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Enzyme-Responsive Delivery of Multiple Proteins with

Spatiotemporal Control

Suwei Zhu, Lina Nih, S. Thomas Carmichael, Yunfeng Lu,* and Tatiana Segura*

During tissue repair, the orderly presentation of signal proteins
in coordination with proteolytic enzymes generally directs the
hierarchical remodeling of diseased tissues.!l For example,
angiogenic growth factors in association with tissue-specific
protease cascades direct vascular sprouts and subsequent sta-
bilization of blood vessels. In order to deliver multiple signal
molecules in a desired sequence, researchers have attempted
to develop delivery vehicles with spatiotemporal control
by trapping proteins within degradable polymers such as
poly(lactide-co-glycolic acid), poly(e-caprolactone), and hydro-
gels. Representative examples include the composite films
made by the layer-by-layer assembly of proteins and polymers,!
as well as the composite scaffolds made by electrospinning! or
by fusing polymer particles that contain desired proteins using
organic vapor or high-pressure CO,.! For the composite films,
the sequential release of the proteins is achieved through a
hydrolyzable barrier that separates the layers of the first protein
from the subsequent ones; after releasing the first protein, the
hydrolysis of the barrier allows for the release of the subsequent
proteins. For the composite scaffolds, the sequential release
is achieved based on different hydrolysis rates of the polymer
moieties within the composites. Although these delivery vehi-
cles enable the sequential elution of multiple proteins, the
release process is constitutive which cannot be programmed
to respond to any particular biological event. Furthermore,
the synthesis of such composites requires harsh chemical pro-
cesses involving the use of intense mixing and/or organic sol-
vents, which can easily denature growth factors.

Protease-based protein delivery systems were previously
studied by others to either directly conjugate proteins to
matrices via a protease-sensitive peptide linker or to attach
proteins within a bulk hydrogel that is crosslinked by protease-
sensitive peptides.”! However, both approaches expose pro-
teins to the reactive chemical environment, which challenges
the stability and bioactivity of proteins.”] Additionally, these
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approaches are highly dependent on the number and the type of
the functional groups on backbone scaffolds for modifications
with different peptide linkers, which limits the applicability of
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Scheme 1. lllustration of chirality-controlled, enzyme-responsive protein
nanocapsules with temporal control. a) The synthesis of the nanocap-
sules by enriching monomers and crosslinkers around an individual
protein molecule and by subsequent in situ polymerization. The mono-
mers can be acrylamide (1, neutral), N-(3-aminopropyl)methacrylamide
(2, positively charged), or 2-acrylamino-2-methyl-1-propanesulfonic acid
(3, negatively charged). The crosslinkers include a mixture of designed
molar ratios of L and b (dashed outline) peptide enantiomers with a
sequence of Asn-Arg-Val (substrate of plasmin). b) The rate of enzymatic
degradations of individual nanocapsule is tuned by varying the ratio of
L to D peptide crosslinkers used: faster with more L peptide, slower with
more b peptide. ¢) Nanocapsules of different proteins and of varying deg-
radation rates can be mixed in matrices (or buffer) of choice for injectable
delivery of multiple proteins with precise temporal control in protease-
specific disease models.
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multiple proteins with temporal release control and the variety ~ within the shells, the delivery of multiple proteins with spati-

for the selection of buffers or matrices. otemporal control in response to the proteolytic enzymes in dis-
We have developed a platform technology for protein delivery ~ eased sites could be achieved.
based on a mild encapsulation process, in which individual Scheme 1a illustrates our design using plasmin-sensitive

whole proteins are wrapped within an in situ formed thin  peptides as labile crosslinkers. Driven by non-covalent inter-
polymer shell.® Since the spatial and temporal patterns of  actions, monomers with neutral 1, positive 2, or negative 3
protease expressions are closely related to pathophysiological — charges, as well as peptide crosslinkers, are spontaneously
states,l”) incorporating protease-specific and cleavable pep-  enriched around protein molecules. Free-radical polymerization
tides within the polymer shells allows for disease-state-specific ~ gradually grows a nanogel shell around each protein, leading
delivery of signal molecules. Here, we investigated the peptide  to the formation of protease-responsive nanocapsules denoted
substrates made from the v or the b chiral form of amino acids  as n(Protein),,;, where protein denotes the protein core and
and found that they exhibited similar chemical specificity but ~ x% denotes the molar percentage of L peptide in the total 1+p
distinct proteolytic kinetics (i.e., =10-fold slower for p enanti- peptide crosslinkers used for the nanogel shell (Scheme 1a).
omer than the L enantiomer, Supporting Information, Table S1).  Increasing the ratio of L crosslinker (x%, fast degrading rate)
Thus by controlling the 1 to p ratios of peptide crosslinkers leads to nanocapsules with a faster release kinetic, while
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Figure 1. Characterizations of protein nanocapsules. a) A transmission electron microscopic image of nanocapsules synthesized with gold nano-
particle (AuNP) (4 nm)-labeled VEGF. AuNP was stained using a silver enhancer kit to exhibit as dark black dots within the gray spheres of n(VEGF-
AuNP) 1009 (scale bar 100 nm). b) The hydrodynamic sizes of n(VEGF) of different L-to-p ratios via dynamic light scattering. c) Incubating n(VEGF)1g09,
n(VEGF) 500, N(VEGF) 504, or n(VEGF) g, with plasmin for 20 min in ELISA measured the in vitro enzymatic release rates of nanocapsules. d) Western
blotting analysis of the activity of encapsulated VEGF showed that it remained identical to free VEGF in inducing receptor phosphorylation. The
encapsulated VEGF was first released from n(VEGF)q09 at 50 ng mL™" via the incubation with an enzyme (E), trypsin, at increasing mass ratios of
trypsin:n(VEGF) g09 = 0.05:1 (labeled as E+), 0.1:1 (labeled as E++), and 0.2:1 (labeled as E+++). To prevent the released VEGF from being degraded,
an inhibitor, aprotinin, was subsequently used to quench (Q) the excessive proteolytic activity of trypsin. Released VEGF, as well as n(VEGF)1q9
without enzyme pretreatment and free VEGF (50 ng mL™") were incubated with serum-starved human vein endothelial cells for specified amounts of
time (min). The activity was indicated by the normalized intensity of the phosphorylation of VEGF receptor-2 (pVR-2) to total VEGF receptor-2 (VR-2).
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decreasing L percentage results in slower releasable nanocap-
sules (Scheme 1b). Upon protease degradation of the shell of
nanocapsules, the released protein can exert its normal biolog-
ical function. The degraded nanogel fragments — charged poly-
acrylamide segments with cleaved peptides — are expected to be
biocompatible in the biological milieu, as previously observed
for similar polymers.'” Furthermore, such nanocapsules can
be homogeneously dispersed within an injectable hydrogel,
providing an injectable delivery platform for enhanced wound
healing and tissue repair (Scheme 1c).

As an example, nanocapsules containing vascular endothe-
lial growth factor-A 165 (VEGF), designated as n(VEGF);gge,
were synthesized using 1 and 2 as the co-monomer and 100%
plasmin-labile L-peptide as the crosslinker. These nanocapsules
displayed a spherical morphology and by labeling VEGF mole-
cules with gold nanoparticles, each nanocapsule was found to
contain one to two VEGF molecules (Figure 1a). Nanocapsules
synthesized with different ratios of enantiomeric peptides,
including n(VEGF);9g%, n(VEGF)s509, and n(VEGF),se,, exhib-
ited similar hydrodynamic diameters, indicating an unbiased
polymerization activity between the 1 and p peptide crosslinkers
(Figure 1b). Furthermore, nanocapsules of platelet derived
growth factor-BB (PDGF), denoted as n(PDGF);qgs, were also
synthesized with the nanogel shell being polymerized by 1 and
3 as the co-monomer and 100% L peptide as the crosslinker,
which also display a similar nanoscale size under transmission
electron microscopy (TEM) (Figure S1, Supporting Informa-
tion). The plasmin-responsive release capability of the nanocap-
sule vehicles features a programmable release rate. Figure 1c
compares the amount of VEGF released from n(VEGF) g,
n(VEGF)s0, n(VEGF)ys4, and n(VEGF)gg, after the incubation
with plasmin for 20 min. While a sixfold increase of VEGF
was observed in n(VEGF) g after plasmin incubation, there
was only a one-fold increase in the quantity of VEGF with
n(VEGF)ye, confirming that decreasing the r-peptide content
within the shells leads to decreasing in vitro release rates.
The activity of encapsulated proteins is protected and can be
released by isolated enzymes or cell-secreted proteases. To
demonstrate these two approaches, first, the degradation of
nanocapsules was triggered by an isolated protease, trypsin, fol-
lowed by a protease inhibitor to quench subsequent proteolytic
degradation; thus, the released VEGF was able to induce the
phosphorylation of cell-surface receptors to the same extent as
a free protein did (Figure 1d). This result suggests that 100%
of the encapsulated proteins can be retrieved with appropriate
amounts of enzymes and that the encapsulated proteins retain
100% of its activity. Second, cells can mediate the release of
proteins from nanocapsules with the proteolytic and fibrinolytic
proenzymes!'! secreted by cells. We incubated n(PDGF);gs,
n(PDGF)yy, and free PDGF with human dermal fibroblasts and
observed some degree of receptor phosphorylation induced by
nanocapsules (Figure S2, Supporting Information), which indi-
cated that some degree of encapsulated protein was released
from n(PDGF);gps in the time-frame tested.

Therapeutic angiogenesis in vivo, a crucial process toward
wound healing, requires the continuous presence of VEGF,
which is subject to a narrow therapeutic window.l' However
the frequent re-dosing of high concentrations of VEGF (tens
of micrograms) to wound beds has been the standard practice
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due to inevitable passive leaching of naked proteins from con-
ventional scaffolds and matrices.['] Here, we tested the ability
of n(VEGF);g99/n(VEGF),50, mixture (100 ng each, 200 ng
combined) to promote vascularization in a challenging envi-
ronment: the avascular stroke cavity. VEGF is one of the can-
didate molecules used in poststroke neural repair therapies to
enhance angiogenesis and functional recovery. However, the
delivery of VEGF to ischemic brains is often complicated by
the induction of disordered vasculature.'! Immunohistolog-
ical analysis of glucose transporter 1 (highly expressed in the
brain endothelium) and PDGF receptor-f (highly expressed in
pericytes) showed that the bolus delivery of free VEGF within
a hyaluronic acid (HA) hydrogel did not improve the level of
vascularization compared to HA hydrogel alone. In contrast,
the n(VEGF) g0 /n(VEGF) 55, mixture led to statistically signifi-
cant increases in vascularization and pericyte coverage in both
the infarct (inside the stroke cavity) as well as peri-infarct (sur-
rounding the stroke) regions (Figure 2). This result confirms
that the nanocapsules are responsive to brain wound environ-
ments to allow for active VEGF release at a rate and level suf-
ficient for enhanced vascularization.

In addition to achieving the temporal control of one protein
release in response to proteases, the nanocapsule technology

a Control VEGF

n(VEGF):100%/25%

% Infarct Peri-infarct Infarct Peri-infarct
40]Glut-1 4sse | Glut-1 PDGFR-B 'PDGFR-p ***
kx|
301 | |
20.] | |
| |
101 | |
" , 1
1 control mm VEGF mm n(VEGF):100%/25%

Figure 2. Temporal control of VEGF delivery in mouse stroke model.
a) Representative confocal images of blood vessels (Glut-1+) and their
maturity markers (PDGFR-B+) in the infarct (indicated by +) and peri-
infarct areas of stroke (separated by the dashed line). The stroke was
treated with in situ crosslinked, adhesion peptide-modified hyaluronic
acid hydrogel containing no VEGF (control), unencapsulated free VEGF
(200 ng), or n(VEGF)qg09 : N(VEGF),s59, at 100 ng : 100 ng. b) Analysis
of Glut-1 and PDGFR-f3 markers for the vascularization in the infarct and
peri-infarct areas of stroke. (ANOVA with Tukey’s post test, mean = SEM,
N =3-4, *p < 0.05, **p < 0.01, ***p < 0.001.) Scale bar =100 pm.
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Figure 3. In vivo co-delivery of VEGF and PDGF with temporal control in diabetic mouse skin wounds. a) Tissue-ELISA analysis of wound-medi-
ated release of proteins from n(VEGF)0, and n(PDGF),so, at day 0, 3, and 6 post surgery in normal balb/c mice. b) Quantification of the gap
of granulation tissues in diabetic skin wounds at day 7 in db/db mice. Wound was dressed with fibrin matrices that contained (i) no growth fac-
tors (control), (ii) unencapsulated free VEGF (200 ng) and PDGF (200 ng), (iii) mixture of n(VEGF);qge,/n(VEGF)250/Nn (PDGF)10095/n (PDGF) 259, at
100 ng/100 ng/100 ng/100 ng (parallel), (iv) mixture of n(VEGF);q09/N (VEGF)250,/Nn (PDGF) 50,/ (PDGF) 1494 at 100 ng/100 ng/100 ng/100 ng (sequen-
tial), and (v) mixture of n(VEGF),s50,/n(VEGF)q99/Nn(PDGF)1009/n(PDGF)250, at 100 ng/100 ng/100 ng/100 ng (reverse sequential). ¢) Immunohis-
tochemical analysis of vessel endothelium (CD31+) and pericyte coverage (NG2+) at day 7 and 10. d) Representative confocal images of CD31
(upper row) and NG2 (lower row) in the granulation tissue of diabetic skin wounds at day 7 (ANOVA with Tukey's post test, mean £ SEM, N = 4-6,
*p < 0.05, **p < 0.01.) Scale bar =50 pm (d).

led to an excess of 200 pg VEGF per mg of tissue than endog-
enous VEGF at day 0, yet no significant difference on day

also enables sequential delivery of multiple proteins by using
mixed nanocapsules made with designed protein cores, as well

4 wileyonlinelibrary.com

as the types and ratios of 1/p crosslinkers. Figure 3a shows that
the release profile of n(VEGF);ogy; and n(PDGF),se, co-delivered
to skin wounds from the same scaffold. As expected, VEGF was
detected between 0 and 3 days and PDGF was detected between
3 and 6 days, demonstrating the sequential release (Figure 3a,
Figure S3, Supporting Information). Specifically, n(VEGF);pe

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3 or 6, suggesting that n(VEGF);qs, was mostly released by day
3 since urokinase plasminogen activator is initially activated
in wounds and subsequently deactivated as wound heals and
decreases in size.">l However with the incorporation of b chiral
peptide, the excess of PDGF detected with n(PDGF);s¢, on day
3 and 6 further demonstrated in vivo delayed release enabled by
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chiral protein nanocapsules. Such time scales are relevant for
angiogenesis in mouse skin wounds where the angiogenic peak
occurs at 3-5 d.

To further analyze the ability of using enantiomeric nanocap-
sules to achieve sequential release of growth factors, we sought
to demonstrate with the well-documented synergistic effects
of VEGF and PDGFP¥ in inducing pericyte coverage of nas-
cent blood vessels in a diabetic skin wound healing model.l*®!
Because impaired wound closure in diabetic patients is corre-
lated with impaired angiogenesis and angiogenesis is correlated
with the ability to sustain granulation tissue, we compared
the formation of granulation tissue and the related angio-
genesis process. The nanocapsule mixture of n(VEGF);gges/
n(VEGF);50,/n(PDGF);50,/1(PDGF) g9, comprised a sequen-
tial delivery strategy of VEGF followed by PDGF, whereas
Nn(VEGF),50,/n(VEGF) 1905/ (PDGF) 10904 /0(PDGF) 50, formed
the reverse sequence of PDGF release followed by VEGF.
Among the two sequential, parallel and bolus delivery strate-
gies, only the sequentially released VEGF then PDGF (condi-
tion iv in Figure 3 and Figure S4, Supporting Information) led
to enhanced formation of granulation tissue and an increased
vessel density with pericyte coverage. This observation fur-
ther confirms that these chirally different nanocapsules can
be engineered to release proteins in multiphases in a wound
environment. In contrast, nanocapsules that released both
VEGF and PDGF in parallel (condition iii in Figure 3) did not
show enhanced angiogenesis or mature blood vessels. Inter-
estingly, we observed a non-significant difference in the CD31
expression between wounds treated with the reverse sequential
strategy (PDGF first then VEGF, condition v) and the orthog-
onal sequential delivery (VEGF first then PDGF condition iv),
on which a recent report could possibly shed some light where
the angiogenesis process in mouse bone healing was promoted
by increasing the PDGF secretion from preosteoclasts or by a
treatment with exogenous PDGF.["] Nevertheless, the reverse
sequential strategy failed to promote pericyte coverage in our
study. This last example further exemplifies the ability to con-
trol protein release rates with nanocapsules at disease sites.

In conclusion, we have designed a general platform for
multiprotein delivery with spatiotemporal definitions based on
enantiomerically engineered protein nanocapsules. Peptide chi-
rality is for the first time utilized to modulate the enzymatic
release of proteins and, enabled by the nanocapsule technology,
to achieve spatiotemporal control of multiple proteins in cell-
instructed microenvironments. These nanocapsules are facilely
formed, robust, and applicable to proteins in general, providing
highly effective protein therapeutic vehicles for disease-specific
tissue engineering and regenerative medicine.

Experimental Section

Synthesis of Protein Nanocapsules: The nanocapsules were synthesized
using in situ free-radical polymerization. To synthesize n(VEGF), VEGF
was diluted in a buffer solution of 10 x 10 m sodium bicarbonate
(pH = 8.55) at a final reaction concentration of 100 pg mL7".
Acrylamide (AAM) and N-(3-aminopropyl)methacrylamide (APM) and
crosslinkers  (bisacrylated (/po-KNRVK, or methylene bisacrylamide)
were subsequently added to the protein solution (at the molar ratio of
VEGF:AAM:APM:crosslinker = 1:3000:3000:600). To synthesize n(PDGF),
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PDGF was diluted in phosphate buffer saline (PBS) (pH = 7.2-7.4) at a
final reaction concentration of 100 pg mL™". Acrylamide, 2-acrylamino-2-
methyl-1-propanesulfonic acid (AAMPS), and crosslinkers (bisacrylated
L/p-KNVRK) were subsequently added to the protein solution (at the
molar ratio of PDGF:AAM:AAMPS:crosslinker = 1:1500:4500:600).
Then, freshly prepared ammonium persulfate (APS) (at a molar ratio
of Protein:APS = 1:745) and tetramethylethylenediamine (TEMED) (at
a molar ratio of Protein:TEMED = 1:45000) were added to initiate in
situ polymerization to form the nanocapsules. The reaction was carried
out under inert gas for 2—4 hours at 4 °C. The mixture was purified
by dialysis against 10 x 10 m phosphate buffer (pH =7.0). Systemic
studies, including size, morphology and structure of the nanocapsules,
enzymatic kinetics, cell studies, and animal models (tissue enzyme-
linked immunosorbent assay (ELISA), focal and permanent stroke
model and impaired wound healing in diabetic mice) were carried out to
demonstrate the delivery platform, which are detailed in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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