. Such an
immobilization process effectively prevents leaching of the nanocapsules. To prove this
concept, fluorescence-labeled BSA and BSA nanocapsules were incorporated within the HA
hydrogels, which were then placed in PBS buffer for different time. Figure 4C compares
fluorescent intensities of the BSA or nBSA leached into the buffer solution. Clearly,
fluorescent intensity of the leached BSA rapidly increases with time, which is much higher
than those of the leached nBSA. This study suggests that using protein nanocapsules rather
than native ones can effectively reduce leaching of the protein from the hydrogels.

In conclusion, we have demonstrated a novel class of protein nanocapsules that can release
the encapsulated proteins with controllable rate and specificity to specific enzyme. This
work provides a new direction towards responsive protein delivery according to specific
cellular events or local environment, which are of great importance for therapeutic and other
applications. Furthermore, the unique nanocapsule structures protect the encapsulated
proteins with robustness against reacting reaction system, enabling the synthesis of a series
of hydrogel scaffolds for broad regenerative tissue applications.

Experimental

Synthesis of nanocapsules

250 pg of protein bovine serum albumin (BSA) was dissolved into 500 puL of 10 mM pH 8.5
sodium bicarbonate buffer. Firstly, the positively charged monomer N-(3-Aminopropyl)
methacrylamide (APMTAAmM), prepared in a 10 mg/mL aqueous solution, was added into
protein solution with stirring for 10 min at 4°C. Then the acrylamide (AAm) monomer and
crosslinkers (combination of bisacryloylated Lys-Asn-Arg-Val-Lys (KNRVK) peptide and
N,N’-methylene bisacrylamide (BIS)) were added to protein solution with stirring
sequentially. The molar ratio of AAm/ APM/ crosslinker was adjusted to 5/5/1. Radical
polymerization was initiated by adding both ammonium persulfate (1/10 molar ratio of total
monomers) dissolved in deionized water and the same volume of 10% N,N,N’,N’-
tetramethylethylenediamine into reaction solution. The size and zeta potential of
nanocapsules were tuned by adjusting the ratios of protein to monomers used. The
polymerization was allowed to proceed for 90~120 min in a nitrogen atmosphere at 4°C.
Finally, unreacted monomers, crosslinker and initiators were removed by dialysis in 10 mM
pH 7.4 phosphate buffer. Synthesis of growth factor vascular endothelial growth factor
(VEGF) nanocapsules was similar to that of BSA nanocapsules. Ten times higher amount of
monomers was required when the reaction volume was smaller than 50 pL and final protein
concentration was lower than 0.05 pg/ pL. Detailed information regarding nanocapsule
synthesis and characterization are provided as Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A, Size of the VEGF nanocapsules ("WVEGF) synthesized at VEGF/monomer (V/M) molar

ratio of 1:6000. B, Transmission electron microscopic (TEM) image of nVEGF synthesized
at V/M molar ratio of 1:6000. C, Stability of a 35-nm-size nVEGF monitored by DLS in pH
7.4 PBS buffer at 4°C.
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Figure 2. VEGF nanocapsules ("WEGF) control and release

A, SDS-PAGE of the degradation of BSA nanocapsules prepared with different ratios of
degradable and non-degradable crosslinkers with and without 30 min plasmin treatment (left
to right) : ladder; (1) native BSA,; (2) nBSA before plasmin treatment; (3) 100% nBSA; (4)
50% nBSA,; (5) 33% nBSA and (6) 0% nBSA. B, Degradation rates of nNVEGF prepared
with different percentages of degradable crosslinker after 30 min plasmin treatment. C,
Concentrations of VEGF released from the nVEGF prepared with different percentages of
degradable crosslinkers with (shadow) and without (blank) the presence of plasmin. D SDS-
Page of the specific degradation of 100% nBSA (left to right): ladder; (1) BSA,; (2)
NBSANRv, (3) NnBSANRyT 0.2 mg/mL plasmin, (4) nBSAnry+ 50 unit/mL collagenase; (5)
NBSA| gpat 0.2 mg/mL plasmin.

Adv Mater. Author manuscript; available in PMC 2012 October 18.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Wen et al.

(A) nVEGF (% AC-KNRVK-AC)
VEGF100 50 33 25 0

PVEGFR-2

(B

~—

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

pVEGFR-2/VEGFR-2

VEGF 100 50 33 25 0
nVEGF (% AC-KNRVK-AC)

Figure 3. Activity of released VEGF from nanocapsules

A, Activity of released VEGF tested by adding to HUVEC cells and running western
blotting. B, Analysis of the western blotting based on the band intensities showing
phosphorylated percentage of pVEGF-2.
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Figure 4. Protection of nanocapsules

A, Scheme of hydrogel formation by Michael addition reaction between bis-cysteine
containing crosslinkers and vinyl-group-containing polymers in the presence of nVEGF. B,
Percentages of disulfide bonded remained and normalized adsorption intensities of VEGF
and nVEGF after expose to HS-PEG-SH and DTNB vs those exposed to DTNB alone at
different VEGF/HS-PEG-SH and nVEGF/HS-PEG-SH molar ratios. C, Fluorescence
intensities of PBS buffer after placing HA hydrogels that incorporated 3.5 pmol FITC-
labeled BSA or its nanocapsules (nBSA) in 400uL buffer solution at different times.
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Scheme 1.

Schematics of synthesis of the nanocapsules and their controlled release process: (1)
enriching the monomers and crosslinkers around the protein surface, (I1) forming a polymer
shell around the protein molecules by in-situ polymerization leading to the formation of
protein nanocapsules, and (111) degrading of the polymer shell by protease releasing their
protein cargo.
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