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Hemostasis is a key biological feature that prevents sustained bleeding upon injury.™
Acute thrombosis, a leading cause of mortalities and morbidities worldwide, is a pathological
hemostatic condition, which is mainly caused by the rupture of an unstable atherosclerotic
plaque leading to myocardial infarction or stroke.*?! These unwanted intravascular blood
thrombi cause vascular occlusions and organ damage due to prolonged lack of oxygen.™ As
a first line of defense, fast-acting thrombolytic drugs, such as plasminogen activators (PAS),

are administered to stop thrombus growth and to quickly induce thrombus deconstruction.®!
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However, systemic (intravenous) or local (catheter) delivery of PAs is deemed neither
effective nor safe due to either rapid neutralization by their antidotes (e.g., anti-plasmin) or
bleeding complications that may lead to intracranial hemorrhages. With no safe
thrombolytic treatments currently available and a lack of timely treatments, acute thrombosis
remains a major healthcare issue contributing to a significant number of deaths and
disabilities.

The pressing need for a therapeutically efficacious and safe strategy has led to the
development of state-of-the-art carrier designs® that exploit the intrinsic properties of
thrombosis for targeting specific receptors and/or triggering payload release.’® These carriers
can deliver the thrombolytic drugs to specific sites, hence minimizing adverse side effects.
Platelet activation, which induces the formation of a platelet-rich thrombus,™ is a hallmark of
thrombotic events. It involves the mobilization and conformational changes of the surface-
bound integrin receptors that can be used to target activated platelets (via RGD peptides'® or
anti-glycoprotein (GP) 11b/Illa antibody'™) or fibrin (via anti-fibrin antibody"). The blood
coagulation cascade, in parallel, creates a distinct microenvironment™ & and produces a large
amount of thrombin that converts fibrinogen to fibrin, that is, a biological/mechanical sealant
for the platelet aggregates.’®® These insights have advanced research in the design of
systems that respond to these microenvironments.”! However, such systems either lack
efficient cargo encapsulation, active targeting components, and/or require external triggers for
payload release.

Herein, we report a multifunctional (i.e., antibody-targeted, thrombin-cleavable (thr-
cleavable) and urokinase plasminogen activator (uPA)-loaded) polymer carrier system that
responds to the thrombus microenvironment to initiate thrombolysis. The carrier targets the
active form of GPIIb/I11a integrin receptors on activated platelet surfaces and is cleavable by
the serine protease thrombin to selectively trigger the release of the thrombolytic agent, that is

uPA, for fibrin degradation.[3'6] Sensitivity to thrombin was introduced by integrating a 10-
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mer peptide sequence (ELTPRGWRLE) consisting of thrombin recognition sites.™® This
sequence was shown to have similar thrombin-cleavable efficiency to a phage-display derived
peptide, Y and glutamic acid (E) was added to both ends of the peptide to provide an overall
neutral charged sequence to minimize non-specific interactions with other building blocks of
the polymer carrier. The peptide contains bisazide end groups and was used as a cross-linker
for the carrier. For targeting, we employed a phage-display derived single-chain antibody
(scFv) specific for the highly abundant fibrinogen receptor GPIIb/I11a, but only in its activated
form. 11

The carrier design was based on the layer-by-layer (LbL) assembly™™? of poly(2-
oxazoline) (POx)-based materials. POXx is a highly functional polymer class™ and has gained
interest as a poly(ethylene glycol) alternative due to its excellent biocompatibility!**! and
protein repellent properties.”* Our recent work on POx-based capsulest*®! demonstrated their
low fouling behavior and biodegradability. The significance of the current study resides in
several aspects: (i) the use of MS particles as templates to provide efficient encapsulation of
UPA to induce thrombus dissolution; (ii) the use of brushlike poly(2-ethyl-2-oxazoline) with
alkyne functional groups (B-PEtOxai),*® which was shown to be low fouling; (iii) the
integration of a thrombin-sensitive cross-linker to activate carrier degradation and cargo
release in the area of thrombosis; and (iv) the attachment of scFv on the polymer capsule
surface for specific targeting to activated platelets.

Synthesis of the multifunctional polymer capsules was achieved via LbL assembly
(Scheme 1). The influence of temperature on uPA activity was assessed to ensure that the
chosen operating temperatures did not cause any loss of activity (Figure S1). UPA was pre-
loaded into MS particle templates (1.4 um diameter) at 4 °C in PBS (pH 7.4) via electrostatic
interactions between the slightly positively charged uPA (pl ~8.7%)) and the negatively
charged MS particles. To quantify the amount of non-adsorbed uPA, the MS particle

templates were centrifuged (1100 g, 30 s) following Alexa Fluor 488 (AF488)-labeled uPA
3
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loading. The fluorescence intensity of AF488-labeled uPA in the supernatant solution was
measured against a calibration curve (Figure S2). In addition, the fluorescence intensity of
loaded uPA before and after template removal was compared to account for the uPA loss
during this step. An adsorbed amount of 6.4 x 10™*° g uPA (or 2.6 x 107 units) per capsule
was determined. A colorimetric assay of UPA in the resulting polymer capsules verified that

the uPA activity was maintained at this level, based on a calibration curve (Figure S3).
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Scheme 1. LbL assembly of multifunctional carriers: uPA-loaded, thr-cleavable, scFv-
functionalized B-PEtOxak (Scheme S1 for chemical structure) capsules. (i) UPA loading into
MS particle templates, (ii) poly(methacrylic acid) (PMA) deposition onto uPA-loaded MS
particle templates, (iii) B-PEtOxak deposition onto PMA-coated MS particle templates,
followed by alternate deposition of PMA and B-PEtOxai until the desired number of layers
was achieved, (iv) cross-linking of the alkyne moieties of B-PEtOxak using thr-cleavable
bisazide peptide cross-linker (Scheme S2 for chemical structure) via copper(l)-catalyzed
azide-alkyne cycloaddition (CUAAC) chemistry in the presence of chelator (Scheme S3 for
chemical structure), (v) MS particle template removal using buffered hydrofluoric acid (HF),
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(vi) sacrificial PMA layer removal via high pH (PBS, pH 7.4) washing, and (vii) scFv

antibody post-coupling onto the B-PEtOxa capsule surface via CUAAC chemistry in the
presence of chelator.

Poly(methacrylic acid) (PMA) and B-PEtOxak Were alternately deposited onto uPA-
loaded MS particle templates at pH 4, 23 °C via hydrogen bonding. The (PMA/B-PEtOXaik)n
assembly on planar substrates, analyzed by quartz crystal microgravimetry (QCM), and on
colloidal templates, followed by flow cytometry, demonstrated film buildup (Figure 1a,b). Of
note is that LbL assembly did not cause any loss of uPA (Figure S4). The multilayers were
cross-linked using a thr-cleavable bisazide cross-linker via copper(l)-catalyzed azide-alkyne
cycloaddition (CUAAC) click chemistry in the presence of a chelator (Scheme S3) to prevent
possible UPA denaturation.[® The reaction was left to proceed overnight at 23 °C. Sacrificial
MS particle templates and PMA layers were then removed by exposing them to a buffered
hydrofluoric acid (HF) and PBS buffer (pH 7.4) to disrupt the hydrogen bonding between B-
PEtOxak and PMA (Figure S5), respectively. Fluorescence and transmission electron
microscopy (TEM) analysis of the polymer capsules demonstrated the formation of uPA-

loaded, thr-cleavable B-PEtOxai polymer capsules (Figure 1c-f).
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Figure 1. Fabrication and characterization of uPA-loaded, thr-cleavable B-PEtOx a polymer
capsules. LbL assembly of (B-PEtOxax/PMA)s in NaOAc (20 mM, pH 4) on (a) planar
substrates, as measured by QCM, and (b) on colloidal supports (MS particles, 1.4 pum-
diameter), as followed by flow cytometry (mean + SD, n = 3). PMA was labeled with AF488-
cadaverine for flow cytometry analysis. Measurements were performed after deposition of
each PMA layer. Microscopy images of the polymer capsules prepared from 1.4 um-diameter
MS particles: fluorescence microscopy images of (c) AF647-labeled (red) B-PEtOXaik
capsules, (d) AF488-labeled (green) uPA loaded inside the capsules, (e) overlay of a and b,
and (f) TEM image of air-dried B-PEtOx ik capsules. Scale bars are 1 um.

To investigate the effect of thrombin in inducing capsule degradation and uPA release,
uPA-loaded degradable (thr-cleavable) and non-degradable (cross-linked by a d-amino acid
sequence, Scheme S2b) capsules were prepared. The loaded capsules were exposed to
simulated thrombolytic conditions (50 mM NaHCOs;, pH 8)*°! with different thrombin
concentrations (0, 0.05, 0.1, and 1 units mL™).”% To analyze the degradation and release
profiles, the capsules were AF555-labeled (red) and the uPA was AF488-labeled (green).
These fluorescence intensities were monitored using flow cytometry at different incubation
times of up to 24 h (Figure 2). Figure 2 showed that the fastest kinetics were achieved after 4

h with 1 unit mL™ thrombin. Exposure to higher thrombin concentrations (5 or 10 units mL™)

resulted in almost instantaneous (within 15 min) capsule degradation/cargo release kinetics
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(Figure S6). The concentration-dependent kinetics of the degradable variants verify the
thrombin-specific activation feature of this carrier, as shown by thrombus dissolution (at 4 h)
induced only by degradable capsules (Figure S7). In contrast, Figure S6 and S8 showed that
the non-degradable counterparts had no effect on thrombin (up to 10 units mL™), indicating

the thrombin specificity of the thr-cleavable variants.

— 150- = 150+
a) & b) &
oy 2
E§100- T e - ﬂ§100-~"T .
ey ¢ 2R
Sl T—T1 T 1 BBl LI 1
23 50+ L 3 1 _]_ = 2 J_
2 @
£ 5
E 0+ — £ o
T T T 1 F T 1 1 L L
0 2 4 5 24 0 2 4 6 24
Time [h] Time [h]
-e- Degradable - 0 unitmL™" Degradable - 0.1 units mL"!
-e- Degradable - 0.05 units mL"" Degradable - 1 units mL""

Figure 2. Enzymatic degradation profiles of uPA-loaded B-PEtOxak capsules. (a)
Degradation of AF555-labeled (red) B-PEtOxai polymer capsules, and (b) release of loaded
AF488-labeled (green) uPA. Capsules cross-linked by a thr-cleavable (degradable) cross-
linker were subjected to 0 unit mL™ (blue), 0.05 units mL™ (red), 0.1 units mL™ (green), or 1
unit mL™ (orange) of thrombin. The reactions were performed in NaHCO3 (50 mM, pH 8.0)
at 37 °C, with constant shaking (mean = SD, n = 3).

To incorporate the anti-GPI1Ib/Il1a receptor targeting functionality, the scFv antibody
was coupled with an azide group® and conjugated to the B-PEtOx i capsule surface. The
conjugation was performed via CUAAC chemistry in presence of a chelator (Scheme S3) to
avoid structural denaturation of the antibody.™ The amount of chelator required to retain the
scFv function was found to be four times the amount used in our earlier work™! (data not
shown). The conjugation of scFv to B-PEtOxak capsules was studied in more detail. The non-
specific interactions between scFv and capsule surfaces in the absence of copper(ll) were
found to be minor (Figure S9a,c,e). On the contrary, the addition of copper(ll) resulted in a

fluorescence intensity shift, as shown by flow cytometry (Figure S9b). The successful

covalent attachment of scFv to the capsules was verified by uniform green fluorescence
7
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(Figure S9d) distributed around the polymer capsules (Figure S9f). To quantify the amount of

unreacted scFv, the capsules were centrifuged (2800 g, 8 min) and the fluorescence intensity
of the supernatant solution was measured using a calibration curve (Figure S10). The amount
of scFv attached to the capsules was found to be 9.3 x 10™ g scFv (1.75 x 10° scFv
molecules) per capsule.

To investigate the GPIIb/Illa targeting ability, non-loaded, non-degradable capsules,
coated with scFv were prepared. Targeting (scFv +ve) and non-targeting (scFv -ve) capsules
were prepared with the platelet targeting scFv and the mutated sequence, respectively. To
assess scFv affinity on activated platelets, experiments in static (non-flow) and flow chamber
settings were performed.

In the static setup, three groups of human platelet-rich plasma (PRP) were prepared:
(i) non-activated (PRP only); (ii) activated (PRP treated with adenosine diphosphate (ADP));
and (iii) blocked (activated PRP treated with abciximab) PRP. ScFv +ve and scFv -ve
capsules were individually subjected to these PRP groups and incubated for 20 min. Figures
3a and S11a show specific targeting of scFv +ve capsules to the activated PRP, shown by the
higher fluorescence intensity compared to other PRP groups (i.e., non-activated and blocked).

No fluorescence intensity shifts were observed in the scFv -ve variants (Figures 3a and S11b).
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Figure 3. Flow cytometry analysis of the scFv affinity toward surface-bound GPIIb/llla
receptors on the activated platelet surfaces. ScFv (+ve or -ve)-functionalized polymer
capsules were targeted to: (a) three groups of platelet-rich plasma (PRP): non-activated
platelets (PRP only, red), activated platelets (PRP + ADP, green), and blocked platelets (PRP
+ ADP + abciximab, blue) in static (non-flow) setting (mean + SEM, n =5, *** p<0.001); (b)
activated platelets in a flow chamber setting (mean + SEM, n =9, *** p<0.0001).

Flow chamber experiments were performed in microfluidic flow channels that
contained adhered activated platelet spreads. ScFv +ve and scFv -ve capsules were
individually introduced at 110 s (low venous shear rate)®®? for 1 min. Figures 3b and S12
show specific targeting of scFv +ve capsules toward activated platelets. In brief, the specific
targeting behavior of scFv +ve capsules toward surface-bound GPIIb/Il1a receptors expressed
on the activated platelets was shown.

To examine the influence of scFv functionalization on degradation kinetics, six sets of
capsules (degradable or non-degradable, which were non-functionalized, scFv +ve or scFv -ve
functionalized) were subjected to thrombin (2.5 units mL™).[2%2%] Degradation profiles were
found to be similar (complete degradation after 1.5 h), regardless of their surface chemistry
(Figure S13). This suggests that scFv-functionalization of capsules did not influence thrombin
sensitivity.

In conclusion, we prepared multifunctional polymer capsules based on a B-PEtOXak
polymer via LbL assembly on MS particle templates. An active thrombolytic agent, uPA, was
successfully encapsulated. The incorporation of a thrombin-sensitive cross-linker yielded
stable polymer capsules. Exposure to thrombin showed concentration-dependent degradation
and release kinetics. Surface-functionalization with a scFv antibody that has a high affinity
toward the abundant GPIIb/Illa integrin resulted in specific targeting to activated platelets.
These multifunctional polymer capsules have been designed to be inherently responsive to
thrombus microenvironments and represent a platform for developing a carrier system to

induce thrombolysis at the area of acute thrombosis. This design concept is an important step
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for developing intelligent systems that exploit inherent biological conditions to activate

therapeutic action and provides an avenue for advanced therapeutic delivery systems.

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

Acknowledgements

This research was conducted and funded by the Australian Research Council Centre of

Excellence in Convergent Bio-Nano Science and Technology (project number CE140100036)

and supported by the Australian Research Council (ARC) under the Australian Laureate

Fellowship (F.C., FL120100030), Super Science Fellowship (F.C., FS110200025), and

Australian Future Fellowship (G.K.S., FT120100564) schemes, by the National Health and

Medical Research Council (NHMRC) under Project Grant 1028145 and in part by the

Victorian Government’s OIS Program. K. Kempe is grateful to the Alexander von Humboldt-

Foundation for a Feodor-Lynen Fellowship. K. Alt is supported by the German Research

Foundation (Al 1521/1-1). K. Peter is a Principal Research Fellow of the NHMRC. C.E.

Hagemeyer is a National Heart Foundation Career Development Fellow. The authors thank

Lok S. Law for his technical assistance.

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

[1] a) N. Mackman, Nature 2008, 451, 914; b) B. Engelmann, S. Massberg, Nat. Rev.
Immunol. 2013, 13, 34.

[2] D. Collen, D. C. Stump, H. K. Gold, Annu. Rev. Med. 1988, 39, 405.

[3] V. J. Marder, V. Novokhatny, J. Thromb. Haemostasis 2010, 8, 433.

[4] R. A. Petros, J. M. DeSimone, Nat. Rev. Drug Discovery 2010, 9, 615.

[5] a) A. C. Anselmo, C. L. Modery-Pawlowski, S. Menegatti, S. Kumar, D. R. Vogus, L.
L. Tian, M. Chen, T. M. Squires, A. Sen Gupta, S. Mitragotri, ACS Nano 2014,
10.1021/nn503732m; b) N. Korin, M. Kanapathipillai, B. D. Matthews, M. Crescente,
A. Brill, T. Mammoto, K. Ghosh, S. Jurek, S. A. Bencherif, D. Bhatta, A. U. Coskun,
C. L. Feldman, D. D. Wagner, D. E. Ingber, Science 2012, 337, 738; ¢) M. K. M.

Leung, C. E. Hagemeyer, A. P. R. Johnston, C. Gonzales, M. M. J. Kamphuis, K.

10



[6]

[7]

[8]
[9]
[10]

[11]

[12]

WILEY-VCH
Ardipradja, G. K. Such, K. Peter, F. Caruso, Angew. Chem., Int. Ed. 2012, 51, 7132;

d) R. U. Palekar, J. W. Myerson, P. H. Schlesinger, J. E. Sadler, H. Pan, S. A.
Wickline, Mol. Pharm. 2013, 10, 4168.

B. Vaidya, M. K. Nayak, D. Dash, G. P. Agrawal, S. P. Vyas, Int. J. Pharm. 2011, 403,
254.

a) B. Vaidya, G. P. Agrawal, S. P. Vyas, Int. J. Pharm. 2012, 424, 1; b) J. F. Martin, S.
D. Kristensen, A. Mathur, E. L. Grove, F. A. Choudry, Nat. Rev. Cardiol. 2012, 9,
658; c) D. Peters, M. Kastantin, V. R. Kotamraju, P. P. Karmali, K. Gujraty, M. Tirrell,
E. Ruoslahti, Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 9815.

T.-W. Chung, S.-S. Wang, W.-J. Tsai, Biomaterials 2008, 29, 228.

E. Westein, U. Flierl, C. E. Hagemeyer, K. Peter, Drug Dev. Res. 2013, 74, 460.

a) J.-Y. Chang, S. S. Alkan, N. Hilschmann, D. G. Braun, Eur. J. Biochem. 1985, 151,
225; b) J.-Y. Chang, Eur. J. Biochem. 1985, 151, 217; ¢) H. M. Petrassi, J. A.
Williams, J. Li, C. Tumanut, J. EK, T. Nakai, B. Masick, B. J. Backes, J. L. Harris,
Bioorg. Med. Chem. Lett. 2005, 15, 3162; d) M. Gallwitz, M. Enoksson, M. Thorpe, L.
Hellman, PLoS One 2012, 7, e31756.

a) M. Schwarz, G. Meade, P. Stoll, J. Ylanne, N. Bassler, Y. C. Chen, C. E.
Hagemeyer, I. Ahrens, N. Moran, D. Kenny, D. Fitzgerald, C. Bode, K. Peter, Circ.
Res. 2006, 99, 25; b) C. E. Hagemeyer, K. Peter, Curr. Pharm. Des. 2010, 16, 4119; c)
X. Wang, J. Palasubramaniam, Y. Gkanatsas, J. D. Hohmann, E. Westein, R. Kanojia,
K. Alt, D. Huang, F. Jia, I. Ahrens, R. L. Medcalf, K. Peter, C. E. Hagemeyer, Circ.
Res. 2014, 114, 1083.

a) F. Caruso, R. A. Caruso, H. Mohwald, Science 1998, 282, 1111; b) J. Cui, M. P.
van Koeverden, M. Mullner, K. Kempe, F. Caruso, Adv. Colloid Interface Sci. 2014,

207, 14.

11



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

WILEY-VCH
a) A. Makino, S. Kobayashi, J. Polym. Sci., Part A: Polym. Chem. 2010, 48, 1251; b)

B. Guillerm, S. Monge, V. Lapinte, J.-J. Robin, Macromol. Rapid Commun. 2012, 33,
1600; c) K. Kempe, M. Lobert, R. Hoogenboom, U. S. Schubert, J. Polym. Sci., Part
A: Polym. Chem. 2009, 47, 3829.

a) R. Luxenhofer, Y. Han, A. Schulz, J. Tong, Z. He, A. V. Kabanov, R. Jordan,
Macromol. Rapid Commun. 2012, 33, 1613; b) O. Sedlacek, B. D. Monnery, S. K.
Filippov, R. Hoogenboom, M. Hruby, Macromol. Rapid Commun. 2012, 33, 1648.

a) L. Tauhardt, K. Kempe, M. Gottschaldt, U. S. Schubert, Chem. Soc. Rev. 2013, 42,
7998; b) R. Konradi, C. Acikgoz, M. Textor, Macromol. Rapid Commun. 2012, 33,
1663.

a) K. Kempe, S. L. Ng, K. F. Noi, M. Midllner, S. T. Gunawan, F. Caruso, ACS Macro
Lett. 2013, 2, 1069; b) K. Kempe, S. L. Ng, S. T. Gunawan, K. F. Noi, F. Caruso, Adv.
Funct. Mater. 2014, 24, 6187.

a) J. Schaller, H. Nick, E. E. Rickli, D. Gillessen, W. Lergier, R. O. Studer, Eur. J.
Biochem. 1982, 125, 251; b) H. Pirkle, F. S. Markland, Hemostasis and animal
venoms / edited by Hubert Pirkle, Francis S. Markland, Jr, New York : M. Dekker,
c1988., 1988.

M. M. J. Kamphuis, A. P. R. Johnston, G. K. Such, H. H. Dam, R. A. Evans, A. M.
Scott, E. C. Nice, J. K. Heath, F. Caruso, J. Am. Chem. Soc. 2010, 132, 15881.

R. Machovich, The Thrombin / editor, Raymund Machovich, Boca Raton, Fla. : CRC
Press, c1984., 1984.

a) R. M. Bateman, H. Leong, T. Podor, K. C. Hodgson, T. Kareco, K. R. Walley,
Microsc. Microanal. 2005, 11, 1018; b) K. Leiderman, A. L. Fogelson, Math Med Biol.
2011, 28, 47; ¢) A. L. Kuharsky, A. L. Fogelson, Biophys. J. 2001, 80, 1050.

a) C. E. Hagemeyer, K. Alt, A. P. R. Johnston, G. K. Such, H. T. Ta, M. K. M. Leung,

S. Prabhu, X. Wang, F. Caruso, K. Peter, Nat. Protocols 2015, 10, 90; b) B. M.
12



WILEY-VCH
Paterson, K. Alt, C. M. Jeffery, R. I. Price, S. Jagdale, S. Rigby, C. C. Williams, K.

Peter, C. E. Hagemeyer, P. S. Donnelly, Angew. Chem., Int. Ed. 2014, 53, 6115.

[22] S.P.Jackson, W. S. Nesbitt, E. Westein, J. Thromb. Haemostasis 2009, 7, 17.

13



WILEY-VCH

Target and Act: Smart poly(oxazoline) (POx)-based multifunctional polymer capsules,
which specifically target glycoprotein (GP) I1b/I1la on the surface of activated platelets, are
degraded by the serine protease thrombin and release the urokinase plasminogen activator
loaded into the polymer capsules, only in the area of activated platelets.
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