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HEALTH AND MEDICINE

Self-regulated hirudin delivery for
anticoagulant therapy

Xiao Xu, Xuechao Huang, Ying Zhang, Shiyang Shen, Zhizi Feng, He Dong, Can Zhang, Ran Mo*

Pathological coagulation, a disorder of blood clotting regulation, induces a number of cardiovascular diseases.
A safe and efficient system for the delivery of anticoagulants to mimic the physiological negative feedback mech-
anism by responding to the coagulation signal changes holds the promise and potential for anticoagulant therapy.
Here, we exploit a “closed-loop” controlled release strategy for the delivery of recombinant hirudin, an anticoagulant
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agent that uses a self-regulated nanoscale polymeric gel. The cross-linked nanogel network increases the stability
and bioavailability of hirudin and reduces its clearance in vivo. Equipped with the clot-targeted ligand, the engi-
neered nanogels promote the accumulation of hirudin in the fibrous clots and adaptively release the encapsulated
hirudin upon the thrombin variation during the pathological proceeding of thrombus for potentiating anti-
coagulant activity and alleviating adverse effects. We show that this formulation efficiently prevents and inhibits
the clot formation on the mouse models of pulmonary embolism and thrombosis.

INTRODUCTION
Unintended deposition of clots in arteries or veins induces many
life-threatening diseases, such as venous thromboembolism (I, 2),
acute myocardial infarction (3), and stroke (4, 5). The clot formation
is induced by the damage of vascular endothelial cells, abnormality
of the coagulation system, and change of hemorheology (6). The main
composition of the blood clot includes activated platelets, red blood
cells (RBCs), and fibrins (7, 8). Multiple coagulation factors participate
in the coagulation process (9). Among them, thrombin is a pivotal
effector enzyme in coagulation cascade (10), which is responsible for
transferring soluble fibrinogen into insoluble fibrin to stabilize the
aggregated platelets and RBC:s for the clot formation (11). Once the
clot occludes the major blood vessels, ischemia and hypoxia occur
in the downstream tissues, leading to their necrosis (12). For example,
carotid arterial embolism causes ischemia and hypoxia of the brain
tissue, resulting in tissue necrosis and neurological dysfunction (5).
A number of anticoagulants have been used to prevent or inhibit
thrombus and clot formation in clinic (13, 14), including heparin,
warfarin, and rivaroxaban. Heparin as a widely used anticoagulant
acts by potentiating the activity of antithrombin III to neutralize
the enzymatic activity of thrombin for blood clotting control (15).
However, the clinical application of heparin leads to bleeding risk
and thrombocytopenia (16). The heparin-induced thrombocytopenia
(HIT) is a severe side effect in an incidence of 0.1 to 5%, which is
mediated by the interactions between immunoglobulin G antibodies
and complexes of heparin-platelet factor 4 (17, 18). Great efforts
have been made to develop alternative anticoagulant drugs (19).
Hirudin is one of these potent thrombin inhibitors, which is ex-
tracted from the peripharyngeal glands of leeches. Unlike heparin,
hirudin can form a stable complex with thrombin to suppress its
coagulative function directly (20). This thrombin-inhibiting process
is independent upon antithrombin III, which brings about a definite
dose-response relationship in the applications of hirudin for rela-
tively more accurate dose control. Moreover, hirudin does not cause any
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thrombocytopenia, which makes it a preferable anticoagulant
alternative to heparin for the control of blood clotting (21).

To address the drawbacks of natural hirudin including insufficient
sources and poor quality, recombinant hirudins have been exploited
and approved by the U.S. Food and Drug Administration for anti-
coagulant therapy (13), such as lepirudin, desirudin, and bivalirudin.
Lepirudin is the first approved recombinant hirudin for the treat-
ment of the patients with HIT (2I). The indications of the recombinant
hirudins have been further expanded to percutaneous coronary
intervention and angioplasty (22, 23). However, the recombinant
hirudins suffer from poor serum stability and susceptibility to
protease degradation, leading to rapid clearance, short half-life, and,
therefore, low bioavailability (24, 25). In addition, a strict dose con-
trol of the recombinant hirudins is also required because of their
unexpected bleeding risk (26, 27).

Here, we propose a closed-loop hirudin delivery platform con-
sisting of self-regulated nanogels for anticoagulant therapy, which
can precisely tailor the release profile of hirudin in response to the
pathological proceeding of thrombus (Fig. 1). The nanogel formu-
lation is composed of two components, a chemically cross-linked
thrombin-responsive polymeric matrix and recombinant hirudin
variant 3 (HV) as a model anticoagulant agent (Fig. 1A). The HV-
loaded clot-targeted thrombin-responsive nanogels (designated as
HV/ctNGs) are prepared using a “one-pot” synthesis method, single
emulsion polymerization (28-31). In addition to acrylamide (AAm),
an allyl-modified peptide monomer [allyl-GGCR(NMe)EKA] and a
thrombin-cleavable peptide (TCP) cross-linker (allyl-GGGLVPRGSGGG-
allyl) are incorporated in the polymerization. The CREKA peptide
that was found by an in vivo phage-displayed screening technique
has a superior binding ability to the clotted plasma proteins including
fibrin and fibronectin in the tumor vasculatures (32, 33). Further
methyl modification of the amino group (NMe) of glutamic acid (E)
makes the oligopeptide more stable without impairment of its clot-
targeting potential (34). The LVPRGS peptide in the TCP cross-linker
can be degraded at the cleavage site of the arginine (R) residue by
thrombin, which is derived from the cleaved peptide sequence in
bovine coagulation factor XIII in response to thrombin within the
activation process of coagulation (35). The thrombin-mediated
cleavage of the TCP cross-linker causes the dissociation of the
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Fig. 1. Schematic of self-regulated hirudin delivery for anticoagulant therapy. (A) Schematic of synthesis of HV/ctNGs and adaptive release of HV in response to
thrombin. (B) Schematic of mechanism of HV/ctNGs for closed-loop HV delivery and anticoagulant regulation.

polymeric matrix (36), further accelerating the release of the encap-
sulated HV. After intravascular administration, HV/ctNGs protect
HYV against plasma proteolysis and prolong blood circulation of HV.
The clot-targeted CR(NMe)EKA peptide ligands modified on the
nanogel surface facilitate the accumulation of HV/ctNGs in the formed
clots. Thrombin that is highly concentrated in the clots (37) triggers
a high intraclot release of HV (Fig. 1B). The released HV stably binds
to thrombin to inhibit its coagulative activity. The release of HV is
self-regulated. The complex formation of thrombin and HV also
hinders the hydrolytic activity of thrombin to the cross-linker and,
therefore, slows the release rate of HV to basal release. We show
that this HV/ctNG-mediated closed-loop anticoagulant regulation
offers a safe and efficient therapeutic strategy on the mouse models
of pulmonary embolism and thrombosis.

RESULTS

Self-regulated hirudin release

HV/ctNGs prepared by single emulsion method had a particle size
of ~77 nm and a neutral surface charge (table S1). As examined using
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transmission electron microscope (TEM), HV/ctNGs showed uniform
and spherical morphology (Fig. 2A). The HV-loaded nontargeted
thrombin-cleavable nanogels (HV/tNGs) and clot-targeted non-
degradable nanogels (HV/cNGs) as control were also prepared and
had particle sizes of ~57 and ~65 nm, respectively (table S1). The
stability of HV/ctNGs in the presence of serum protein was investi-
gated by monitoring changes in particle size and surface charge. No
notable size and charge variations were observed after HV/ctNGs
were incubated with bovine serum albumin (BSA) over time (fig. S1A).
In addition, the protein leakage was also evaluated when the nanogels
were exposed to serum in vitro. The rhodamine-labeled HV (Rho-
HV) was synthesized and encapsulated in ctNGs. The release profile
of Rho-HV was determined after Rho-HV/ctNGs were incubated
with fetal bovine serum (FBS) over time. The presence of FBS did
not induce any marked leakage of Rho-HV from Rho-HV/ctNGs
(fig. S1B). These results suggest that HV/ctNGs are highly stable to
serum proteins.

To evaluate the self-regulated HV release property of HV/ctNGs,
we first investigated the degradability of the TCP cross-linker in re-
sponse to thrombin using high-performance liquid chromatography
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Fig. 2. Thrombin-responsive self-regulated HV release. (A) Representative histogram of the hydrodynamic diameter distribution and TEM image of HV/ctNGs. Scale
bar, 100 nm. (B) Representative HPLC profiles of the TCP cross-linker after incubation with thrombin for different time. a.u., arbitrary unit. (C) Change in the conversion
ratio of the TCP cross-linker after incubation under different conditions over time. Data are shown as means + SD (n = 3). (D) Release profiles of Rho-HV from Rho-HV/
ctNGs after incubation with different concentrations of thrombin. Data are shown as means + SD (n = 3). (E) Representative HPLC profiles of the TCP cross-linker after incu-
bation with thrombin in the presence of HV for different time. (F) Release profiles of Rho-HV from Rho-HV/ctNGs after repeated incubation with and without thrombin.

Data are shown as means + SD (n=3).

(HPLC). As shown in the HPLC profiles, the peak area of the TCP
cross-linker at the retention time of ~13 min reduced as the incubation
time increased (Fig. 2B). The chromatographic peak at the retention
time of ~10 min was further confirmed to be that of the allyl-
GGGLVPR (allyl-GR7) peptide, one of the degradation products
from the TCP cross-linker by thrombin (fig. S2). The conversion
ratio of the TCP cross-linker was calculated to be ~0.85 at 24 hours
after incubation with thrombin (Fig. 2C) (38), suggesting that TCP
incorporated in the construction of HV/ctNGs is stable but to be
responsively cleaved in the presence of thrombin. Subsequently, we
assessed the thrombin-promoted release of HV from HV/ctNGs. The
release profiles of Rho-HV were determined after Rho-HV/ctNGs
were exposed to different concentrations of thrombin over time
(Fig. 2D). Increased concentration of thrombin resulted in increased
release rate of Rho-HV from Rho-HV/ctNGs. In contrast, no
notable increase in the release rate of Rho-HV was observed when
Rho-HV/cNGs containing the nondegradable linkers were incubated
with thrombin (fig. S3). These results indicate that HV/ctNGs
can controllably release HV under the pathological environment of
thrombus with an increasing level of thrombin. Furthermore, the
closed-loop regulation of HV/ctNGs on the release of HV was
assessed. To demonstrate whether the released HV could inhibit the
degradation of thrombin on TCP, we used the HPLC analysis on the
TCP cross-linker incubated with both HV and thrombin. A slight
decrease in the chromatographic peak area of the TCP cross-linker
was observed after treatment with thrombin in the presence of HV
(Fig. 2E). The 24-hour conversion ratio was extremely lower than
that in the absence of HV (Fig. 2C). These data suggest that HV is
able to efficiently suppress the thrombin-mediated TCP degradation.
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We also estimated the effect of heparin on the TCP cleavage. As
expected, heparin could not inhibit the activity of thrombin on de-
grading the responsive TCP linkage (Fig. 2C and fig. S4). Further-
more, the release profile of Rho-HV displayed a pulsatile manner
(36, 39), when Rho-HV/ctNGs were cyclically incubated with and
without thrombin every 15 min (Fig. 2F). HV/ctNGs could respond
to thrombin concentration changes. The accelerated release phase
was attributed to the degradation of the TCP linker followed by the
disruption of the nanogels. Collectively, HV/ctNGs can promptly
release the encapsulated HV in response to elevation of thrombin at
the blood clot region. The released HV directly inhibits the activity
of thrombin on aggravating thrombosis on one hand and degrading
the TCP linker and disintegrating the nanogels, which turn to pre-
venting the excessive release of HV, leading to adverse effects on the
other. Like an automatic control valve system, the HV release from
HV/ctNGs is expedited at a high thrombin level but impeded at a
low thrombin level adaptively.

In vitro and in vivo clot-targeting studies

The in vitro blood clot was obtained by incubating platelet-rich
plasma with thrombin and calcium chloride (CaCl,) for 1 hour (40)
and subsequently incubated with the Cy7-labeled BSA-loaded ctNGs
(Cy7-BSA/ctNGs) for 5 min. After repeatedly washing with saline,
the blood clots were detected using in vivo imaging system (IVIS)
(Fig. 3A). The fluorescent images displayed that higher intensity of
the Cy7 fluorescent signal was observed in the clots treated with
Cy7-BSA/ctNGs than that with Cy7-BSA/tNGs, suggesting that
the clot-targeted CR(NMe)EKA peptide supports an increased
intraclot accumulation of the nanogels by effectively binding to the
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Fig. 3. In vitro and in vivo clot-targeting evaluation. (A) Fluorescent images of the blood clots after different treatments: (1) saline, (2) Cy7-BSA/tNGs, (3) Cy7-BSA/ctNGs,
and (4) the clot-targeted peptide + Cy7-BSA/ctNGs. (B) Fluorescent intensities of Cy7 in the blood clots after different treatments. Data are shown as means+SD (n=3).
***Pp < 0.001. (C) Representative fluorescent images of the lung tissue harvested from the thromboplastin-induced pulmonary embolism mouse models after intravenous
injection of Cy7-BSA/ctNGs and Cy7-BSA/tNGs at 15 min after induction. The pulmonary emboli were labeled with Cy5.5. (D) Relative fluorescent intensity ratio of Cy7 to
Cy5.5in the lung tissues. Data are shown as means + SD (n = 3). ***P < 0.001. (E) Representative fluorescent images of the lung tissues harvested from the thromboplastin-
induced pulmonary embolism mouse models after intravenous injection of FITC-BSA/ctNGs and FITC-BSA/tNGs at 15 min after induction. Scale bar, 100 um. (F) Representative
fluorescent images of the carotid arteries of the FeCls-induced thrombosis mouse models after intravenous injection of FITC-BSA/ctNGs for different time. Scale bar, 500 um.
(G) Changes in the relative fluorescent intensity ratio of FITC to Rho in the carotid arteries over time after intravenous injection of FITC-BSA/ctNGs and FITC-BSA/tNGs.

Data are shown as means +SD (n=3).

fibrin-fibronectin complexes. Preincubation with a high concentra-
tion of the free CR(NMe)EKA peptide led to a noticeable decrease
of the Cy7 fluorescent intensity of the Cy7-BSA/ctNG-treated group,
which is ascribed to the competitive inhibition effect of the free pep-
tide on the clot-targeting efficiency of ctNGs. Quantitative results
using region-of-interest (ROI) analysis substantiated that the Cy7-
BSA/ctNG-treated group had significantly higher intraclot fluores-
cent intensity than the counterparts (Fig. 3B). These data indicate
that ctNGs have a favorable targeting ability to the ex vivo formed
blood clots.

Three different mouse models were used to appraise the in vivo
clot-targeted capacity of ctNGs, including the thromboplastin-induced
pulmonary embolism model (41) as well as the ferric chloride (FeCls)-
induced carotid arterial and mesenteric thrombosis models (42, 43).
Thromboplastin is one of the tissue factors responsible for inducing
coagulation cascade, causing the generation of thrombin and the

Xu et al., Sci. Adv. 2020; 6 : eabc0382 9 October 2020

formation of clot. The formed clots are inclined to deposit in the lung
tissue with rich capillaries. In this study, the mice were intravenously
injected with the Cy5.5-labeled fibrinogen (Cy5.5-fibrinogen), nano-
gels (Cy7-BSA/ctNGs or Cy7-BSA/tNGs), and thromboplastin in
order (fig. S5A). The lung tissues were sampled and imaged using
IVIS at 15 min after injection of thromboplastin. As presented in the
fluorescent tissue images, the formed emboli with the fibrin-fibronectin
complexes, which were labeled by Cy5.5 through a thromboplastin-
induced fibrinogen-to-fibrin conversion, were observed to accumu-
late in the lung (Fig. 3C). Encouragingly, Cy7-BSA/ctNGs showed
preferable lung-targeting ability than Cy7-BSA/tNGs, as evidenced
by higher Cy7 fluorescent intensity in the lung tissue. The targeting
ratio of Cy7-BSA/ctNGs to the Cy5.5-labeled clots was quantified to
be 5.7-fold that of Cy7-BSA/tNGs (Fig. 3D). To further confirm
whether ctNGs were specifically targeted to the pulmonary emboli,
the intrapulmonary distribution was monitored using a confocal
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microscope (Fig. 3E). The rhodamine-labeled fibrinogen (Rho-fibrinogen)
and fluoroscein isothiocyanate (FITC)-labeled BSA-loaded ctNGs
(FITC-BSA/ctNGs) were used instead. As displayed in the confocal
images of the lung section, most of the FITC signals were colocal-
ized with the Rho signals in the FITC-BSA/ctNG group, in contrast
to lower colocalization observed in the FITC-BSA/tNG group. The
results indicate that the surface modification of the CR(NMe)EKA
peptide facilitates the targeting of the nanogels to the fibrinous
pulmonary emboli in vivo.

We further assessed the in vivo clot-targeted capability of ctNGs
on both FeCls-induced carotid arterial and mesenteric thrombosis
mouse models. Rhodamine 6G (Rho 6G) was intravenously injected
into the mice to label the platelets (44), and the left carotid artery
was exposed and treated with FeCl; (fig. S5B). The FeCl;-treated
mice were intravenously injected with FITC-BSA/ctNGs. The clot
formation and targeting were visualized in real time using a stereo
zoom microscope (Fig. 3F). High Rho fluorescent signal was detected
in the carotid artery of the mice at the FeCls-treated site, which is
indicative of the in vivo blood clot formation. The intravenously
injected FITC-BSA/ctNGs could efficiently target the formed
thrombus, as validated by most of the FITC fluorescent signals
colocalized with the Rho fluorescent signals, while low FITC fluo-
rescent signal was observed at the blood clot region of the mice re-
ceiving injection of FITC-BSA/tNGs (fig. S6). The relative intensity
ratio of FITC-BSA/ctNGs to the Rho-labeled thrombi was increased
markedly over time (Fig. 3G), indicating that more and more circu-
lating ctNGs accumulate in the blood clots constantly. In relative
quantification, FITC-BSA/ctNGs showed more than a fivefold in-
crease in the clot-targeting ratio compared with FITC-BSA/tNGs.
In addition, the superior thrombus-targeted potential of ctNGs was
also validated on the FeCls-induced mesenteric thrombosis mouse
model compared with tNGs (fig. S7).

In vivo anticoagulant efficacy studies

The in vivo anticoagulant activity of HV/ctNGs was first estimated
on the thromboplastin-induced pulmonary embolism model (45).
The mice were intravenously injected with Cy5.5-fibronogen, HV
formulations (free HV, HV/tNGs, HV/cNGs, or HV/ctNGs), and
thromboplastin in sequence. The anticoagulant effect was evaluated
by monitoring the Cy5.5 fluorescent signals in the lung using IVIS.
Treatment with different HV formulations all suppressed the forma-
tion of the pulmonary embolism, as indicated by lower Cy5.5 fluo-
rescent intensity detected in the lung compared with that treated
with saline (Fig. 4, A and B). Among them, the HV/ctNG treatment
exhibited the strongest inhibitory effect on the pulmonary embolism.
The anticoagulant efficacy of either HV/tNGs or HV/cNGs was
greatly limited by the poor clot-targeted capacity or inefficient
drug release property. After treatment, hematoxylin and eosin
(H&E) and Masson’s trichrome staining were used for histological
examination of the lung tissues, respectively (Fig. 4C). A large area
of embolization was observed in the lung of the mice treated with
saline. Treatment with HV/ctNGs resulted in the lowest degree
of fibrin deposition and the smallest area of pulmonary embolism,
as expected, which markedly reduced the percentage of clot area to
7% that of treatment with saline (Fig. 4D). We also monitored the
survival of the mice with the acute pulmonary embolism after dif-
ferent treatments. All the mice treated with HV/ctNGs survived,
further confirming the efficient anticoagulant activity of HV/ctNGs
(Fig. 4E).
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Next, we assessed the in vivo clot-inhibiting effect of HV/ctNGs
on the FeCl;-induced carotid arterial thrombosis mouse model. The
carotid artery of the FeCls-treated mice before injected with Rho 6G
was imaged, and the changes in the clot size reflected by the Rho
fluorescent intensity were monitored after intravenous injection of
different HV formulations (Fig. 5A). The Rho fluorescent intensity
markedly increased in the carotid artery of the mice treated with
saline, suggesting that the thrombi form and aggravate owing to the
FeCl;-induced injury of the blood vessels. Treatment with the free
HYV efficiently inhibited the exacerbation of thrombosis, as evidenced
by significant reduction in the Rho fluorescent intensity. By com-
parison, neither HV/tNGs nor HV/cNGs brought about efficient
clot-inhibiting activity in vivo, although the nanogel encapsulation
can protect HV against plasma proteolysis, which resulted from in-
ferior thrombus-targeted capacity of HV/tNGs and inefficient drug
release property of HV/cNGs. Of note, HV/ctNGs showed a more
potent effect on suppressing the aggravation of thromboembolism
than other control groups, including HV, HV/tNGs, and HV/cNGs.
At 30 min after the injection of different formulations, the carotid
arteries were sampled, and their transverse sections were histologi-
cally examined (Fig. 5B). Severe embolism was observed in the in-
jured blood vessels treated with saline. A large area of the vessel was
examined to be still clotted after treatment with either HV/tNGs or
HV/cNGs. Both HV and HV/ctNGs efficiently inhibited the thrombus
formation, as shown by a few clots observable in the injured carotid
arterial vessels after treatment. Quantitative data showed that treat-
ment with HV/ctNGs resulted in the lowest clot level (Fig. 5C) and
embolization rate (Fig. 5D). In addition, we used the acoustic imag-
ing technique to detect the changes in the blood flow velocity in the
FeCl;-induced injured carotid artery before and after treatment with
HV/ctNGs. As presented in the pulse wave Doppler images, the vibra-
tion pattern disappeared after treatment with FeCl; (fig. S8), indi-
cating that the FeCls-induced clot formation blocked the vessels and,
therefore, reduced the blood flow velocity. The carotid arterial flow
velocity time integral (VTI) (46) was quantified to markedly drop
after the FeCls treatment (Fig. 5E). As expected, the FeCls-treated
mice receiving treatment of HV/ctNGs recovered the carotid arterial
flow velocity, and the VTI value concomitantly increased to be com-
parable to that of the mice without any treatment. In parallel, the
anticoagulant efficacy of HV/ctNGs was explored on the FeCls-
induced mesenteric thrombosis mouse model. The obtained results
were consistent with the findings of the in vivo studies on the carotid
arterial thrombosis mouse model. HV/ctNGs could efficiently control
the formation and aggravation of thrombi in the mesenteric blood
vessels (figs. S9 and S10). These data indicate that self-regulated
HV/ctNGs with the capabilities of enhanced clot targeting and
closed-loop drug release potentiate the in vivo anticoagulant efficacy
of HV.

We further performed comparative assessment of therapeutic
efficacies between HV and HV/ctNGs using the sequential FeCl;-
induced thrombosis mouse model with secondary injury (fig. S5C).
The variations in the size of the Rho-labeled thrombi were determined
by monitoring the Rho fluorescent intensity after secondary FeCl;
induction (Fig 5, F and G, and fig. S11). In the HV treatment group,
a significantly higher Rho fluorescent intensity in the blood vessel
was observed in the thrombosis mouse model by inducing twice using
FeCls, while there was no significant difference in the Rho fluorescent
intensity between single and sequential FeCls-induced thrombosis
mouse models in the HV/ctNG treatment group. Moreover, treatment
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Fig. 4. In vivo therapeutic efficacy study on the thromboplastin-induced pulmonary embolism mouse model. (A) Fluorescent images of the lung tissues harvested
from the mice after different treatments at 15 min after induction. The pulmonary emboli were labeled with Cy5.5. (B) Fluorescent intensity of Cy5.5 in the lung tissues.
Data are shown as means + SD (n=3). P> 0.05 (no significance, n.s.), *P < 0.05, **P < 0.01, and ***P < 0.001. (C) Representative H&E- and Masson’s trichrome-stained images
of the lung sections after different treatments at 15 min after induction. Scale bar, 100 um. (D) Relative clot areas in the lung tissues after different treatments at 15 min after
induction. Data are shown as means + SD (n = 3). P> 0.05 (no significance, n.s.) and ***P < 0.001. (E) Survival rates of the mice after different treatments within 2 hours (n = 6).

with HV/ctNGs resulted in notably lower Rho fluorescent intensity
than treatment with HV in the mouse model using sequential FeCl;
induction. These findings indicate that HV/ctNGs have superior
effects on preventing the reformation of thrombi than HV. We
speculated that such enhancement resulted from the prolonged cir-
culation of HV in the blood by HV/ctNGs. To validate our assump-
tion, the pharmacokinetic profiles of Rho-HV/ctNGs and Rho-HV
were determined after intravenous injection into the rats (Fig. 5H).
As expected, the Rho fluorescent intensity of Rho-HV rapidly
dropped in the blood over time because of quick renal clearance
and protein degradation. Rho-HV/ctNGs noticeably increased the
circulation time and bioavailability of Rho-HV, which supported
the enhanced activity of HV to prevent and inhibit the thrombus
formation.
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Safety evaluation

With the confirmation on the in vivo anticoagulant effects of HV/
ctNGs, the safety of HV/ctNGs was evaluated both in vitro and
in vivo. We first investigated whether HV/ctNGs caused hemolysis.
The RBCs were collected from the mice and incubated with HV/
ctNGs over time. After centrifugation, the absorbance of the super-
natant was quantified. Triton X-100, a surfactant for cell lysis, could
disrupt RBCs, as evidenced by high absorbance of the supernatant
containing a large amount of hemoglobins (fig. S12). No significant
difference in the absorbance was observed and determined between
saline and HV/ctNGs, suggesting that HV/ctNGs does not cause any
hemolytic reaction. Moreover, the bleeding time test was performed
to explore whether HV/ctNGs affected the ability of the coagulation
system to stop bleeding. The mice were intravenously injected with
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Fig. 5. In vivo therapeutic efficacy study on the FeClz-induced carotid artery thrombosis mouse model. (A) Representative fluorescent images of the carotid arteries
of the mice after intravenous injection of different HV formulations for different time. The blood clots were labeled with Rho 6G. Scale bars, 500 um. (B) Representative
H&E- and Masson'’s trichrome-stained images of the carotid arterial transverse sections after intravenous injection of different HV formulations for 25 min. Scale bar,
100 um. (€) Changes in the relative fluorescent intensity of Rho after different HV formulations over time. Data are shown as means + SD (n = 3). (D) Embolization rates in
the H&E-stained carotid arterial transverse sections after different treatments. Data are shown as means + SD (n = 3). P> 0.05 (no significance, n.s.) and ***P < 0.001. (E) VTI
of the carotid arteries of the mice before and after intravenous injection of HV/ctNGs for 25 min. (F) Representative fluorescent images of the carotid arteries of the mice
after intravenous injection of HV and HV/ctNGs for different time upon sequential induction. The blood clots were labeled with Rho 6G. Scale bar, 500 um. (G) Relative
fluorescent intensity ratios of Rho after intravenous injection of HV and HV/ctNGs upon sequential induction. Data are shown as means +SD (n = 3). P> 0.05 (no signifi-
cance, n.s.) and ***P < 0.001. (H) Pharmacokinetic profiles of Rho-HV and Rho-HV/ctNGs after intravenous injection into the rats. Data are shown as means + SD (n=3).

HV/ctNGs. After 24 hours, a small cut was made on the tail, and the
time was recorded until the bleeding terminated. Treatment with
HV/ctNGs did not result in any marked change in the bleeding time
(fig. S13). In addition, at 24 hours after injection of HV/ctNGs, the
blood and major tissues were collected. The total amounts of RBCs
and platelets were counted using a hematology analyzer, and the
serum levels of different biochemical indices for liver and kidney
functions were quantified, including alanine aminotransferase (ALT),
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aspartate aminotransferase (AST), blood urea nitrogen (BUN), and
creatinine. The tissues were stained by H&E and observed using a
microscope. The HV/ctNG treatment did not induce any variation
in the total amounts of RBCs and platelets (fig. S14) or the serum
levels of the biochemical indices (fig. S15) as well as any obvious
pathological changes in the major tissues (fig. S16). These results
indicate that HV/ctNGs are highly safe nanocarriers for the delivery
of HV within the studied period of time.
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DISCUSSION
On the basis of the pathological characteristics of thrombosis and
the demand for precise delivery of anticoagulants, we proposed the
concept of exploiting a self-regulated polymeric nanogel integrated
with thrombin-sensing constituents, which could enable the laden
HYV to adaptively release in a closed-loop manner by responding to
the changes of thrombin concentration. This nanogel formulation
was obtained using a facile one-pot synthetic approach, which com-
posed of thrombin-degradable polymeric matrices with embellish-
ment of clot-targeted peptide ligands. After formulation optimization,
HV/ctNGs displayed robust thrombin-responsive HV release be-
haviors. As validated, the HV release rate of HV/ctNGs sped up under
a high level of thrombin but slowed down in the absence of thrombin.
Moreover, HV/ctNGs showed a pulsating HV release pattern in
response to cyclical variations in thrombin concentration, which
mimicked the physiological negative feedback control mecha-
nism, potentiating anticoagulant activity and alleviating adverse
effects.

ctNGs stabilized the encapsulated HV and protected it from deg-
radation by plasma enzymes in the blood after intravenous injection,
which enhanced the blood persistence and reduced clearance rate of
HV. Meanwhile, ctNGs promoted the accumulation of HV in the
fibrous clots by high binding affinity between the surface-modified
ligands and the intraclot fibrins/fibronectins. The half-life of HV
delivered by HV/ctNGs was demonstrated to be substantially pro-
longed compared with that of free HV. The clot-targeting studies
confirmed that ctNGs could efficiently bind to the ex vivo formed
clots and preferentially accumulated in the intrapulmonary emboli
and intravascular thrombi of the mouse models in vivo. We further
showed that treatment with HV/ctNGs was able to effectively pre-
vent and inhibit the clot formation in the mouse models of pulmo-
nary embolism and thrombosis. While the enhanced anticoagulant
activity of HV/ctNGs was attained, the safety evaluation results sug-
gested that HV/ctNGs did not cause any hematolysis, thrombocyto-
penia, bleeding, liver and kidney function impairment, and pathological
tissue changes within the studied period of time. Further long-term
toxicity studies are required to be carried out for potential transla-
tion. Together, the self-regulated system with a closed-loop delivery
of anticoagulants can be a promising strategy to treat thrombosis
and embolism.

MATERIALS AND METHODS

Materials

Recombinant HV was provided by B. He from Nanjing Tech
University. AAm and N,N’-methylene-bisacrylamide (MBA) were
purchased from Aladdin. The TCP cross-linker and the clot-targeted
GGCR(NMe)EKA peptide were purchased from GL Biochem.
Fibrinogen and thromboplastin were purchased from Sigma-Aldrich.

Nanogel preparation and characterization

HV (200 U), AAm (45 mg), the TCP cross-linker (23 mg), the clot-
targeted peptide (8 mg), and ammonium persulfate (6 mg) were dis-
solved in phosphate-buffered saline (PBS) (500 pl) and added dropwise
into hexane (5 ml) containing dioctyl sulfosuccinate sodium salt (356 mg)
and polyoxyethylene lauryl ether (Brij L4) (688 mg) under stirring
at 4°C. After addition of N,N,N’,N’-tetramethylethylenediamine
(20 pl), the solution was stirred at 4°C for 2 hours, followed by rotary
evaporation and repeated ethanol washing. Last, HV/ctNGs were
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obtained after vacuum drying. HV/tNGs were prepared without the
clot-targeted peptide, while HV/cNGs were prepared by replacing
the TCP cross-linker with the nondegradable MBA cross-linker.
The particle size and zeta potential of nanogels were measured using
Zetasizer (Malvern). The morphology was visualized using TEM
(Hitachi HT7700).

Fluorescent labeling

Proteins (HV, fibrinogen, or BSA) dissolved in sodium bicarbonate
buffer (100 mM, pH 8.5) were incubated with a 10-fold molar
equivalent of Rho-NHS (N-hydroxysuccinimide) or Cy5.5-NHS at
room temperature for 1 hour or FITC at 4°C for 8 hours under stirring.
After dialysis against PBS (pH 7.4) for 24 hours to remove excess
fluorescent dyes, the fluorescent-labeled proteins were obtained. To
prepare Cy7-BSA/ctNGs, BSA/ctNGs dissolved in PBS (pH 7.4)
were incubated with a 10-fold molar equivalent of Cy7-Mal under
stirring at 37°C for 2 hours. After dialysis against PBS (pH 7.4)
for 24 hours to remove excess fluorescent dyes, Cy7-BSA/ctNGs
were obtained.

Thrombin-responsive degradation of the TCP cross-linker
The TCP cross-linker (0.2 mg/ml) was incubated with thrombin
(1 U/ml) in the absence and presence of HV (2 U/ml) or heparin
(2 U/ml) at 37°C over time, respectively, and subsequently analyzed
using HPLC (Shimadzu). The mobile phase was the mixture of
acetonitrile and water (16:84, v/v) containing acetic acid (0.1%, w/w).
The detection wavelength was set to 220 nm. The column tempera-
ture was 40°C. The flow rate was 1 ml/min.

In vitro release studies

To assess the thrombin responsiveness, Rho-HV/ctNGs that were
put into the dialysis bag were incubated in PBS (pH 7.4) containing
different concentrations of thrombin (0, 0.5, and 1 U/ml) or FBS
(50%, v/v) at 37°C. At specified time intervals, the fluorescent in-
tensity of Rho in the medium was determined at 585 nm (excitation
at 552 nm) using a microplate reader (Tecan Infinite M1000 Pro).
To evaluate the self-regulated release property, Rho-HV/ctNGs that
were put into the dialysis bag were first incubated in PBS (pH 7.4)
containing thrombin (1 U/ml) at 37°C for 15 min and subsequently
incubated without thrombin at 37°C for 15 min. This cycle was re-
peated four times, and similarly, the fluorescent intensity of Rho in
the medium was determined using a microplate reader.

In vitro clot-targeting study

The mouse plasma was incubated with thrombin (10 U/ml) and
CaCl; (40 mM) at 37°C for 1 hour to form clots. The clots were
subsequently incubated with Cy7-BSA/ctNGs and Cy7-BSA/tNGs
for another 5 min, respectively. For competitive inhibition assay,
the formed clots were preincubated with the clot-targeted peptide
(0.5 mg/ml) for 5 min. After repeated saline washing, the clots were
observed using IVIS (PerkinElmer IVIS Spectrum). The fluorescent
intensity of Cy7 was quantified by ROI analysis using Living Image
software.

Animals

All animals were treated according to the Guide for Care and Use of
Laboratory Animals, approved by the Animal Experimentation Ethics
Committee of China Pharmaceutical University. The mice (C57BL/6,
female, 18 to 22 g) and the rats (Wistar, male, 200 to 220 g) were
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offered by the Comparative Medicine Centre of Yangzhou University.
The mice and rats were housed with a 12-hour light/dark cycle and
free access to food and water.

In vivo clot-targeting studies

In the thromboplastin-induced pulmonary embolism model, the
mice were intravenously injected with Cy5.5-fibrinogen (70 nmol/kg),
Cy7-BSA/ctNGs (5-min interval), and thromboplastin (4 ml/kg)
(5-min interval) successively. The mice were euthanized at 15 min
after injection of thromboplastin. The lung tissues were harvested
and imaged using IVIS. The fluorescent intensities of Cy5.5 and Cy7
were quantified by ROI analysis using Living Image software. Cy7-
BSA/tNGs were taken as control. To monitor the intrapulmonary
distribution, Rho-fibrinogen and FITC-BSA/ctNGs were used in-
stead. The lung tissues harvested from the mice were treated by
freezing microtomy. The frozen lung tissue sections were stained
with Hoechst 33342 (5 pg/ml; Invitrogen) and observed using a
confocal microscope (Olympus FV3000). FITC-BSA/tNGs were
taken as control.

In both FeCls-induced carotid arterial and mesenteric thrombosis
models, the mice were first intravenously injected with Rho 6G
(0.5 mg/kg). After 10 min, the carotid artery and mesenteric vessels
were exposed and adhered by a filter paper moistened with FeCl; at
concentrations of 10 and 6% for 1 min, respectively. After 5 min, the
mice were intravenously injected with FITC-BSA/ctNGs. At specified
time intervals, the blood vessels were imaged using a stereo zoom
microscope (ZEISS Axio Zoom.V16). The fluorescent intensity of
Rho and FITC was quantified using Image] software. FITC-BSA/
tNGs were taken as a control.

In vivo therapeutic efficacy studies

In the thromboplastin-induced pulmonary embolism model, the mice
were intravenously injected with Cy5.5-fibrinogen (70 nmol/kg),
different HV formulations (5-min interval), and thromboplastin
(4 ml/kg) (5-min interval) successively. After 15 min, the mice were
euthanized. The lung tissues were harvested and imaged using IVIS.
The fluorescent intensity of Cy5.5 was quantified by ROI analysis
using Living Image software. For histological examination, the lung
tissues harvested from the mice were examined by H&E and Masson’s
trichrome staining, respectively. The stained lung tissue sections
were observed using a microscope (Nikon Ts2R). The survival rates
of the mice receiving different HV formulations were determined
within 2 hours after intravenous injection of thromboplastin.

In both FeCls-induced carotid arterial and mesenteric thrombosis
models, the mice were first intravenously injected with Rho 6G
(0.5 mg/kg). After 10 min, the carotid artery and mesenteric vessels
were exposed and treated with FeCl; for 1 min. After 5 min, the mice
were intravenously injected with different HV formulations. At
specified time intervals, the blood vessels were imaged using a stereo
zoom microscope. The fluorescent intensity of Rho was quantified
using Image] software. The blood vessels were also monitored at
25 min after injection of HV/ctNGs using a micro-ultrasound
imaging system (FUJIFILM VisualSonics Vevo 3100 LT). For histo-
logical examination, the blood vessels were harvested from the mice
at 25 min after injection of different HV formations and examined
by H&E and Masson’s trichrome staining. The stained blood vessel
sections were observed using a microscope. In addition, the mice
were treated with FeCl; for 1 min once again at 2 hours after injec-
tion of HV and HV/ctNGs. After 30 min, the blood vessels were
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imaged using a stereo zoom microscope. The fluorescent intensity
of Rho was quantified using Image] software.

Pharmacokinetics

The rats were intravenously injected with Rho-HV and Rho-HV/
ctNGs. At specified time intervals, the blood was collected and cen-
trifuged. The fluorescent intensity of Rho in the plasma supernatant
was measured using a microplate reader.

Safety evaluation

For in vitro hemolysis assay, the mouse RBCs (2%) were incubated
with HV/ctNGs and Triton X-100 (0.1%) for 4 hours. After centrif-
ugation, the absorbance of the supernatant was measured at 570 nm
using a microplate reader. Triton X-100 was taken as a control. For
bleeding time assay, the mice were intravenously injected with HV/
ctNGs and saline. After 24 hours, a small cut was made on the tail,
and the time was recorded until the bleeding stopped. In addition,
the blood and major tissues were collected. The total amounts of
RBCs and platelets were counted using a hematology analyzer
(Mindray BC-2800Vet). The serum levels of ALT, AST, BUN, and
creatinine were assayed by the corresponding ELISA (enzyme-linked
immunosorbent assay) kits (Nanjing Jiancheng) according to the
manufacturers’ protocols. The tissues were stained by H&E. The
stained tissue sections were observed using a microscope.

Statistical analysis

The data are indicated as means + SD. Two-tailed Student’s t test
and one-way analysis of variance (ANOVA) were used for test of
statistical difference in two and multiple groups, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/41/eabc0382/DC1

View/request a protocol for this paper from Bio-protocol.
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