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Abstract: Low-toxicity magnetic nanocarriers (MNCs) composed of a shell of poly
[aniline-co-N-(1-one-butyric acid) aniline] over a Fe,O, magnetic nanoparticle core were developed
to carry recombinant tissue plasminogen activator (rtPA) in MNC-rtPA for targeted thrombolysis.
With an average diameter of 14.8 nm, the MNCs exerted superparamagnetic properties. Up to
276 ug of active rtPA was immobilized per mg of MNCs, and the stability of the immobilized
rtPA was greatly improved during storage at 4°C and 25°C. In vitro thrombolysis testing with
a tubing system demonstrated that magnet-guided MNC-rtPA showed significantly improved
thrombolysis compared with free rtPA and reduced the clot lysis time from 39.2 + 3.2 minutes
to 10.8 = 4.2 minutes. In addition, magnet-guided MNC-rtPA at 20% of the regular rtPA
dose restored blood flow within 15-25 minutes of treatment in a rat embolism model without
triggering hematological toxicity. In conclusion, this improved system is based on magnetic
targeting accelerated thrombolysis and is potentially amenable to therapeutic applications in
thromboembolic diseases.

Keywords: thrombolysis, recombinant tissue plasminogen activator, magnetic nanocarriers,
magnetic targeting, targeting therapy

Introduction

Thrombotic diseases, such as acute myocardial infarction and ischemic stroke, are the
leading causes of death and disability in developed countries. In patients with throm-
botic diseases, most plasmin is rapidly inactivated by the o:2-plasmin inhibitor in the
plasma.' Plasminogen activators, such as urokinase, streptokinase, and recombinant
tissue plasminogen activator (rtPA), are widely used in clinical thrombolytic therapy
to induce plasmin formation, which degrades fibrin in blood clots and restores vascular
flow.>* However, these fibrinolytic plasminogen activators may not be effectively
conveyed to the site of thrombus because the vascular flow is slow in the obstructed
blood vessel. To restore the flow efficiently, the dose of rtPA must be increased, but
excessive plasma rtPA and its systemic distribution may cause serious hemorrhagic
complications. Vascular flow is restored in approximately 50% of patients within
90 minutes after intravenous injection of rtPA for thrombolytic therapy, but approxi-
mately 20% of the patients exhibit serious side effects in the form of bleeding.’¢
Therefore, new approaches for treatment of thromboembolic diseases are needed. New
drug-delivery systems have been developed to reduce the side effects of fibrinolytic
agents and enhance their stability during storage and in blood circulation. Such systems
may utilize liposomes,’ polymeric nanoparticles,® or magnetic carriers® 2 for delivery
of fibrinolytic drugs to increase the efficiency of thrombolytic therapy.
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Magnetic nanocarriers (MNCs) for drugs are usually
composed of an iron oxide core with superparamagnetic
properties and a shell of hydrophilic polymers. The polymer
shell may provide high-capacity functionalized surfaces that
are capable of binding enzymes,'® inhibiting aggregation,
and increasing the stability of drugs.!*!> MNCs can also be
used for various biomedical applications, such as contrast-
enhancing agents for magnetic resonance imaging,'®!’
magnetically guided drug targeting,”!® enhancing enzyme sta-
bility for repeated use,'*'*?° and magnetic diagnosis.”! MNCs
also exhibit high drug-loading capacity and good stability in
aqueous solutions as well as excellent biocompatibility with
cells and tissues when used for drug delivery.?>*

We recently demonstrated the feasibility of targeting
strategies for thrombolytic therapy in a rat embolic model
using polyacrylic acid (PAA)-coated magnetic nanoparticles
(PAA-MNPs) as the carrier for rtPA, which was covalently
bound to PAA-MNPs through an amide bond.” However,
the technique was limited by the amount of rtPA loaded per
PAA-MNP, which jeopardized further applications because
of the risk of occluding the artery with the high amount of
carrier required to achieve a therapeutic concentration of
rtPA at the target site. In the current study, we presented
biocompatible MNCs in which the drug-carrying capacity
was improved by ~50%, which permitted a reduction of the
quantity of MNCs required for the delivery of a specific
dosage of rtPA and thus reduced the potential toxicity in
thrombolytic therapy. Application of these MNCs represents
a significant improvement for target thrombolysis.

Material and methods
Bioconjugation of rtPA on MNCs

The detailed procedures for the synthesis of poly[aniline-co-
N-(1-one-butyric acid) aniline] (SPAnH) and MNPs were
reported previously.?” MNCs were generated by covering the
MNPs cores with SPAnH shells. Twelve milligrams of 1-Et
hyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
and 24 mg of N-hydroxysulfosuccinimide sodium salt were
dissolved in 2 mL of 0.5 M 2-(N-morpholino)ethanesulfonic
acid hydrate (MES) buffer (pH 6.3) in the dark. A 0.1-mL
aliquot of this solution was mixed with 0.3 mL of
MNCs (8 mg/mL) at 25°C and sonicated for 60 min-
utes in the dark. After separation, the MNCs were washed
with 0.8 mL of 0.1 M MES, resuspended in 0.2 mL of MES
buffer, and mixed with 0.2 mL of rtPA at 25°C. The solu-
tions were then shaken for 2 hours at 25°C. MNCs with rtPA
immobilized on the surface (ie, MNC-rtPA) were separated
from the solution by external magnet, washed with deion-

ized (DI) water to remove unbound rtPA, and dispersed in
0.2 mL of DI water.

Radiolabeling of MNCs with *™Tc

To prepare *Tc-tagged MNCs for microSPECT imag-
ing, 20 uL of MNC-rtPA solution (10 mg/mL MNCs with
various concentrations of rtPA) and 20 mCi *™Tc-sodium
pertechnetate (in 0.5 mL of normal saline) were added to a
1.5-mL tube. After the addition of 6 UL of stannous chloride
dehydrate (Sigma-Aldrich Chemical Co, St Louis, MO)
solution (4.5 mg/mL in 0.1 N HCI), the mixture was vor-
texed for 30 seconds and incubated at room temperature for
20 minutes. The radiolabeled MNCs were recovered from
the mixture by precipitation on a magnet. The precipitated
MNCs were washed twice with 0.5 mL of DI water to remove
residual untagged *™Tc and resuspended in 20 pL of DI
water. The radiochemical purity of the *™Tc-tagged MNCs
(>95%) was determined on an ITLC-SG strip (Gelman
Sciences, Inc, Ann Arbor, MI) developed with acetone. The
radiochromatogram was analyzed with a radioTLC scanner
(AR-2000; Bioscan, Inc, Washington, DC).

Characterization of MNCs

and the binding capacity for rtPA

The particle size and morphology of MNPs and MNCs
were examined by transmission electron microscopy (TEM,
H-7500; Hitachi, Ltd, Tokyo, Japan) operated at 100 kV.
The samples were prepared by directly dropping the solu-
tion of MNPs and MNCs onto carbon-coated copper grids.
The average zeta potential of the MNCs was measured
by dynamic light scattering (DLS, ZEN3600 Zetasizer;
Malvern Instruments Ltd, Malvern, UK). The spin density
of the surface of the MNCs was measured by electron
paramagnetic resonance spectroscopy (BRUKEREMX-10;
Bruker AXS, Billerica, Germany) at 25°C and calibrated
with diphenylpicrylhydrazine. The magnetization of the
MNPs, the MNCs, and the MNC-rtPA was measured with
a superconducting quantum interference device (MPMS-7;
Quantum Design, Inc, San Diego, CA) at 25°C and a +4-kOe
applied magnetic field. Fourier transform infrared (FT-IR)
spectroscopy (TENSOR 27; Bruker Optics, Billerica, MA)
was performed with the KBr sample holder method. The
concentration of carboxyl groups on the surface of the MNCs
was measured by the Toluidine Blue O method.*® The ratios
of the SPAnH shells to the Fe,O, cores were analyzed by
inductively coupled plasma optical emission spectrometry
(720-ES; Varian Inc, Palo Alto, CA). The binding capac-
ity of rtPA immobilized on the MNCs was calculated by
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measuring the unbound rtPA concentration in the supernatant
and washing solution; the binding capacity was expressed
as the amount of rtPA (ug) bound per mg of MNCs. The
concentration was determined with a colorimetric method
in a spectrophotometer (Thermo Scientific 20 Genesys;
Thermo Fisher Scientific Inc, Waltham, MA) at 595 nm
with the Protein Assay Kit from Bio-Rad (Hercules, CA) as
described previously.’!

Kinetics of free rtPA and MNC-rtPA

The kinetic parameters of free rtPA and MNC-rtPA were
studied by the initial rate method with the Michaelis con-
stant.’ rtPA was reacted with different concentrations of
S-2288™ (0.1-1.0 mM) at 25°C to calculate the K_andV__
values; V__is the highest possible reaction velocity when
rtPA is saturated with substrate, and K is the Michaelis
constant, which is the substrate concentration that yields half
the true maximum reaction velocity and represents the effec-
tive affinity between rtPA and the substrate. The K_and V__
values were calculated from the following equations:*

X

E+S ::>‘Esi—>E+P
-1

Vi [5] 1y=—tn

Vo= mec +UV,,
Koy +[S] max [S]
Vmax = k2 [E]t
K, =(k_/k)

where v is the initial reaction velocity; k , k_, and k, are rate
constants; [E] is the concentration of rtPA; [S] is the concen-
tration of S-2288™; and [P] is the concentration of p-Na.

In vitro thrombolysis
Human blood was collected and immediately placed in poly-
ethylene tubes with an interior diameter of 5 mm. The tubes
were incubated horizontally at 37°C for 24 hours. The clot
was removed from the tube, washed with saline, and cut into
long pieces (1 X 2 mm or 2 X 5 mm). Platelet-poor plasma
(PPP) was prepared by mixing 9 mL of human blood with
1 mL of sodium citrate solution; the PPP was then obtained
by centrifugation at 6,000 rpm for 20 minutes.
Thrombolysis without flow was investigated by add-
ing 100 UL of different concentrations of free rtPA or
MNC-rtPA, and 800 pL of saline to 5-mL vials contain-
ing a 1 X 2 mm clot, followed by shaking at 150 rpm for
30 minutes. The optical absorbance of the supernatant at
405 nm (0D
of hemachrome.

) was then measured to calculate the amount

Thrombolysis with flow was investigated by using a peri-
staltic pump at a fixed flow rate of 0.18 mL/min to convey
the mobile solution (ppp/saline = 1/4, v/v). A 2 X 5 mm clot
was placed into a glass dropper (supporting information,
Figure S1). Then, 50 uL of a solution containing 250 ug
of free rtPA or an equivalent amount of MNC-rtPA was
slowly injected 10 cm upstream in the clot on the left. The
magnetic field was applied at the injection site to guide the
MNC-rtPA, shifted slowly to the clot area, and remained in
place for 5 minutes. The time at which the clot flowed out
of the tip of the glass dropper was measured and defined as
the clot lysis time.

In vivo biodistribution

The biodistribution of the MNCs was studied in rats by
single-photon emission computed tomography (SPECT)/
computed tomography (CT) (NanoSPECT/CT; Bioscan Inc)
with a ®™Tc-pertechnetate radiolabeled test drug. The rat
embolic model was prepared under anesthesia as described
below. Scintigraphy was performed immediately after the
injection of 6 mCi *Tc-MNCs into the left iliac artery via
a catheter in the right iliac artery. Dynamic planar images
were collected at 10-second intervals up to 1 hour after the
administration of the test drug. The scintigraphic images
were quantitatively analyzed to evaluate the distribution
of ®mTc-MNCs within the systemic circulation. The mean
radioactivity counts within the left hind limb and bilateral
forelimbs were calculated. The image intensities were nor-
malized to steady blood pool mean counts of bilateral fore-
limbs around 10 minutes post injection for comparison.

Rat embolic model

The rat iliac embolism model was modified from a previous
study,** and the protocol was approved by the Institutional
Animal Care and Use Committee. Briefly, 9-week-old male
Sprague-Dawley rats (340 + 3 g, n =28) were anesthetized by
intraperitoneal injection of Inactin® (thiobutabarbital sodium
100 mg/kg; Sigma-Aldrich Co), followed by tracheostomy
and cannulation of the carotid artery for continuous blood
pressure measurement; the heart rate recording was triggered
by the pulsatile output of the blood pressure. The right iliac
artery was cannulated with a catheter, with the tip reaching
the bifurcation of the abdominal aorta and iliac arteries to
inject a piece of whole blood clot (1.5 X 2 mm), MNCs, and
MNC-rtPA, as described previously.” Hemodynamic mea-
surements were obtained at the abdominal aorta and left iliac
arteries by ultrasonic flowmetry (T206; Transonic System
Inc, Ithaca, NY) with 1.5 RB and 1 RB probes, respectively;
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the tissue perfusion levels of the left hind limb and cremaster
muscle were determined with a laser Doppler perfusion
imager (MoorFLPI; Moor Instruments Ltd, Wilmington,
DE). After a 20-minute equilibration period, a piece of whole
blood clot (1.5 X 2 mm) was injected and lodged in the left
iliac artery; however, the observation and drug intervention
only continued when a clot induced an immediate reduction
of the left iliac flow to less than 1 mL/minute. After 5 min-
utes, MNCs or MNC-rtPA were injected and guided using an
NdFeB magnet of 0.5-Tesla (T). The magnet was guided back
and forth between the bifurcation and the femoral artery at
a frequency of once every 6—10 seconds. The hemodynamic
responses to treatment with MNCs or MNC-rtPA were con-
tinuously monitored for 2 hours. The reperfusion time was
defined as time required allowing iliac blood flow recovery
to its 50% of basal level after thrombolysis treatment. At
the end of some experiments, blood samples were obtained

by cardiac puncture and analyzed with Sysmex XE-2100
(Sysmex Corporation, Kobe, Japan) at the Chang Gung
Memorial Hospital. The results were presented as mean *
standard error (SE). The responses of rats receiving different
treatments were examined by a two-way analysis of variance
with repeated measures, followed by Duncan’s post-hoc test.
Statistical significance was defined as P < 0.05.

Results

Characterization of MNCs

The diameters of the MNPs and MNCs, as measured by
TEM, were 12.0 and 14.8 nm, respectively, which suggests
that the thickness of the polymer shell was ~1.4 nm (Fig-
ure 1A). The concentration of carboxyl groups on the surface
per milligram of MNCs was ~3.2 + 0.5 mole, as measured
by the toluidine blue O assay. The diffraction patterns of the
MNCs measured by TEM matched the five crystal planes
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Figure | (A) Transmission electron micrographs of MNPs (left) and MNCs (middle) and the diffraction pattern of MNCs (right). (B) Superconducting quantum interference
spectra of MNPs, MNCs and MNC-rtPA at room temperature. (C) FT-IR spectra of free rtPA, MNCs, and MNC-rtPA at room temperature. (D) UV-Vis spectra of SPAnNa

and SPAnH at room temperature. (E) ESR measurement of SPAnH.

Abbreviations: TEM, transmission electron micrograph; MNPs, magnetic nanoparticles; MNCs, magnetic nanocarriers; rtPA, recombinant tissue plasminogen activator; FT-
IR, Fourier transform infrared spectroscopy; UV-Vis, ultraviolet-visible spectroscopy; SPAnNa, poly[aniline-co-sodium N-(I-one-butyric acid) aniline]; SPAnH, poly[aniline-

co-N-(I-one-butyric acid) aniline]; ESR, electron spin resonance.
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of Fe O, at 400, 311, 422, 220, and 440 indexed by the  was 2.0037, which confirmed the resonance of free electrons
Joint Committee on Powder Diffraction Standards.** The  delocalized in the m-system of the carbon atoms forming the
saturated magnetization decreased from 66.2 electromagnetic ~ SPAnH backbone in the main chain.?® The results indicate that
units (emu)/g for MNPs to 62.5 emu/g for MNCs, and then = many electron-hole pairs were produced on the main chain of
decreased to 52.5 electromagnetic units (emu)/g for MNC-  SPAnH, thereby providing positively charged carriers.
rtPA as measured by superconducting quantum interference
device with an applied magnetic field of 4 kOe at room tem- Quantification and activity of MNC-rtPA
perature, which correlated with the proportional decrease of and thermal stability
MNPs within one gram of MNCs and MNC-rtPA. All samples  The amount of rtPA bound to the MNCs was measured by
displayed superparamagnetic properties (Figure 1B). a chromogenic substrate assay (supplementary methods) as
The FT-IR spectrum of the free rtPA, MNCs, and  shown in Figure 2A. The quantity of rtPA immobilized on
MNC-rtPA is shown in Figure 1C. After conjugation, five 1 mg of MNCs increased with increasing concentrations of
peaks characteristic of free rtPA were present at 1650 cm™',  added rtPA; up to 430 pg of rtPA bound to 1 mg of MNCs.
1529 cm™, 1409 em™, 1339 em™, and 1058 cm™ in the  However, the specific activity of MNC-rtPA decreased with
FT-IR spectrum of MNC-rtPA; the two peaks at 1650 cm™  increasing concentrations of added rtPA. When the quantity of
and 1529 cm™ were characteristic bands for a protein.” In  the rtPA bound to 1 mg of MNCs was increased from 132 ug to
addition, the saturated symmetrical and asymmetrical stretch 430 g, the specific activity decreased from 82.0% to 52.8%.
vibrations of C-H were observed at 2854 cm™ and 2926 cm™, The thermal stability of the free rtPA and MNC-rtPA in the

respectively, and the stretch vibration of Fe-O at 589 cmx' was DI water after storage at 4°C, 25°C, and 37°C were measured
still observed for the MNCs. FT-IR revealed that the MNPs  ysing a substrate assay (Figure 2B). Free rtPA quickly lost

surface was covered with a shell of SPAnH, and the rtPA was  jts original activity after storage with time, but MNC-rtPA

immobilized on the outermost layer of the MNC:s. maintained 73% and 25% of its initial activity after storage at
The electronic spectra of aqueous solutions of poly[aniline-  25°C and 37°C for 35 days, respectively. After storage at 4°C
co-sodium N-(I-one-butyric acid) aniline] (SPAnNa) and  for 35 days, 32% versus 80% of the initial enzymatic activity

SPAnH are shown in Figure 1D. The absorption peaks at  of the free versus immobilized rtPA remained, respectively.
320-330 nm (m—n* transition of the benzenoid ring) and

596 nm (exciton transition of the quinone ring) for SPAnNa ~ Stu d)’ of d rug kinetics

were obtained. HCI-doping and self-acid-doping were usedto  The kinetic parameters V,__and K for the free rtPA and
transform SPAnNa to SPAnH, and two new absorption peaks =~ MNC-rtPA were assayed using S-2288™ (Chromogenix,
at 400-450 nm (polaron band) and 926 nm (bipolaron band)  Milano, Italy) as the substrate agent (Supporting Information,
appeared. The electron spin resonance signal (Figure 1E)  Figure S2) and were calculated from Lineweaver—Burk plots.
demonstrated that the peak-to-peak line width (AHpp) was ~ The V__ of the free rtPA was 7.12 U/mg rtPA, which was
2.49 G, the spin density was 3.04 x 10% spin/g, and the g value  higher than the value for MNC-rtPA (5.95 U/mg rtPA); whereas
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=. 2004 = =
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<< 150+ ® o
o 315 14 14
)= 100 T T T T T T 0 0 4 A
01 02 03 04 05 06 0.7 )
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Figure 2 (A) Quantification and activity of MNC-rtPA in | mg of MNCs versus added rtPA. Values are the means + SD (n = 8). (B) Storage stability of free rtPA at 4°C (w),
free rtPA at 25°C (o), free rtPA at 37°C (4), and MNC-rtPA at 4°C (), MNC-rtPA at 25°C (<€), MNC-rtPA at 37°C (»).

Note: Values are the means + SD (n = 8).

Abbreviations: MNC, magnetic nanocarriers; rtPA, recombinant tissue plasminogen activator.
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the K values for S-2288™ and MNC-rtPA (4.39 mM) were
higher than that of the free rtPA (3.50 mM). The affinity
between rtPA and the substrate decreased as the K value
increased. These data indicate that the affinity between MNC-
rtPA and the substrate decreased when compared with free
rtPA. This effect may result from steric effects and the limited
freedom of the activity site following the immobilization of
rtPA on the surface of the MNC, which hinders the approach
of the substrate to the active site of MNC-rtPA.

In vitro cytotoxicity

The cytotoxicity of the MNCs to human umbilical vein
endothelial cells (HUVECs) was determined by the XTT
assay method (supplementary methods). After 48 hours,
HUVECs co-cultured with MNCs remained viable up to
MNC concentrations of 150 pg/mL, even when a magnetic
field was applied under the culture plates (Figure 3A). The
cytotoxicity was also evaluated by fluorescence microscopy
of HUVECs continuously co-cultured with MNCs over a
7-day culture period; the cell viability and growth rate were
not different from those of the control (Figure 3B). These
results suggest that the MNCs have good biocompatibility
with low cellular toxicity. The rtPA may induce cytotoxic
effects in various types of the cells including vascular
endothelial cells. We thus used effective rtPA of 480 pug/mL
in testing for cytotoxicity among HUVECs (Figure S3). The
MNC-rtPA did not exert significant influence on cell growth
compared with that of control or free rtPA groups.

In vitro thrombolysis
The in vitro thrombolysis of clots in the absence of flow
was investigated for MNCs, free rtPA, or MNC-rtPA

>
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100 4—B=F—F— w
\isg

Cell viability (%)
&

[(e]
»
1

(o]
S

30 60 90 120 150
MNCs (ng/mL)

o

(Figure 4). The efficiency of thrombolysis was determined by
measuring the OD, . after 30 minutes of reaction. The control
(Figure 4A) and MNCs (Figure 4D) groups did not display
any thrombolysis, even when a magnetic field was applied
under the MNCs (Figure 4F) for 30 minutes. Furthermore,
free rtPA (62 ng, Figure 4B) and MNC-rtPA (effective 62 ug
rtPA, Figure 4C) obviously dissolved the clots; the OD,
values of free rtPA and MNC-rtPA were 0.551 = 0.073 and
0.558 + 0.094, respectively. The results suggest that the
conjugation of rtPA to the MNCs preserved the enzymatic
activity of rtPA and allowed for thrombolysis. However,
the OD,
applied magnetic field under the vials during thrombolysis
(Figure 4E).

The in vitro thrombolysis of clots in the presence of flow
was investigated by adding free rtPA and MNC-rtPA while
applying a magnetic field of 0.3-T. At 10 minutes after injec-
tion, the clot was lysed by magnet-guided MNC-rtPA, but not
by free rtPA (Figure 5A). The lysis times of the clot for the
control group without any treatment and for the MNC solution

increased to 0.725 £ 0.112 in the presence of an

were 91.7 = 3.9 minutes and 86.6 = 5.2 minutes, respectively
(Figure 5B). However, the lysis time of the clot treated by
injecting free rtPA (250 pg) was 39.2 £ 3.2 minutes, which
was longer than that of an equivalent effective concentration
of rtPA in MNC-rtPA, which was guided to the clot site by an
applied magnetic field (10.8 + 4.2 minutes) (Figure 5B).

In vivo biodistribution of MNCs

Dynamic scintigraphy showed the early passage of radiola-
beled NMC:s into the abdominal aorta via a venous catheter.
With magnetic guidance, an increased accumulation of
PmTc-MNCs in the soft tissue of the left hind limb was

Day 1 Day 3 Day 7

Figure 3 (A) Cytotoxicity of MNCs in HUVECs without (®) and with (e) an applied magnetic field of 800-G. (B) Fluorescence micrographs of control (top) and MNCs

(bottom) in HUVEC:s after 1, 3, and 7 days.
Note: Values are the means + SD (n = 8).

Abbreviations: MNC, magnetic nanocarrier; rtPA, recombinant tissue plasminogen activator.
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I 0 min
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0.8 H

0.6

0D405
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A B C D E F

Samples

Figure 4 In vitro noncirculating thrombolysis induction. The in vitro noncirculating thrombolysis induced by (A) the control; (B) 62 ug of free rtPA; (C) 62 ug of effective
rtPA in MNC-rtPA; (D) MNCs; (E) 62 ug of effective rtPA in MNC-rtPA; and (F) MNCs with an applied magnetic field of 0.3-T (left); and their statistical illustration (right),

Values are the means £ SD (n = 3).

Abbreviations: rtPA, recombinant tissue plasminogen activator; MNC, magnetic nanocarrier; OD, ,, optical density at 405 nm; SD, standard deviation.

observed shortly after tracer injection when compared with
the other extremities (Figure 6A and C). The quantita-
tive scintigraphic analysis revealed a maximum 4.97-fold
increase in the relative counts in the leg compared with the
arm at 650 seconds after injection (Figure 6B and D). The
accumulation of *™Tc-MNCs in the soft tissue of the left
hind limb decreased rapidly, but remained up to two-fold
higher than that in the arm until the end of the study. In
addition, the circulating *"Tc-MNCs distributed into the

A

1 minute 10 minutes B

Lysis time (min)

reticuloendothelial system, with the highest amounts found
in the liver, spleen, and lung regions.

In vivo thrombolysis

Figure 7 illustrates the representative patterns of tissue flow
responses to MNCs and MNC-rtPA following clot-induced
ischemia. After the clot was introduced into the left iliac artery
of the rat, the perfusion of the hind limb and the cremaster
area was greatly reduced. Intra-arterial administration of the

100

80 +

60

40 |

20 + #

SPAnH/MNP Free-rtPA Bound-rtPA

with magnetic field

Control

Figure 5 (A) The in vitro circulating thrombolysis induced by 250 pg of free rtPA (top) or equivalent effective amount of rtPA in MNC-rtPA (bottom) with an applied

magnetic field of 0.3-T. (B) The thrombolysis times of free rtPA and MNC-rtPA.

Notes: *P < 0.001 compared with control; *P < 0.00| compared with free rtPA. Values are the means + SD (n = 5).
Abbreviations: rtPA, recombinant tissue plasminogen activator; MNC, magnetic nanocarrier; T, Tesla; SPAnH, poly[aniline-co-N-(I-one-butyric acid) aniline]; SD, standard

deviation.
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Figure 6 Dynamic scintigraphy of *™Tc-MNC biodistribution with (A) and without (C) magnetic guidance. The time versus relative radioactivity counts in the hind limb
with respect to the forelimb were calculated for comparison (B and D). Magnetic guidance was achieved by application of an NdFeB magnet (0.5-T) placed by the left iliac
artery of the rat.

Note: The image intensity was normalized to the steady blood pool mean radioactivity counts in the forelimb region around 10 minutes post injection.

Abbreviations: MNC, magnetic nanocarrier; Lg, lung; Lv, liver; Inj, injection site; Sp, spleen; arrow heads, catheter for tracer injection.

MNCs with magnetic guidance to achieve local retention did ~ hind limb and the cremaster muscle area within 30 minutes,

not improve the tissue perfusion throughout the 2-hour obser- ~ followed by the lower part of the hind limb (Figure 7B); in

vation period (Figure 7A). In contrast, the intra-arterial admin-
istration of MNC-rtPA with an effective rtPA concentration
of 0.2 mg/kg significantly restored the local tissue perfusion.
MNC-rtPA restored the perfusion of the upper part of the

Basal

30 minutes

some cases, the MNC-rtPA maximally restored the perfusion
of the downstream tissue in 30 minutes (Figure 7C).

Laser Doppler signals in designated areas, as illustrated
with squares in Figure 7A, were acquired for the quantitative
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‘w

Figure 7 Representative results of the effects of MNC-rtPA on tissue perfusion in a rat embolism model. The tissue perfusion of the hind limb and cremaster area was
measured with a laser Doppler perfusion imager. Five minutes after clot lodging, MNCs (1.1 mg/kg) with (B and C) or without (A) MNC-rtPA (0.2 mg/kg) were administered
from the right iliac artery under magnetic guidance. Laser Doppler signals in the designated areas, as illustrated with the squares in (A), were acquired for the quantitative
analysis of hind limb versus cremaster perfusion.

Abbreviations: MNC, magnetic nanocarrier; rtPA, recombinant tissue plasminogen activator.
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Figure 8 Thrombolytic effects of MNC-rtPA in a rat embolic model. The mean arterial pressure (A), heart rate (B), aortic blood flow (C), left iliac blood flow (D), left hind
limb perfusion (E), and left cremaster perfusion (F) were measured before and after the introduction of a whole blood clot into the left iliac artery at time 0.

Notes: Vehicle (n = 8), MNCs (1.1 mg/kg; n = 9), or MNC-rtPA (0.2 mg/kg rtPA; n = | 1) were administered from the right iliac artery 5 minutes after introducing the clot.
Magnetic targeting was achieved by application of an external NdFeB magnet (0.5-T) placed by the left iliac artery in all groups studied. Values are presented as the mean +
SE. *P < 0.05 compared with the corresponding MNC group. P < 0.05 compared with the corresponding vehicle group.

Abbreviations: MNC, magnetic nanocarrier; rtPA, recombinant tissue plasminogen activator; T, Tesla.

analysis of the perfusion of the hind limb and the cremaster
muscle (Figure 8), which are downstream vascular beds of
the clot lodging. During the experiments, the mean arte-
rial pressure and heart rate remained relatively stable, and
no significant difference was observed among the groups
(Figure 8A and B). After equilibration, the introduction of
a whole blood clot reduced the abdominal aortic blood flow
by ~50% (Figure 8C), which was associated with a near
complete occlusion of the iliac artery (Figure 8D). Five min-
utes after the clot was lodged, MNCs (1.1 mg/kg) with and
without immobilized rtPA (0.2 mg/kg) were administered
to the left iliac artery under magnetic guidance. MNC-rtPA
significantly restored the aortic blood flow (Figure 8C), iliac
blood flow (Figure 8D), hind limb perfusion (Figure 8E), and

cremaster perfusion (Figure 8F) successively in 15 minutes
to 25 minutes (P < 0.05); MNCs alone under magnetic guid-
ing did not alter these parameters. Reperfusion time (50%)
of the iliac artery was 31 + 4 minutes after administration
of MNC-rtPA (n = 11; Figure 8D). As early as 35 minutes
after the administration of MNC-rtPA, the effects on the iliac
blood flow reached a plateau and remained relatively stable
until the end of the experiment.

In this study, no hemorrhage was observed in any of the
rats studied. At the end of the experiments, no significant
difference of quantity was observed in red blood cells, white
blood cells, platelets, hemoglobin, or hematocrit among the
groups of rats treated with vehicle, MNCs, or MNC-rtPA
(n=6; Table 1).
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Table | Hematological measurements in rats at the end of the
experiments in Figure 8

Treatments n RBC WBC Platelet HGB HCT
(104mL) (10*¥mL) (10°/mL) (g/dL) (%)
Vehicle 6 74+03 49+12 602+55 I5+1 49+2
MNCs 6 81+02 54+09 565+57 16+1 53+
MNC-rtPA 6 80+0.1 53+07 619+25 16+1 52+

Notes: Blood samples were collected from rats receiving vehicle, MNCs or MNC-
rtPA and analyzed. The concentrations of RBC, WBC, platelets, HGB, and HCT
were determined.

Abbreviations: RBC, red blood cells; WBC, white blood cells; HGB, hemoglobin;
HCT, hematocrit; MNCs, magnetic nanocarriers; rtPA, recombinant tissue
plasminogen activator.

Discussion

In this study, we developed effective MNCs with a high load-
ing capacity for rtPA and the ability to enhance the efficiency
of a targeted therapy for thrombolysis in a rat embolism
model. This advanced delivery system not only reduces the
injection dose to prevent side effects, but it also increases
the local concentration of rtPA at the clot site to acceler-
ate the restoration of blood flow. The MNCs had a shell of
water-soluble SPAnH polymer with polarons and bipolarons
on the main chain arising from the protonation of the imine
structure of SPAnNa by some of the carboxyl groups of the
side chains and added HCI. The resulting formation of many
electron-hole pairs delocalized on the surface provided the
MNCs with a high zeta potential (40.6 = 0.7 mV), which
was greater than the 30 mV required to prevent aggregation
and promote excellent stability in solution.***’ These char-
acteristics were confirmed by the electron spin resonance
signal, which demonstrated a high concentration of polaron
by the protonation on the main chain of SPAnH.*’ The result-
ing dispersion likely provided a large surface area, thereby
increasing the opportunities for rtPA conjugation.

TEM was performed to evaluate the size and morphology
of MNCs with core-shell structures, and electron diffraction
analysis confirmed that the core of the MNCs was Fe,O,. The
nanoscale size could provide a large surface area to increase
the concentration of carboxyl groups, thereby resulting in
greater rtPA conjugation. In addition, after coating, the
SPAnH would not dissolve in aqueous solution, thus main-
taining the quantity of carboxyl groups. The MNCs displayed
superparamagnetic properties, which reflect their nanoscale
size and single magnetic domain.*® The magnetization would
be decreased after polymer coating and drug conjugation
because of the proportional decrease in the amount of MNPs
within one gram of MNCs and MNC-rtPA.

The binding capacity of rtPA per mg of MNCs increased
with increasing concentrations of added rtPA, but saturation

occurred because of the consumption of carboxyl functional
groups on the surface of the MNCs. However, the specific
activity decreased with increasing quantities of immobilized
rtPA, which suggests that excessive rtPA binding to MNCs
may result in higher steric hindrance. The high drug capac-
ity of the drug-conjugated (27.6 wt%) system was greater
than that of the drug-encapsulated system by approximately
two- to fourfold.!**4% In addition, the binding capacity was
also much higher than that of a previous system in which
PAA-MNPs were used as the nanocarrier for rtPA via cova-
lent binding (276 pg rtPA/mg MNCs versus 67 g rtPA/mg
PAA-MNPs),’ allowing for the reduction of MNCs required
to deliver the same dosage of rtPA to achieve similar target
thrombolysis. The polymer coating of the MNCs in the cur-
rent study likely possessed a long side chain with four carbons
that provided greater freedom of motion with less steric
hindrance, whereas PAA chains tend to swell, extend, and dis-
solve in aqueous solution due to exhibition of pH-dependent
swelling behavior in the aqueous solution.*' Nevertheless,
the enzyme activity associated with the PAA-coated carrier
remained unchanged after 20 days in aqueous solution in
storage,’ suggesting that the major advantages of the material
in the current study may be due to their enhanced capacity
for rtPA binding. The improved drug loading capacity may
reduce 50% exposure of MNP in the body.

Although the limited freedom of the active sites reduced
the original activity and binding affinity, it permitted excel-
lent stability by restricting the conformation of the drug and
preventing the distortion of the molecule.* The increased
thermal stability of MNC-rtPA could preserve its activity to
enhance the drug preservation and extend the period available
for MNC-1tPA to exert its therapeutic effects in vivo.

The kinetic parameters demonstrated a nucleophilic affin-
ity between rtPA and the substrate; the affinity between rtPA
and the substrate decreased as the Km value increased. These
data indicate that the affinity of MNC-rtPA for the substrate
decreased compared with the free rtPA. This difference may
be related to the steric effects, structural changes, and limited
freedom of the active site when rtPA was immobilized on the
surface of the MNCs, thereby resulting in decreased acces-
sibility of the substrate to the active sites of MNC-rtPA;"
however, the thermal stability of rtPA was increased. The
overall efficacy of the thrombolysis catalyzed by MNC-rtPA
should still be greater than that of free rtPA because MNC-
rtPA should be guided rapidly to the clot site to increase the
local concentration of the rtPA.

During in vitro thrombolysis in the absence of circulation,
the hemachrome measured for the clot lysed by MNC-rtPA
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was similar to that for the clot lysed by free rtPA, which indi-
cates that the rtPA conjugated to the MNCs still maintained

its thrombolytic function. However, the OD, . obviously

405
increased when a magnetic field was applied under the vials
during thrombolysis. The majority of the MNC-rtPA was
likely influenced by the magnetic field and concentrated on
the bottom of the vial, which resulted in a higher concentra-
tion of rtPA around the clots and more profound degradation.
To simulate in vivo conditions, in vitro flow was added to the
thrombolysis assay to test the efficiency of magnetic targeting
and clot lysis. The clot lysis time for the MNC condition was
similar to that of the control condition, which indicated that
the MNCs did not necessarily exert any thrombolytic effect.
However, the lysis time was decreased by ~29 minutes in the
presence of MNC-rtPA with magnetic guidance compared
with the free rtPA. This slower flow in the presence of free
rtPA was induced by the blockade of the right channel with
the clot, which caused the majority of the mobile solution
(PPP) to flow out from the left channel, and the free rtPA
at the injection site could not arrive efficiently and rapidly
at the clot. However, the MNC-rtPA was guided efficiently
from the injection site to the clot and concentrated around the
clot to activate plasminogen to plasmin to dissolve the clot
rapidly. These results indicate that the MNC-rtPA platform
could enhance the drug delivery for thrombolysis and merits
further in vivo study.

The biodistribution and magnetic guidance efficacy
were evaluated by SPECT/CT. With magnetic guidance, the
injected *"Tc-MNCs did not proceed to the liver and lung
immediately; rather, they were concentrated at the injection
site for up to 390 seconds. This effect differed from the high
level of accumulation observed in the liver shortly after the
administration of superparamagnetic iron oxide nanopar-
ticles in humans.® This guidance allowed for an increase of
up to 4.97-fold for *™Tc-MNCs in the hind limb compared
with the forelimb at 650 seconds after injection. In animal
studies, maximal targeting efficacy is critical; the targeting
efficiency can be enhanced by increasing the strength of the
magnetic field or the magnetization of the MNPs. However,
a strong magnetic field of up to 14 T has been reported to
affect the polymerization and degradation of fibrin.** The
static magnetic field (0.5 T) used during our thrombolytic
treatment was low enough to prevent concern.

To our knowledge, the current rat embolic model was the
first model illustrating hemodynamic changes before and
after thrombolysis in different vascular beds downstream
of the emboli (ie, hind limb and cremaster perfusion), and
providing absolute blood flow changes in major arteries

(ie, aorta and iliac artery). Observation of both vascular
beds allowed for the evaluation of therapeutic efficacy of
the targeting strategy, even when the magnetic guiding was
conducted from the iliac to femoral artery, away from the
pudic epigastric artery to the cremaster muscle. This is a
critical demonstration of the effectiveness of the strategy
that flow in the vascular bed downstream of the emboli, but
away from the magnetic gradient, was also restored. Since
the blood flow of the cremaster muscle was restored after the
targeting therapeutics were administered, it is suggested that
no clot piece in the pudic epigastric artery was left untreated
after lodging of the emboli. It is likely that flow reduction in
the cremaster bed was due to the emboli lodged in the iliac
artery upstream of the pudic epigastric artery. Consistent
with the previous studies,’? only 20% of the regular dose of
rtPA was required with the targeting strategy in this model,
which may greatly reduce the hemorrhagic side effects. In
response to MNC-rtPA, the restoration of flow occurred
almost simultaneously in hind limb and cremaster vascular
beds (Figure 7C; Figure 8E versus F), suggesting the swift-
ness of the effect of MNC-rtPA. However, sequential restora-
tion of hemodynamics along the hind limb perfusion may still
occur in some cases (Figure 7B), suggesting that in response
to MNC-rtPA, the emboli may further move downstream,
and the area may experience increased perfusion with time.
Nevertheless, MNCs did not exert a thrombolytic effect under
amagnetic driving force per se (Figures 7A and 8), suggesting
that the physical force generated by MNCs under magnetic
guiding was not enough to cause an angioplasty-like effect.
Differences in the kinetic profile of flow restoration induced
by MNC-rtPA introduced variation in the quantitative results
shown in Figure 8. Previous studies have demonstrated
that free rtPA at 0.2 mg/kg did not restore hemodynamics
after clot lodging,’ which further supports the idea that the
magnetic carrier was effective in retaining rtPA at the target
site under magnetic guiding. Further studies on parameters
affecting the thrombolysis profiles, including speed of
drug delivery and magnetic guiding strategy, may allow for
optimization of both the platform and thus the outcome of
the administered therapeutic medications.

In the previous study using PAA-MNP-rtPA under identi-
cal conditions, the time required for 50% restoration of the
iliac flow averaged 42 + 7 minutes (n = 7),” whereas in the
current study, the 50% reperfusion time of the iliac artery
was shortened by 11 minutes. The accelerated thrombolysis
may be attributed to the significantly higher effective amount
of rtPA per MNCs compared with other delivery systems.””
In addition, the high rtPA capacity reduced the amount of
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MNCs required, and thus potentially reduced any possible
toxic effects of MNCs. Our high-performing drug composite
for thrombolysis treatment may benefit many patients who
require conventional thrombolytic therapy.

Conclusion

In this study, rtPA was conjugated with MNCs to produce
a targeting agent, which exerted a higher rtPA capacity and
improved rtPA stability. MNC-rtPA with magnetic guidance
successfully accelerated thrombolysis in clot-occluded tubes
and in a rat embolic model with 20% of the regular dose of
rtPA. Therefore, magnetically targeted thrombolysis may
prevent hemorrhagic complications with great potential for
the clinical treatment of thrombosis. Such drug-delivery
systems may serve as a platform for the delivery of other
plasminogen activators with lower substrate specificity
at a lower cost and without any increase in the risk of
hemorrhage.
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Supplementary materials

Experimental details
Materials
Succinic anhydride was purchased from MP Biomedicals
(MP Biomedicals LLC, Singapore). Aluminum chloride and
1-methyl-2-pyrrolidone (NMP) were purchased from ACROS
(Thermo Fisher Scientific, Geel, Belgium). Aniline monomer,
ammonium peroxydisulfate (98%), hydrochloric acid (37%),
sodium hydroxide, iron (2) chloride, and iron (3) chloride
were purchased from Merck (Merck and Co, Inc, Whitehouse
Station, NJ). NMP and the aniline monomer were distilled
under reduced pressure before use. 1-Ethyl-3-(3-dimethylam-
inopropyl)carbodiimide hydrochloride, 2-(N-morpholino)
ethanesulfonic acid hydrate, sodium bicarbonate, XTT sodium
salt, phosphate-buffered saline, trypsin, Inactin®, heparin,
N-hydroxysulfosuccinimide sodium salt, and fetal bovine
serum were purchased from Sigma (Sigma-Aldrich Co).
Human umbilical vein endothelial cells were pur-
chased from the Bioresource Collection and Research Center
(Taiwan, Republic of China). Gentamycin, penicillin, and
streptomycin were purchased from MdBio (Piscataway,
NJ). Endothelial cell growth supplement (ECGS) was pur-
chased from Millipore (Millipore Corporation, Billerica,
MA). The protein assay dye reagent was purchased from
Bio-Rad (Hercules, CA). rtPA was obtained from Boeh-
ringer Ingelheim (Mannheim, Germany). The substrate for
the rtPA activity measurements (S-2288™) was purchased
from Chromogenix (Milano, Italy). The Live/Dead Viability/
Cytotoxicity Kit, Medium 199 (M199) and Hank’s balanced
salt solution (HBSS) were purchased from Invitrogen (Life
Technologies Corporation, Carlsbad, CA). DI water was used
in all experiments.
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Figure SI The laboratory set-up for determining the efficacy of targeted
thrombolysis in vitro.
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Figure S2 Lineweaver-Burk plots of (a) free rtPA and (b) MNC-rtPA.
Abbreviations: rtPA, recombinant tissue plasminogen activator; MNC, magnetic
nanocarrier.

Activity and stability assays for MNC-rtPA

The activity of rtPA was measured spectrophotometri-
cally using the specific chromogenic substrate (S-2288™)
for rtPA. A 50-uL aliquot of MNC-rtPA solution was
reacted with 350 UL of Tris-buffer (pH 8.4) and 200 uL
of S-2288TM at 25°C for 30 seconds; the reaction was
then stopped by adding 100 UL of acetic acid (20 wt%).
The absorbance of p-nitroaniline was measured at 405 nm
(OD405
sample was calculated as follows: OD

) in a spectrophotometer. The activity (U) of each
05 X 0.104 X total
volume (mL)/reaction time (minutes). The relative activity
after bioconjugation was defined as the specific activity
(U/mg) of MNC-rtPA compared to that of free rtPA at 25°C

0.8

—— Control
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Figure S3 Cytotoxicity of free rtPA and MNC-rtPA in HUVECs.

Note: Values are the means + SD (n = 8).

Abbreviations: rtPA, recombinant tissue plasminogen activator; MNC, magnetic
nanocarrier; HUVECs, human umbilical vein endothelial cells.
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and expressed as a percentage. The effective rtPA of MNC-
rtPA was defined by the result of immobile rate multiplied
by relative activity. Additionally, the stability of free rtPA
and MNC-rtPA stored at 4°C, 25°C and 37°C for 1-35 days
was analyzed with the above activity assay method. The
reaction mechanism between rtPA and S-2288™ was the
following:

H-D-lle-Pro-Arg-pNA +H,0
—1_5 H-D-lle-Pro-Arg-OH + pNA

In vitro cytotoxicity study

HUVECs were cultured in M199 supplemented with
2.2 mg/mL sodium bicarbonate, 10% fetal bovine serum,
50 pg/mL gentamycin, 50 ug/mL penicillin, 50 pg/mL
streptomycin, 25 U/mL heparin, and 30 pg/mL ECGS at
37°Cand 5% CO, for 48 hours. Approximately 10,000 cells
(ie, 150 pL of a suspension of 6.67 x 10* cells/mL) were
placed in each well of a 1% gelatin-coated 96-well culture
plate, which was incubated in a humidified chamber at 37°C
under 5% CO, for 48 hours. Then, 50 UL of different con-
centrations of MNCs in M 199 were added, and the culture
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was continued. Cells were also cultured in the presence
of an 0.08-T magnetic field applied beneath the culture
plate. The cell proliferation was determined by counting
after 48 hours. Before counting, the culture medium was
removed, and the cells were incubated in 120 uL XTT for
3 hours. After the reaction, 100 UL of the XTT solution
was sampled from each well and transferred to a 96-well
counting dish. The cytotoxicity of MNCs in HUVECs
in vitro was evaluated by measuring the OD at 490 nm
using an ELISA reader.

In a separate series of experiments, 2 mL of HUVECs
(10,000 cells/mL) was plated in 35-mm-diameter dishes that
were coated with 1% gelatin, and the cells were cultured in
a humidified chamber at 37°C under 5% CO, for 48 hours.
Then, 100 uL of MNCs (4 mg/mL) in M199 was added, and
the incubation was continued for 1-7 days. The medium was
removed, the cells were washed with 1 mL of HBSS, and
1 mL of LIVE/DEAD reagent was added. After 30 minutes,
the reagent was removed, and the cells were washed again
with HBSS. The cytotoxicity was monitored with a TCS SP2
confocal spectral microscope (Leica Microsystems GmbH,
Wetzlar, Germany).
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