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Thrombosis, a pathological hemostatic condition, has become one of the leading causes of
cardiovascular mortalities and morbidities worldwide.[X: 21 The unwanted intravascular blood
thrombi can cause vascular occlusions, organ damage, and severe cardiovascular diseases,
including myocardial infarction and stroke.[3] As a first line of defense, anticoagulant drugs
can prevent and delay the obstruction in blood flow.[2 4] Heparin (HP), a common
anticoagulant, is routinely administered to counteract coagulation activation.[5] Dosing
schemes for HP usually involve daily intravenous administration for weeks to months.[6]
Unfortunately, systemic (intravenous) or local (catheter) delivery of anticoagulants remains
difficult for precise anticoagulant regulation.[’] Under- or over-dosage may lead to
dangerous consequences due to either rapid clearance in the body or bleeding complications
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that may lead to spontaneous hemorrhages.[8] Moreover, it is known that the timely delivery
of drugs is critical for cardiovascular patients when an unpredictable attack happens,°]
which makes sustained protection from pathogenesis imperative. Therefore, a controlled and
on-demand drug delivery system, one that enhances therapeutic efficacy while minimizing
side effects and time-to-treatment, is urgently needed for the management of thrombotic
diseases.[10]

Herein, we report an engineered feedback-controlled anticoagulant system based on
thrombin-responsive polymer-drug conjugates. Thrombin is a trypsin-like serine proteinase
that plays an imperative role in blood coagulation systems to produce insoluble fibrin from
soluble fibrinogen.[*1] Recently, thrombin-responsive systems based on the thrombin-
cleavable peptide have attracted great attention due to associated high sensitivity and fast
response rate.[22] In our system, a thrombin-cleavable peptide is introduced as a linker
during the conjugation of HP to the main chain of hyaluronic acid (HA).[13] The peptide can
be cleaved when thrombin is activated,[*4 151 triggering the release of drug from the
backbone in a thrombin-responsive fashion (Figure 1a). The thrombin-responsive HP
conjugated HA (TR-HAHP) matrix can be obtained v/a polymerization under UV light
treatment. In the presence of the elevated thrombin concentration, HP can be promptly
released from the TR-HAHP matrix, whereas HP is trapped in the matrix and cannot be
released without thrombin. The released HP is able to inhibit the coagulation activation by
inactivating thrombin, which suppresses the release of HP from the matrix and minimizes
the risk of undesirable spontaneous hemorrhage.

The TR-HAHP derivative can be further integrated into a disposable microneedle (MN)-
array based transcutaneous device for potential long-term autoregulation of blood
coagulation. The micro-size needles on the patch enable convenient administration in a
painless manner.[16: 171 Owing to the thrombin-responsive property, this MN patch acts as a
closed-loop “smart” device that can be safely inserted in the skin without drug leaking under
normal blood environment, but rapidly respond to an increased thrombin level and release
corresponding dose of anticoagulant drug to prevent the undesirable formation of blood clots
(Figure 1b). We demonstrate that this “smart” HP patch can offer sustained autoregulation
of blood coagulation in a safe and convenient manner.

To achieve the stimuli-triggered heparin delivery, a thrombin cleavable peptide with a
sequence of GGLVPR|GSGGC, was introduced as a linker to obtain the TR-HAHP. The
cleavage of the peptide by thrombin was verified by liquid chromatography mass
spectrometry (LCMS) analysis, which showed that the peptides were efficiently cleaved
after 12-h incubation with 1 U/mL thrombin in the Tris buffer (20 mM Tris, 150 mM NaCl,
2.5mM KCI, pH 7.4) (Figure S1). To prepare the TR-HAHP, the cleavable peptide was first
conjugated to the methacrylated HA (n7+HA) through the formation of an amide bond. Then,
HP was further covalently bound to the cysteine residue of the peptide to obtain the TR-
HAHP. In the presence of the activated thrombin, the short peptide can be selectively
recognized and cleaved between Arg (R) and Gly (G) to achieve specific HP release.l14] The
successful conjugation of HP to m-HA was evidenced by the elemental analysis and the
increase in molecular weight from 314 to 606 kDa (Table S1).
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In order to examine the effect of thrombin in the TR-HAHP based system, a TR-HAHP
hydrogel was prepared via photo-polymerization (Figure S2). The prepared hydrogels were
incubated in thrombin solutions with different concentrations (0, 0.5 and 1 U/mL), and the
release kinetics was obtained by measuring the fluorescence intensity of FITC-labelled HP.
As shown in Figure 2a, the release profiles presented a high dependence on the thrombin
level. The TR-HAHP hydrogel quickly responded to the relative higher thrombin
concentration (1 U/mL), and released most of the conjugated HP within 20 min, which may
allow a fast action of drug under the urgent situation in clinic. In contrast, the hydrogel kept
stable in the buffer without thrombin up to 12 h (Figure 1c and Figure S3). Furthermore, a
pulsatile release pattern was observed when the TR-HAHP hydrogel was alternately exposed
every 15 min for several cycles to solutions with and without thrombin (Figure 1d). The
hydrogel performed the repeatable and sustained release of HP, corresponding to the
presence or absence of thrombin. Additionally, the release process was monitored in real
time by fluorescence microscopy. As demonstrated in Figure le, the cleaved FITC-HP
gradually diffused through the crosslinked hydrogel after the addition of thrombin, while the
hydrogel maintained its original structure during the release period. In contrast, there was
insignificant fluorescence signal detected in the buffer without thrombin after 12 h (Figure
S3). To further confirm the thrombin-responsive release, a non-responsive HP-HA conjugate
without the thrombin-sensitive peptide (NR-HAHP) was synthesized directly viaa
heterobifunctional linker as a negative control. From the fluorescence images and release
profiles of the NR-HAHP hydrogel incubating with thrombin solutions, it was demonstrated
that HP could not detach from the HA matrix without the degradation of the thrombin-
sensitive peptide (Figure S3, $4). Collectively, these results suggested that the thrombin-
specific activation feature of the TR-HAHP is attributed to the incorporation of the cleavable
peptide unit.

To validate the /n vitro anticoagulant regulation ability of TR-HAHP, the activated
thromboplatin time (aPTT) prothrombin time and prothrombin time (PT) were measured to
determine the anticoagulant potency of different samples, including the empty HA hydrogel,
HA hydrogel containing free HP, TR-HAHP gel and NR-HAHP gel by incubation with
human plasma. Activated thromboplatin time measurement is commonly used for the
evaluation of the intrinsic pathways of blood coagulation,[18] while PT measurement is a test
for the evaluation of extrinsic pathways in clinical medicine.l9] Antithrombin 111, a natural
thrombin inhibitor, can inactivate thrombin v/a forming a covalent enzyme complex with
thrombin.[2%] Since it has a specific heparin binding-site proximal to the pentasaccharide, the
inactivation of thrombin by antithrombin I11 can be promoted by nearly three orders of
magnitude in the presence of heparin.[?1] As shown in Figure 2a and b, compared with the
healthy human plasma treated with empty gel, both TR-HAHP and NR-HAHP solutions
prolonged aPTT and PT by up to 100s. These prolonged aPTT and PT can be attributed to
the existence of heparin based on an antithrombin-dependent mechanism.[221 However, once
crosslinked by UV irradiation, the NR-HAHP gel could not inhibit the coagulation while the
TR-HAHP gel still showed remarkably increased aPTT and PT levels, indicating the
thrombin-specific release of HP from the TR-HAHP gel. We further evaluated the
anticoagulant capability of the TR-HAHP viag a thrombin clotting time (TCT) assay, which is
commonly performed on patients for diagnosis of coagulopathy by adding thrombin to
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citrated plasma and recording the time when a stable clot is formed.[23] Consistent with the
aPTT and PT results, TCT was significantly delayed in the presence of the TR-HAHP gel
(Figure 2c).

Encouraged by the above findings, we further incubated the hydrogels with human plasma
twice with 3 h for each incubation cycle to examine the self-regulation ability of the TR-
HAHP. Thrombin formation in plasma was determined by the level of the prothrombin F1+2
fragment, which is cleaved from prothrombin during the activation.[24] The coagulation
activation levels of the TR-HAHP hydrogel versus non-responsive gels (HP and NR-HAHP)
were reported in Figure 2d. A high level of F1+2 was detected in the plasma incubated with
the control groups (HA and NR-HAHP), while both HP gel and the TR-HAHP gel
effectively inhibited coagulation activation in the first incubation cycle. In the presence of
TR-HAHP hydrogel, plasma was protected from clotting over both investigated periods,
whereas plasma in contact with the HP hydrogel could only prevent coagulation in the first
incubation cycle due to the burst release of HP from the gel during the incubation. The
thrombin responsiveness of the TR-HAHP enabled the controlled and repeatable HP release
from the system, as less HP was released once thrombin was inhibited by the pre-released
HP. The remarkable difference in F1+2 concentrations between plasmas incubated with the
HP gel versus the TR-HAHP gel confirmed that the feedback system could inhibit
coagulation over a long time period, as expected.

To realize a functional form that enables painless and convenient HP delivery, we next
fabricated a TR-HAHP MN-array patch to assess long-term anticoagulant regulation.
Briefly, the TR-HAHP solution mixed with the crosslinker MBA and a photoinitiator was
first loaded into the tip region of a silicone MN-mold by centrifugation. The crosslinked
HA-based matrix enhances the stiffness of the MNs (Figure S5) for efficient penetration
through the skin,[26] as well as restricts the loss of the TR-HAHP from the MNs. The MN-
array contains 400 needles in a 12x12 mm? patch with a 600-um center-to-center interval
(Figure 3a). Each MN was of a conical shape, with 300 um in diameter at the base and 600
um in height (Figure 3c). The fluorescence image in Figure 3b displayed a cross-sectional
view of the MN with a rhodamine-labelled m-HA matrix and FITC-labelled TR-HAHP
loaded in MN tips with a homogenous distribution.

The obtained TR-HAHP MNs exhibited thrombin-responsive performance similar to the
TR-HAHP hydrogel. As shown in Figure 3d, a repeatable release profile of HP was
observed corresponding to thrombin levels, which may further enable prolonged thrombin-
mediated HP delivery. In addition, a tunable release kinetics can be achieved by varying the
incubating condition (Figure 3e). A maximum of a 15.6-fold raise in HP release rate was
observed in 20 min once exposed to thrombin solution (0.6 U/mL). In contrast, the free HP-
loaded MNs exhibited a burst release in the Tris buffer even without thrombin, but an
insignificant amount of HP was released from the NR-HAHP MNs.

To further evaluate the potential clinical relevance for the treatment of life-threatening acute
thrombosis, we next verified the anticoagulant capacity of the TR-HAHP in a thrombotic
challenge model.[25] The CD-1 mice were randomly divided into five groups (n=8), with one
group intravenously (/.v.) injected with heparin solution and four groups transcutaneously
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administered with different samples: 1) the empty HA MN made of only crosslinked m-HA,
2) the HA MN encapsulating free HP (HP MN), 3) the TR-HAHP MN and 4) the NR-HAHP
MN (HP dose: 200 U/kg). The MNs could penetrate the mouse skin efficiently, as evidenced
by the hematoxylin and eosin (H&E) and trypan blue staining of the MN-treated tissue
(Figure 4a), which allowed the MN tips to be expose to the blood fluid in vascular-capillary
network for real-time sensing and rapid response. The transient microchannels in the skin
were quickly recovered 4 h post MN injection (Figure S6).

Each mouse was i.v. injected with thrombin (1000 U/kg) to induce an acute
thromboembolism, which can lead to mortality in ~ 92% of mice.[28] Heparin solution was
1.v. injected into the mice before thrombosis induction. The MN patches were pre-
administered on the dorsum skin of the mice 10 min before the challenge to be tested. All
animals with empty HA MN or the NR-HAHP MN died within 15 min after the injection of
thrombin, whereas all mice survived with the treatment of HP MN or TR-HAHP MN
(Figure 4b) during the 15 min. The significantly enhanced survival rate implied fast and
efficient HP release from the TR-HAHP MN in response to increased thrombin, which
protected the mice from the thrombolytic risk. Through FITC labeled heparin, the /in vivo
release triggered by thrombin was also verified by fluorescence microscopy (Figure S7). In
a further step, we also examined the survival rate 6 h post administration of MN patches and
heparin injection. It was demonstrated that > 80% of mice treated with the HP MNs or /.v.
injection of heparin died as a result of the short half-life of HP ( ~ 1 h) (Figure 4c).[27] The
increased mortality rate 6 h post administration of HP MNs suggested that the burst release
of HP was not able to ensure protection from thrombotic risk. Contrary to the behavior of
HP MN, the TR-HAHP MN maintained its function of anticoagulation and protected the
animals from death. The superior anticoagulant capacity of TR-HAHP MN was also
evidenced by H&E staining of lung sections. There were insignificant differences observed
in the lung of mice treated with TR-HAHP MN compared to healthy mice (Figure S8 and
$9); but intravascular and interstitial hemorrhage, blocked blood vessels, and atelectasis
were observed in the challenged groups 6 h post administration of HP injection or HP MN
(Figure S9). These data indicate that stimulus-triggered feature of TR-HAHP system
enables its potential application in self-administered therapy.

To further investigate the biocompatibility of the MN-array patches, the mouse skin
surrounding the MN-treated area was excised for histological analysis after 24 h-
administration. The pure HA MN was regarded as a negative control, which exhibited high
biocompatibility as observed in the H&E stained histological images (Figure 4d and Figure
S10), whereas obvious damage was observed in the skin treated with HP MN. The H&E
images indicated neutrophil infiltration and a severe pathophysiological response because
the HP caused subcutaneous bleeding. On the contrary, there were insignificant lesions at the
TR-HAHP MN treated site because no HP leaked from the MN in the absence of thrombin.
Moreover, as presented in the skin tissues stained with the in situ TUNEL assay, obvious cell
apoptosis occurred in the skin treated with HP MN, while no cell death was observed in the
skin treated with the TR-HAHP MN, NR-HAHP and pure HA MN (Figure 4e). Finally, the
TR-HAHP MN avoided unwanted bleeding due to the locally generated, and considerably

Adv Mater. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 7

lower levels of activated thrombin at the sealing major wounds,[28] which could not be
sensed by the MNs in the treated subcutaneous tissue (Figure S11).

In conclusion, we developed a thrombin-responsive patch for auto-regulation of blood
coagulation by integrating TR-HAHP matrix with MN-array. The thrombin-cleavable
peptide unit enabled thrombin-specific activation of drug release from the system with a rate
highly dependent on the thrombin concentration. More importantly, it enabled feedback-
controlled anticoagulation therapy with minimized risk of over- or under-dosage. The /n vivo
studies in a thrombolytic challenge model demonstrated effective long-term protection from
acute pulmonary thromboembolism. Taken together, this work provides a platform for
designing closed-loop based drug delivery systems for the treatment of intravascular
diseases according to levels of related biomarkers. Moreover, the integration of MNs with
stimuli-responsive drug carriers extends the administration methods of therapeutics.

Supplementary Material
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Figure 1.

(a) Formation and mechanism of the feedback-controlled heparin delivery system based on
thrombin-responsive HAHP (TR-HAHP) conjugate. (b) Schematic of TR-HAHP MN-array
patch in response to thrombin. (c) /n vitro accumulated FITC labelled HP release from the
TR-HAHP hydrogel in several thrombin concentrations at 37°C. (d) Pulsatile release profile
of FITC-HP from the TR-HAHP hydrogel (blue: w/o thrombin; pink: w/ thrombin). ()
Fluorescence microscopy images of the TR-HAHP hydrogel in thrombin solution at
indicated time points. Scale bar: Imm. Error bars indicate s.d. (n=3).
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In vitro anticoagulant capacity of the TR-HAHP hydrogel. (a) /n vitro analysis of the
activated thromboplatin time (aPTT) of untreated (HA), HP treated, non-crosslinked and
crosslinked TR-HAHP or NR-HAHP treated plasma. (b) Prothrombin time (PT) tests of
plasma incubated with HA, HP, TR-HAHP and NR-HAHP hydrogels. (c) Thrombin clotting
time (TCT) of plasma added with various hydrogels. (d) Concentations of F1+2 fragment
after each incubation period (3h) indicates only the TR-HAHP hydrogel can effectively
suppress the thrombin generation during the second incubation. Error bars indicate s.d.
(n=3).
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Figure 3.
Fabrication and /n vitro characterization of the TR-HAHP MN-array patch. (a) Photos of

MNs array. Scale bar: 1 mm. (b) A fluorescence microscopy image of rhodamine-labelled
MN loaded with FITC-labelled TR-HAHP. Scale bar: 200 um. (c) A SEM image of MNs.
Scale bar: 200 um. (d) Pulsatile release profile of FITC-HP from the TR-HAHP MNs. (blue:
w/o thrombin; pink: w/ thrombin). (e) Self-regulated FITC-HP release from MNs in
different thrombin solutions. Error bars indicate s.d. (n=3).
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Figure 4.
In vivo studies of the TR-HAHP patch for thrombosis preventation. (a) Photograph of a

mouse transcutaneously administered with the MN-array patch (left). H&E-stained
micrograph of mouse skin penetrated by one MN (right top) and the image of the trypan
blue staining (right bottom) showing the penetration of the MN patch into the mouse skin.
Scale bars are 100 pm and 1 mm, respectively. (b) Kaplan—Meier survival curves for the
mice challenged with thrombin injection. Each group was pre-treated with HP /. v injection
or differnt types of MN patch (HP: 200 U/kg). Shown are eight mice per treatment group. (c)
Kaplan—Meier survival curves for thrombotic challenge mouse model 6 h-post MN
treatments (HP: 200 U/kg). Shown are eight mice per treatment group. (d) H&E-stained
sections of mouse skin tissue at the MN treated sites. Scale bar: 100 um. (e)
Immunofluorescence images of mouse skin tissue stained with TUNEL assay (green) and
Hoechst (blue). Scale bar: 50 pm.
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