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Allotransplantation offers the potential to restore the anatomy and function of injured tissues and organs,
but typically requires life-long, systemic administration of immunosuppressive drugs to prevent rejection,
which can result in serious complications. Targeting the immunosuppressive drug to the graft favors local
tissue concentration versus systemic drug exposure and end-organ toxicity. This could reduce the overall
dose and dosing frequency of immunosuppressive drugs, and improve the safety and efficacy of treat-
ment. Here, we developed dibenzocyclooctyne (DBCO)-modified prodrugs of the immunosuppressive
drugs tacrolimus, rapamycin and mycophenolic acid, and demonstrated their targeted conjugation both
in vitro and in vivo to azido-modified hydrogels via Click chemistry. Such azido-modified hydrogels
placed in transplanted tissues enable sustained local release of drugs, and could be repeatedly refilled
with systemically administered acid-labile prodrugs after drug exhaustion. Thus, clickable prodrugs with
degradable linkers provide new possibilities for graft targeted immunosuppression in the context of
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Introduction

The technical, immunologic and functional feasibility of
reconstructive transplantation as a promising treatment
option for injured tissues has been established in over 200 pro-
cedures performed worldwide, including 145 upper extremity
(hand), 42 face, and 26 uterus transplants (with over 10 live
births)." Yet, the long-term risks of high-dose or multi-drug
systemic immunosuppression remain the key obstacle to life-
saving and life-enhancing benefits of such procedures.”?
Although it has been 65 years since the first kidney transplant
was performed by a plastic surgeon, systemic, orally delivered
immunosuppression with one or more drugs, remains the
standard of care requirement to prevent rejection after
transplantation.® The mainstay drug, tacrolimus (FK506,
Prograf®), binds to intracellular FKBP-12 receptors and inhi-
bits calcineurin, thus inhibiting interleukin-2 (IL-2) signaling
and T cell activation.® Rapamycin (sirolimus, Rapamune®)
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suppresses the activation of T and B cells and vascular smooth
muscle cell proliferation by inhibiting the mammalian target
of rapamycin (mTOR).”'® Mycophenolate mofetil (MMEF,
Cellcept®) and its active prodrug mycophenolic acid (MPA),
selectively block T-cell proliferation and suppress B-cell
antibody  production by  suppressing  guanosine-5-
monophosphate.”* ™ Unlike tacrolimus, which is mostly
effective in acute rejection, rapamycin and MPA have superior
efficacy in chronic rejection.'* #1518

Orally administered immunosuppressive drugs undergo
extensive metabolism in the gastrointestinal tract and liver,
greatly reducing their bioavailability. For example, bio-
availability of oral tacrolimus is only between 7.3% to 19.7%."°
Taking possible renal clearance into consideration, only a
small percentage of drug typically reaches target graft tissues.
Thus, drug levels in the bloodstream do not reliably or propor-
tionally correlate with drug concentrations in graft tissues, and
acute rejection can occur even when drug levels in the blood-
stream are within the “target range”.'®® For anti-rejection
efficacy, large and repeated dosing of immunosuppressive
drugs is often necessary, leading to high systemic drug
exposure and increased risks of metabolic derangement, infec-
tions or malignancy.**® Studies have shown that drug levels
in the graft tissues are better correlates and monitors of
dosing, exposure and efficacy.'®?” Since the graft is the site of
the initiation and perpetuation of the innate and adaptive
immune response, it may be logical to direct and concentrate
the immunosuppressive agents to the graft tissues.
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Different from solid organ transplants that are internal,
hand or face transplants are externally visible and accessible
for diagnostic and treatment interventions, like topical immu-
nosuppression or graft implanted drug delivery systems.”®
Graft implanted drug depots could bypass the intestinal/liver
metabolism, and enable tunable release of single or multiple
drugs over days to weeks. This spatiotemporal control over
drug availability could reduce or eliminate risks of systemic
drug exposure, drug-drug interactions and toxicity.>?"!
However, current implantable drug-eluting systems have a
finite drug payload, inevitably requiring repeated adminis-
tration of drugs or drug depots over time. For example, a
single dose, tacrolimus-loaded gel injected into the limb trans-
plants could prolong transplant survival for >100 days in
rodent and porcine models, but eventually was depleted of
drugs which led to graft rejection.?*** Albeit the great promise
and clinical translatable potential of local drug depots, there is
currently no noninvasive technique to refill these depots once
their payload is depleted. Surgical or invasive replacement or
repeated administration is typically needed, but could cause
graft inflammation and rejection. To address limitations of
current approaches, we developed, for the first time, clickable
and degradable immunosuppressive prodrugs that enable
timely and repeated conjugation to biomaterials or implants
via efficient Click chemistry, and allow for minimally invasive
loading of depots previously placed in a tissue. We have pre-
viously demonstrated the feasibility of targeting and conjugat-
ing chemotherapeutic prodrugs to a hydrogel depot, in the
context of cancer treatment.>*%°

In the current study, prodrugs were designed to contain a
clickable head, a water-soluble segment, and a degradable
linker responsive to either pH, redox, enzymes or other triggers
indicative of tissue rejection. The release of the water-soluble
prodrug could then be autonomously increased from a base-
line level if tissue rejection, as indicated by the level of the
trigger agent (e.g., lower pH at the site of inflammation), is
initiated. Both tacrolimus and rapamycin contain ketone
groups for coupling of hydrazides and hydroxyl groups for
esterification. Considering the much milder reaction con-
ditions and the resulting acid-labile hydrazone bonds,*®*”
hydrazide-ketone chemistry was utilized for synthesizing pro-
drugs of tacrolimus and rapamycin. On the other hand, MPA
contains a hydroxyl group that can be converted to carbonates
for the development of acid-labile prodrugs. For the clickable
head, dibenzocyclooctyne (DBCO) was introduced to all drugs
as it can react with azido groups via efficient Click chemistry.
The copper-free Click chemistry between azide and DBCO has
been widely used for in vivo applications, due to the high reac-
tion efficiency and bioorthogonality under physiological con-
ditions, small size of azides, and high stability of both azides
and DBCO.**%° polyethylene glycol (PEG) was used as the
water-solubilizing segment to enable pro-drugs to circulate in
the body, diffuse into tissues, and bind to the hydrogel depot.
To our knowledge, this is the first report of synthesis and
characterization of DBCO-bearing prodrugs of tacrolimus,
rapamycin and MPA, and their pH-dependent release profiles,
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pharmacokinetics, and Click chemistry-mediated targeting to
azido-modified alginate hydrogels in vitro and after in vivo
tissue implantation.

Results and discussion

We first modified rapamycin with clickable DBCO via a cleava-
ble linker, while improving the drug water solubility.
Rapamycin contains three hydroxyl groups that allow for esteri-
fication and two ketone groups that enable conjugation of
hydrazides (Fig. 1a). Esterification requires a potent nucleophi-
lic catalyst or high temperature, making site-specific modifi-
cation of hydroxyl groups difficult. In contrast, the coupling
reaction between ketones and hydrazides with weak acids as
the catalyst can be efficient under much milder conditions.
Rapamycin was first conjugated with N-pf-maleimidopropionic
acid hydrazide (BMPH) to yield rapamycin-mal with a male-
imide ending group (Fig. 1a), which was confirmed by high
performance liquid chromatography (HPLC) and mass spec-
trometry (MS) (Fig. S11). DBCO-PEG,,-SH was obtained via the
amine-carboxyl coupling reaction between DBCO-NHS and
NH,-PEG;-SH (Fig. 1a and S27), which further reacted with
rapamycin-mal to obtain DBCO-PEG-hydrazone-rapamycin
(DBCO-hz-rapa, Fig. 1a). This reaction was validated via HPLC
(Fig. 1b), and the structure of DBCO-hz-rapa was characterized
by mass spectrum (Fig. 1c) and '"H NMR spectrum (Fig. 1d).
DBCO-hz-rapa showed excellent water-solubility (>100 mg
mL™"), and can be hydrolyzed into rapamycin in a pH-depen-
dent manner, with faster reaction kinetics under pH 5.5 in
comparison to pH 7.4 (Fig. 1e). To confirm its clickable prop-
erty, DBCO-hz-rapa was incubated with azido-functionalized
alginate (alginate-Nj, Fig. S3t). HPLC confirmed the complete
consumption of DBCO-hz-rapa within 10 min (Fig. 1f), sub-
stantiating efficient Click chemistry-mediated conjugation. It
is noteworthy that roughly 100 azido groups were conjugated
to each alginate strand for the alginate-N; used in this study.*®

Similarly, tacrolimus bearing a ketone group was first con-
jugated with BMPH to yield tacrolimus-mal (Fig. 2a and S47),
which further coupled with DBCO-PEG,-SH to yield
DBCO-PEG;-hydrazone-tacrolimus (DBCO-hz-tacro) (Fig. 2a).
The reaction was confirmed via HPLC (Fig. 2b), and the chemi-
cal structure of DBCO-hz-tacro was well characterized by mass
spectrum (Fig. 2c) and "H NMR spectrum (Fig. 2d). DBCO-hz-
tacro also showed excellent water solubility (>100 mg mL™"),
and can be degraded into tacrolimus in a pH-dependent
manner, with a faster release of tacrolimus under pH 5.5 in
comparison to pH 7.4 (Fig. 2e). The ability of DBCO-hz-tacro to
covalently conjugate to alginate-Nj; via efficient Click chemistry
was also validated by HPLC (Fig. 2f).

In contrast to rapamycin and tacrolimus, MPA only con-
tains a hydroxyl group and a carboxyl group for functionali-
zation (Fig. 3a). To avoid self-crosslinking, we converted the
hydroxyl group into a carbonate by reacting with 4-nitrophenyl
chloroformate, as confirmed by HPLC and mass spectrum
(Fig. S57). In parallel, DBCO-PEG,,-OH was synthesized via
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Fig. 1 Synthesis and characterizations of Clickable, acid labile DBCO-hz-rapa. (a) Synthetic route of DBCO-hz-rapa. (b) HPLC profiles of rapamy-
cin-mal, DBCO-PEGy,-SH, and DBCO-hz-rapa, respectively. (c) Mass spectrum of DBCO-hz-rapa. The interval of 14.7 (m/z) indicates the existence
of [M + 3HI**. (d) *H NMR spectrum of DBCO-hz-rapa. (e) pH-Dependent degradation profiles of DBCO-hz-rapa to rapamycin under pH 7.4 and 5.5,
respectively. Data were presented as mean + SD (n = 4), and analyzed by two-tailed t-test (0.01 < *P < 0.05; **P < 0.01; ***P < 0.001). (f) HPLC
traces of the mixture of DBCO-hz-rapa and alginate-Ns, which showed rapid conjugation via Click chemistry.

coupling of NH,-PEG;,-OH and DBCO-NHS (Fig. 3a and b).
The nucleophilic attack of MPA-4-nitrophyenyl carbonate by
DBCO-PEG,-OH successfully yields DBCO-PEG,-carbonate-
MPA (DBCO-MPA) (Fig. 3b), as confirmed by mass spectra
(Fig. 3c). DBCO-MPA with a high water-solubility
(>250 mg mL™") could be hydrolyzed to MPA in a pH-depen-
dent manner (Fig. 3d). Similar to DBCO-hz-rapa and DBCO-hz-

268 | Biomater. Sci., 2020, 8, 266-277

tacro, DBCO-MPA covalently conjugated to alginate-N; via
Click chemistry (Fig. 3e).

After developing Clickable, acid-labile DBCO-hz-rapa,
DBCO-hz-tacro, and DBCO-MPA, and demonstrated their capa-
bility to covalently conjugate to alginate-N; polymer, we next
studied whether alginate-N; gels, formed by crosslinking of
alginate-N; polymer chains via calcium ions, can first capture

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Synthesis and characterizations of clickable, acid labile DBCO-hz-tacro. (a) Synthetic route of DBCO-hz-tacro. (b) HPLC profiles of tacroli-
mus-mal, DBCO-PEGy,-SH, and DBCO-hz-tacro, respectively. (c) Mass spectrum of DBCO-hz-tacro. The interval of 14.7 (m/z) indicates the exist-
ence of [M + 3HI**. (d) *H NMR spectrum of DBCO-hz-tacro. (e) pH-Dependent degradation profiles of DBCO-hz-tacro to tacrolimus under pH 7.4
and 5.5, respectively. Data were presented as mean + SD (n = 4), and analyzed by two-tailed t-test (0.01 < *P < 0.05; **P < 0.01; ***P < 0.001). (f)
HPLC traces of the mixture of DBCO-hz-tacro and alginate-Ns, which showed rapid conjugation via Click chemistry.

these prodrugs and subsequently release the immunosuppres-
sive drugs in a controlled manner (Fig. 4a). Alginate-N; gels
were prepared by mixing a 2% (w/v) alginate-N; solution and a
slurry of calcium sulfate for 45 min, and casting into cylindri-
cal discs. Unmodified alginate gels were used as controls. After
incubating gels with an aqueous solution of DBCO-hz-rapa,
residual DBCO-hz-rapa in the solution was quantified via
LC-MS. Alginate-N; gels captured 26% of the DBCO-hz-rapa in
solution within 5 minutes, which compared to less than 2%
captured by control gels (Fig. 4b). At 30 min, 35% and 2% of
solution DBCO-hz-rapa was captured by alginate-N; and
control alginate gels, respectively (Fig. 4b). The loading of
DBCO-hz-rapa approached saturation after 3 h in both algi-
nate-N; and control alginate gels, and alginate-N; gels exhibi-
ted ~2-fold greater loading than control gels (Fig. S6). The

This journal is © The Royal Society of Chemistry 2020

loading of control gels with DBCO-hz-rapa is expected to result
from simple diffusion of the molecule into the hydrogel from
the surrounding solution, which increased over time as
expected. In comparison, water-insoluble rapamycin showed
minimal diffusion into alginate-N; gels (Fig. S7t). Following
the loading study, the release kinetics of rapamycin from
DBCO-hz-rapa conjugated alginate-N; gels was characterized
under different pH conditions. Alginate-N; gels slowly released
rapamycin over a course of >40 days, with faster release kine-
tics under pH 5.5, in comparison to pH 7.4 (Fig. 4c), presum-
ably because of pH-dependent cleavage of the hydrazone
linker of DBCO-hz-rapa. In contrast, control alginate gels
exhibited fast release of the diffusively loaded DBCO-hz-rapa
under neutral conditions, with over 70% being released within
72 h (Fig. S8t), demonstrating the importance of covalent con-

Biomater. Sci., 2020, 8, 266-277 | 269
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Fig. 3 Synthesis and characterizations of clickable, acid labile DBCO-MPA. (a) Synthetic route of DBCO-MPA. (b) HPLC profiles of NH,-PEG;,-OH,
DBCO-PEG,-OH, and DBCO-MPA, respectively. (c) Mass spectra of NH,-PEG;,-OH, DBCO-PEG,,-OH, and DBCO-MPA, respectively. The interval of
22 (m/z) indicates the existence of [M + 2H]?*. (d) pH-Dependent degradation profiles of DBCO-MPA to MPA under pH 7.4 and 5.5, respectively.
Data were presented as mean + SD (n = 4), and analyzed by two-tailed t-test (0.01 < *P < 0.05; **P < 0.01; ***P < 0.001). (e) HPLC traces of the
mixture of DBCO-MPA and alginate-N3, which showed rapid conjugation via Click chemistry.

jugation to achieve sustained release of these free drugs over a
long period.

Similar to DBCO-hz-rapa, DBCO-hz-tacro was also rapidly
captured by alginate-N; gels via efficient Click chemistry, with

270 | Biomater. Sci., 2020, 8, 266277

5.7-fold and 2.9-fold increases in loading compared to control
alginate gels after 1 h and 2 h, respectively (Fig. 4d). The algi-
nate-Nj; gels captured 160% more DBCO-hz-tacro than control
gels after 24 h (Fig. S91). DBCO-hz-tacro conjugated alginate-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Targeted loading of DBCO-hz-rapa, DBCO-hz-tacro, and DBCO-MPA to alginate-Nz gels via Click chemistry and subsequent drug release
kinetics. (a) Schematic illustration of coupling of DBCO-drugs with alginate-Nz gels. Gels (2 mm height, 4 mm diameter) in 24-well plates were incu-
bated with prodrugs in DMEM at 37 °C. At different time points, 10 pL of medium was taken out to quantify unconjugated DBCO-drugs. After 24 h,
gels were placed in fresh medium to monitor the release of active drugs. (b) Loading of DBCO-hz-rapa into alginate-Nz and unmodified alginate
gels, respectively after 5 min or 30 min incubation (n = 4). (c) Release kinetics of rapamycin from alginate-N3 gels at pH 5.5 and pH 7.4, respectively
(n = 4). (d) Loading of DBCO-hz-tacro into alginate-Nz and unmodified alginate gels, respectively after 1 h or 2 h incubation (n = 4). (e) Release kine-
tics of tacrolimus from alginate-N3 gels at pH 5.5 and pH 7.4, respectively (n = 4). (f) Loading of DBCO-MPA into alginate-Nz and unmodified algi-
nate gels, respectively after 0.5 h or 1 h incubation (n = 4). (g) Release kinetics of MPA from alginate-Ns gels at pH 5.5 and pH 7.4, respectively (n =
4). Data presented as mean + SD and analyzed by two-tailed t-test (0.01 < *P < 0.05; **P < 0.01; ***P < 0.001).

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 266-277 | 271


https://doi.org/10.1039/c9bm01487j

Published on 30 October 2019. Downloaded on 6/21/2026 9:49:18 PM.

Paper

N; gels subsequently released tacrolimus in a pH-dependent
manner, with faster release kinetics under pH 5.5 in compari-
son to pH 7.4 (Fig. 4e). DBCO-hz-tacro loaded alginate-N; gels
started with a faster rate of release, and reached the steady
release phase at an earlier time, in comparison to the DBCO-
hz-rapa (Fig. 4c and e).

DBCO-MPA was also successfully covalently captured by
alginate-Nj; gels via Click chemistry in vitro, with a 2.9-fold and
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1.5-fold loading increase within 0.5 h and 1 h, respectively in
comparison to control alginate gels (Fig. 4f). Alginate-N; gels
still captured 145% more DBCO-MPA than control gels at 12 h
(Fig. S101). DBCO-MPA conjugated alginate-N; gels slowly
released MPA over a course of >30 days, and the release of MPA
was faster at pH 5.5 compared to pH 7.4 (Fig. 4g). Compared to
DBCO-hz-rapa and DBCO-hz-tacro, DBCO-MPA loaded algi-
nate-N; gels showed a faster release of drugs in both acidic
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Fig. 5 Targeted loading of DBCO-hz-rapa, DBCO-hz-tacro, and DBCO-MPA to alginate-N3 gels in vivo via click chemistry. (a) Schematic illustration
of in vivo loading study using mice bearing alginate-Nz and control alginate gels on different flanks. DBCO-hz-rapa (150 mg kg™?) or DBCO-hz-tacro
(150 mg kg™) or DBCO-MPA (100 mg kg ™) were i.v. injected via tail vein, and gels subsequently retrieved to quantify bound prodrugs. (b) Amount of
rapamycin recovered from alginate-N3z or control alginate gels at 48 h post injection (n = 4). (c) Amount of loaded rapamycin in the form of percen-
tage of injected dose (n = 4). (d) Amount of tacrolimus recovered from alginate-Ns or control alginate gels at 48 h post injection (n = 4). () Amount
of MPA recovered from alginate-N3z or control alginate gels at 48 h post injection (n = 4). Data presented as mean + SD and analyzed by two-tailed
t-test (0.01 < *P < 0.05; **P < 0.01; ***P < 0.001).
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and neutral conditions (Fig. 4c, e, and f), presumably due to
the significantly greater hydrophilicity of DBCO-MPA.

The pharmacokinetic properties of DBCO-hz-rapa, DBCO-
hz-tacro, and DBCO-MPA were next examined to determine if
their circulation times would be sufficiently long to allow for
minimally invasive loading onto hydrogel depots, but would
be short enough to minimize systemic availability of active
drug before clearance of unbound conjugates. Balb/c mice
were intravenously (i.v.) injected with prodrugs, and blood was
collected for prodrug quantification at different time points.
DBCO-hz-rapa was rapidly cleared from the blood, with a
blood concentration of 28 pug mL™" (~7% of injected dose
(ILD.)) at 1 h post injection (Fig. S111). The majority of injected
DBCO-hz-rapa was cleared from the bloodstream within 9 h
(Fig. S11}). For DBCO-hz-tacro, ~11% was retained in the
blood after 12 min, and the level dropped to ~1.2% L.D. at 6 h
(Fig. S12t). Compared to DBCO-hz-rapa and DBCO-hz-tacro,
DBCO-MPA showed a slightly longer retention in the blood-
stream, with 7.6% I.D. at 2 h and 3.1% L.D. at 6 h (Fig. S13t),
presumably due to the better water-solubility of DBCO-MPA.
Compared to DBCO-MPA, free MPA became undetectable
within 2 h post intravenous injection, which is consistent with
previous reports in rats.'’ For all three prodrugs, the vast
majority was cleared from the bloodstream by 12 h
(Fig. S11-13%). In clinic, free rapamycin, tacrolimus, and MPA
are often orally administered in formulations containing oils
or as tablets.””** However, orally administered free drugs
suffer from significant gastrointestinal degradation, low total
bioavailability, variable pharmacokinetics, and dominant exist-
ence of drug-protein complexes in the bloodstream;**™*” these
issues can be potentially addressed by the use of intravenously
administered, water-soluble, and anti-fouling prodrugs.
Compared to reported drug-encapsulating nanoparticles,*%*%*°
the blood circulation time of DBCO-hz-rapa, DBCO-hz-tacro,
and DBCO-MPA is comparable or shorter, which is important
to minimize the hydrolysis window of prodrugs and thus the
systemic exposure of released free drugs.

We next studied whether alginate-N; gels can efficiently
capture DBCO-modified immunosuppressive drugs in vivo. In
the first studies, Balb/c mice were subcutaneously injected
with alginate-N; or control alginate gels, followed by i.v. injec-
tion of DBCO-hz-rapa 1 h later. At 48 h post injection of DBCO-
hz-rapa, gels were harvested, disassociated, and treated with
acids, prior to quantification of recovered rapamycin via
LC-MS (Fig. S14at). Compared to control gels, alginate-N; gels
retained a significantly higher amount of rapamycin (Fig. S14b
and ct), indicating the enhanced capture of DBCO-hz-rapa by
alginate-N; gels via Click chemistry. To further confirm this
targeting effect, alginate-N; gels and control gels were subcu-
taneously injected into the left and right flanks of the same
Balb/c mice, and after 1 h, DBCO-hz-rapa was i.v. injected via
tail vein (Fig. 5a). At 48 h post injection of DBCO-hz-rapa,
retained rapamycin was quantified and compared. Alginate-N;
gels were able to capture significantly more DBCO-hz-rapa, as
compared to control gels, with a 130% increase in rapamycin
retention (Fig. 5b). Approximately 1% of 1.D. of DBCO-hz-rapa
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was retained in alginate-N; gels at 48 h post injection, which
was significantly higher than control gels (Fig. 5c). Similar
studies involving i.v. infusion of DBCO-hztacro and
DBCO-MPA into Balb/c mice bearing alginate-N; and control
gels confirmed that both tacrolimus and MPA pro-drugs could
be captured by alginate-N; gels in vivo (Fig. 5d and e).
Altogether, these experiments demonstrate that alginate-Nj
gels can covalently capture DBCO-functionalized immunosup-
pressive drugs via efficient Click chemistry in vivo. Past studies
have demonstrated that click chemistry-mediated targeting
efficiency varies with the types of molecules and locations of
tissues or biomaterials which are targeted. Molecules that readily
diffuse into and are rapidly cleared from target tissues or bioma-
terials exhibit high targeting efficiency (>100% improvement over
non-targeted molecules),****® while molecules with a bulky
chemical structure and relatively poor pharmacokinetics have
shown limited targeting effect (0%-50% improvement).>*>* The
effective targeting of DBCO-hz-rapa (130% improvement), DBCO-
hz-tacro (105% improvement) and DBCO-MPA (80% improve-
ment) likely results from their good pharmacokinetics and rapid
clearance of uncoupled drug from gels.

Conclusion

We have developed clickable, acid-labile DBCO-hz-tacro,
DBCO-hz-rapa and DBCO-MPA for in vivo targeted delivery and
subsequent controlled, local release of immunosuppressive
drugs. These prodrugs enabled covalent conjugation to azido-
modified alginate gels, resulting in a sustained, pH-dependent
release of active drugs in vitro. We further demonstrated that
subcutaneously injected alginate-N; gels can covalently
capture iv. injected DBCO-hz-tacro, DBCO-hz-rapa and
DBCO-MPA. This approach potentially enables targeted deliv-
ery of immunosuppressive drugs to biomaterial depots at any
time of interest, followed by sustained release of active drugs
locally, which is anticipated to flexibly maintain immunosup-
pression after allotransplantation. Alginate gels as evaluated in
our platform are natural non-immunogenic polysaccharides,
enable controlled local release of drugs, and are also refillable
by binding fresh intravenously injected prodrugs. These gels,
once implanted in tissues, do not require replacement every
time the drug levels fall to sub-therapeutic thresholds, thus
avoiding trauma and inflammation due to repeated gel injec-
tions. Further evaluation of the therapeutic benefits of these
prodrugs in the context of reconstructive transplantation is
underway in animal models.

Methods

Materials and instrumentation

N-p-Maleimidopropionic acid hydrazide (BMPH) was pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).
Rapamycin and tacrolimus were purchased from LC
Laboratories (Woburn, MA, USA). MPA was purchased from
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Life Technologies Corporation (Chicago, IL, USA). NH,-PEG;-
SH and NH,-PEG,;-OH were purchased from Laysan Bio (Arab,
AL, USA). DBCO-NHS was purchased from Conju Probe (San
Diego, CA, USA). 11-Azido-3,6,9-trioxaundecan-1-amine and
other compounds were purchased from Sigma Aldrich
(St Louis, MO, USA) unless otherwise noted. PRONOVA UP MVG
sodium alginate (endotoxin-free) was purchased from Fmc
Biopolymer AS (Sandvika, Norway). Small compounds were run
on the Agilent 1290/6140 ultra high performance liquid chrom-
atography/mass spectrometer (LC-MS). Compounds were puri-
fied using the Agilent 1200 preparative high performance liquid
chromatography (HPLC). Proton nuclear magnetic resonance
spectra were collected on the Agilent DD2 600.

Animals

BALB/c mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA). Feed and water were available ad libitum.
Artificial light was provided in a 12 h/12 h cycle. All procedures
involving animals were done in compliance with National
Institutes of Health and Institutional guidelines with approval
of Harvard University’s Institutional Animal Care and Use
Committee.

Synthesis of rapamycin-mal

Rapamycin (0.1 mmol) and BMPH (0.12 mmol) were dissolved
in methanol, followed by the addition of glacial acetic acid
(5 pL). The mixture was stirred at 45 °C for 48 h. After removal
of the solvent, the crude product was purified by preparative
HPLC to yield rapamycin-mal (60% yield). MS m/z: calculated
for CssHg,N,0;5 [M + H]" 1079.6, found 1079.4, calculated for
CssHgsN,O45 [M — H]™ 1077.6, found 1077.3.

Synthesis of DBCO-PEG;-SH

NH,-PEG;;-SH (0.1 mmol) and DBCO-NHS (0.1 mmol) were
dissolved in methanol. The mixture was stirred at 37 °C for
24 h. After removal of the solvent, the crude product was
stored for use.

Synthesis of DBCO-hz-rapa

Rapamycin-mal (0.1 mmol) and DBCO-PEG;-SH (0.1 mmol)
were dissolved in methanol, followed by the addition of tri-
ethylamine (0.1 mmol). The mixture was stirred at 40 °C for
48 h. After removal of the solvent, the crude product was puri-
fied via preparative HPLC to yield DBCO-hz-rapa.

Synthesis of tacrolimus-mal

Tacrolimus (0.1 mmol) and BMPH (0.12 mmol) were dissolved
in methanol, followed by the addition of glacial acetic acid
(5 pL). The mixture was stirred at 45 °C for 48 h. After removal
of the solvent, the crude product was purified by preparative
HPLC to yield tacrolimus-mal (70% yield). MS m/z: calculated
for C5,H7gN304; [M + H]" 969.5, found 969.4.

Synthesis of DBCO-hz-tacro

Tacrolimus-mal (0.1 mmol) and DBCO-PEG,-SH (0.1 mmol)
were dissolved in methanol, followed by the addition of tri-
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ethylamine (0.1 mmol). The mixture was stirred at 40 °C for
48 h. After removal of the solvent, the crude product was puri-
fied via preparative HPLC to yield DBCO-hz-tacro.

Synthesis of MPA-4-nitrophenylcarbonate

MPA (0.1 mmol) and 4-nitrophenyl chloroformate (0.11 mmol)
were dissolved in anhydrous dichloromethane, followed by the
addition of triethylamine (0.1 mmol). The mixture was stirred
at room temperature for 24 h. After removal of the solvent, the
crude product was purified via preparative HPLC to yield
MPA-4-nitrophenylcarbonate (75% yield). MS m/z: calculated
for CyH,4NO;, [M + H]" 486.1, found 486.0, calculated for
[2M + Na]" 993.2, found 993.0.

Synthesis of DBCO-PEG,-OH

NH,-PEG;,-OH (0.1 mmol) and DBCO-NHS (0.1 mmol) were
dissolved in methanol. The mixture was stirred at 37 °C for
24 h. After removal of the solvent, the crude product was puri-
fied via preparative HPLC.

Synthesis of DBCO-MPA

MPA-4-nitrophenylcarbonate (0.1 mmol) and DBCO-PEG;-OH
(0.1 mmol) were dissolved in dimethylformamide, followed by
addition of N,N-diisopropylethylamine (0.1 mmol) and 4-di-
methylaminopyridine (0.1 mmol). The mixture was stirred at
room temperature for 48 h. After removal of the solvent, the
crude product was purified via preparative HPLC to yield
DBCO-MPA.

Synthesis of alginate-N;

Alginate-N; was synthesized following the reported pro-
cedure.® Alginate (1 g) was dissolved in MES buffer, followed
by the addition of 11-azido-3,6,9-trioxaundecan-1-amine
(160 mg). The mixture was stirred at room temperature for
30 min, and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC-HCI, 160 mg) and hydroxybenzotriazole
(HOBt, 140 mg) were then added. The reaction mixture was
stirred for another 48 h, adjusted to pH 7.4 using sodium
hydroxide solution, placed in a dialysis bag (3.5k MWCO), dia-
lyzed against DI water for 3 days (medium change every 12 h),
lyophilized, and stored for use.

Preparation of alginate-N; gels

2% (w/v) alginate-N; in Dulbecco’s Modified Eagle Medium
(DMEM, 3 mL) was added into the first syringe, and calcium
sulfate slurry (150 pL) was added into the second prepared
syringe. Air bubbles were removed, and the syringes were con-
nected by a luer-lock. Solutions were mixed for 20-30 times by
pushing plungers back and forth very rapidly. The calcium
sulfate slurry was evenly mixed throughout the syringe. For
in vitro studies, the gels were immediately cast between two
silanized glass plates separated by 2 mm spacers. After allow-
ing the gels to cross-link for 45 min, gel disks were punched
out using a sterile biopsy punch. For in vivo studies, gel solu-
tions (100 pL) were freshly prepared and subcutaneously
injected via an 18 G needle.
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Loading of DBCO-functionalized drugs to alginate-N; gels

in vitro

Alginate-N; gels or unmodified alginate gels (2 mm height,
4 mm diameter) in 24-well plates were incubated with DBCO-
hz-rapa, DBCO-hz-tacro or DBCO-MPA in DMEM (300 pL,
10 mg mL™") at 37 °C. At different time points, 10 pL of
medium was taken out and diluted with 90 pL of acetonitrile
prior to LC-MS analyses. The percentage of prodrug loading
was calculated as: (amount of fed prodrugs — amount of
remaining prodrugs)/(amount of fed prodrugs). For diffusion
study of rapamycin, rapamycin was dissolved in dimethyl sulf-
oxide prior to addition into the medium.

Release study of drug-loaded gels

Alginate-N; gels or control alginate gels previously incubated
with DBCO-hz-rapa, DBCO-hz-tacro or DBCO-MPA for 24 h
were incubated at 37 °C in fresh DMEM with a pH value of 7.4
and 5.5, respectively. At different time points, 10 pL of
medium was taken out and diluted with 90 pL of acetonitrile
prior to LC-MS analyses.

Pharmacokinetics study of DBCO-functionalized drugs

DBCO-hz-rapa (50 mg kg™'), DBCO-hz-tacro (50 mg kg™') or
DBCO-MPA (50 mg kg ™) were i.v. administered to Balb/c mice.
Blood was collected at different times post injection of DBCO-
functionalized drugs, treated with lysis buffer, and centri-
fuged. Supernatants were collected for quantification of pro-
drugs via LC-MS.

In vivo targeting of DBCO-functionalized drugs

Balb/c mice were subcutaneously injected with alginate-N; gels
or control gels (100 pL). After 1 h, DBCO-hz-rapa
(150 mg kg™"), DBCO-hz-tacro (150 mg kg™') or DBCO-MPA
(100 mg kg™') were intravenously injected via tail vein. At 48 h
post injection of DBCO-functionalized drugs, gels were
harvested, disrupted using EDTA (10 mM) on ice, and treated
with formic acid/acetonitrile to release free drugs. After cen-
trifugation, supernatants were analyzed by LC-MS to quantify
the retained drug.

Statistical analyses

Statistical analysis was performed using GraphPad Prism and
Microsoft Excel. Sample variance was tested using the F test.
For samples with equal variance, the significance between the
groups was analyzed by a two-tailed student’s t test. For
samples with unequal variance, a two-tailed Welch’s t-test was
performed. The results were deemed significant at 0.01 < *P <
0.05, highly significant at 0.001 < **P < 0.01, and extremely sig-
nificant at ***P < 0.001.
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