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Severe bleeding in perforating and inflected wounds with forky cavities or fine voids encountered during pre-
hospital treatments and surgical procedures is a complex challenge. Therefore, we present a novel hemostatic
strategy based on magnetic field-mediated guidance. The biphasic Janus magnetic particle (MSS@Fe303-T)
comprised aggregates of o-FexOs nanoparticles (FeaO3 NPs) as the motion actuator, negatively modified
microporous starch (MSS) as the base hemostatic substrate, and thrombin as the loaded hemostatic drug. Before
application, the particles were first wrapped using NaHCO3 and then doped with protonated tranexamic acid
(TXA-NH3), which ensured their high self-dispersibility in liquids. During application, the particles promptly
self-diffused in blood by bubble propulsion and travelled to deep bleeding sites against reverse rushing blood
flow under magnetic guidance. In vivo tests confirmed the superior hemostatic performance of the particles in
perforating and inflected wounds (“V”-shaped femoral artery and “J”-shaped liver bleeding models). The present
strategy, for the first time, extends the range of magnetically guided drug carriers to address the challenges in the
hemorrhage control of perforating and inflected wounds.

1. Introduction

Uncontrolled hemorrhage caused by severe injuries in the military
battlefield or during accidents remains a major global concern because it
increases the patient’s risk of mortality due to hemorrhagic shock coa-
gulopathy, infection, and multiple organ failure [1]. Conventional he-
mostatic strategies such as mechanical bandaging may fail to stop severe
bleeding during prehospital treatments [2]. This is because hemostatic
materials that provide a barrier to rapidly seal the hemorrhage cavity
and prevent excessive blood flow from the wound may insufficiently
coagulate blood [3]. Moreover, uncompressible bleeding in perforating
and inflected wounds, caused by sharp tools or small-bore weapons and
characterized by inflected internal shapes and bleeding sites that may be
deep, complex, and difficult to identify, poses further challenges for
hemostasis and ultimately leads to serious injuries and fatalities [4].

Various commercial hemostatic materials, such as a modified
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cellulose-based hemostatic product (Surgicel®) [5], zeolite-based styp-
tic agent (QuikClot®) [6], clay-based hemostatic agent (WoundStat®)
[71, and chitosan-based hemostatic product (Celox™), are currently
available for hemorrhage control [8], Although these commercial ma-
terials are capable of controlling excessive bleeding, they fail to halt
severe hemorrhage in perforating and inflected wounds [9], This is
because these hemostatic agents typically exert their effects only on the
wound surface or the exported bleeding hemocoel but are incapable of
reaching deep and secluded bleeding sites. Therefore, there has been a
lack of adequate hemostatic agents that are effective at coagulating
blood in hemocoels at deep and secluded bleeding sites, and the control
of excessive bleeding has been unsuccessful.

To address these issues, novel hemostatic materials that exert their
effects by physical plugging or sealing of the bleeding chamber at deep
bleeding sites have been developed [10-12]. In particular,
volume-expansion hemostatic foams have attracted widespread interest
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owing to their fast liquid-absorbing capacity and shape recover-
y/expansion properties [13]. As reported, after they are plugged or
pushed into the bleeding cavity, these foams rapidly absorb blood and
undergo shape recovery/expansion to fit the bleeding wound cavity
[14]. Blood coagulation, therefore, occurs rapidly inside the hemocoel
for efficient hemostasis. However, these volume-expansion foams may
fail to reach specific deep and secluded bleeding sites. The macroscopic
form and solid structure of the foams limit widespread contact between
the hemostatic agent and the fine ravines or voids in the bleeding cavity.
Insufficient adaptation with hemorrhagic hemocoels results in free
bleeding sites and markedly prolongs the hemostasis time. Furthermore,
rough plugging or pushing may aggravate hemorrhage, while excessive
expansion or postoperative removal of foams from the wounds may
increase the risk of secondary bleeding.

To facilitate contact between the hemostatic agent and the deep and
secluded bleeding sites, active motion-mediated hemostatic agents have
been proposed [15]. Bubble-driven hemostatic powders easily enter the
hemorrhage cavity and self-drive into deep and secluded bleeding sites
against rapid and excessive blood flow. As a result, blood coagulation is
first activated in the bleeding sites and then extends to the entire wound
chamber. Nevertheless, this approach has several limitations. First, the
non-direction-selective motion of powder hemostatic agents leads to
decreased utility because some powder hemostatic agents do not drive
into deep bleeding sites but may either move sideways or drive to an
inadequate depth. Second, the gas bubbles generated around the carrier
may cause counteractions or a reciprocal decrease in propelling force,
thereby limiting the self-driving efficiency of these hemostatic particles.
Third, the hemostatic powder (calcium carbonate as the main substrate)
lacks blood absorption ability or a cell aggregation matrix, which leads
to reduced hemostatic efficiency.

To tackle the above issues, we developed a direction-selective motion
strategy for powder hemostatic agents [16]. Specifically, CaCO3, which
acts as a gas generator, was asymmetrically formed on one side of the
microporous starch particles. These dual-component particles, termed
Janus hemostatic particles because of their asymmetric structure,
localize the driving power at a specific area rather than evenly distrib-
uting it over the entire substrate [17,18]. Thus, the Janus hemostatic
particles are able to self-drive deeper against reverse-rushing blood flow.
However, several factors of the bubble-driving strategy require consid-
eration because the durability of in situ bubble generation may signifi-
cantly affect the motion performance of the hemostatic powder. First,
the driving bubbles are generated from the reaction between protonated
tranexamic acid (TXA-NH3) and CaCOs, which are both components of
the hemostatic particles. Therefore, the efficiency and durability of
bubble generation are subject to the loading percentage of TXA-NH3 and
CaCOg3. Consequently, the driving forces applied over the hemostatic
powder may be nondurable or inadequate as the loading percentage
cannot be increased in an unlimited manner. To address this issue,
alternative driving/guidance strategies are required to enhance the
durability of the motion behavior of powder hemostatic agents.

One potential strategy involves the use of a magnetic field as the
power source to provide sustained and strong mobility. Iron oxide
nanoparticles (Fe;Os NPs) have gained substantial interest in biomed-
ical applications, such as drug delivery [19], cancer therapy [20], and
magnetic diagnostic imaging [21], because they exhibit excellent mag-
netic controllability, hyperthermia performance, and biocompatibility
[22,23]. FepO3 NPs are particularly useful for treating intravascular and
intracranial tumors, which are highly covert and are difficult to treat
using conventional operations. Qian et al. recently prepared an inject-
able magnetic hydrogel containing Fe;O3 NPs to provide effective
magnetic hyperthermia in the deep and covert sites of hepatocellular
carcinoma [24], while Singh et al. designed an Fe;O3 NPs-containing
robot to deliver drugs via magnetic field guidance [25]. These studies
confirmed the universality and safety of Fe;O3 NPs and the feasibility of
magnetic field-guided drug delivery in cancer therapies. Among the
magnetic field-guided drug carriers used in cancer therapies, Fe;O3 NPs
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can be synthesized by unilateral in situ growth on the porous particle
substrate that carry the drug [26]. The dual phasic Janus particle
comprises a base substrate that carries the drug (phase I) and Fe;O3 NPs
(phase II); this structure is similar to that of the particles reported in our
previous work [16]. By combining the two different phases, the Janus
particles can be driven controllably and persistently guided by the
applied magnetic field acting on the FeyO3 NPs and drugs can be
released at bleeding sites from the microporous drug-carrying phase
[27]. The introduction of magnetic field-mediated nanoparticles to he-
mostatic Janus particles may facilitate the development of a controllable
hemostatic motor with sustained and strong mobility, thus enabling
access to the bleeding sites located inside perforating and inflected
wounds for hemostasis.

In this regard, we aimed to develop a novel hemostatic particle with
a Janus structure based on negatively charged microporous starch (MSS)
and magnetic field-mediated a-Fe;O3 nanoparticles (FeoO3 NPs) that are
biocompatible and have been widely used in bioengineering. The Fe,O3
NPs were first assembled unilaterally on MSS to form magnetic field-
guidable particles (MSS@Fe203). Then, thrombin, a hemostatic mole-
cule used clinically [28], was loaded onto the as-prepared particles to
form thrombin-carrying particles (MSS@Fe203-T), thus ensuring effi-
cient coagulation at bleeding sites. Since starch particles aggregate
easily in liquids, which may substantially decrease the efficiency of the
Janus hemostatic particle, a self-dispersing strategy based on bubble
propulsion was proposed to ensure that MSS@Fe;Os3-T are evenly
distributed in blood upon contact. Specifically, NaHCO3 was first coated
on MSS@Fe,0s3-T to form alkali-enveloped particles (MSS@Fe303-T--
NaHCO3), which were then doped with acidic TXA-NH3 to form the final
products for hemostasis. When the particles come into contact with
water/blood, alkaline and acidic donors (NaHCOs; and TXA-NHZ,
respectively) immediately react to generate numerous CO; micro-
bubbles, allowing the Janus particle MSS@Fe503-T to self-diffuse by
bubble propulsion. Therefore, magnetic field-mediated Janus particles
are assumed to reach deep bleeding sites and induce the coagulation
cascade to control severe hemorrhage in perforating and inflected
wounds (Fig. S1). This study is the first to apply magnetic guidance to
drug carriers for hemostasis. This novel strategy is expected to augment
the direction-selective motion of particle hemostatic agents in reverse
blood flow, leading to enhanced hemostasis in perforating and inflected
wounds.

2. Results and discussion

Preparation and characterizations. Magnetic Janus particles
(MSS@Fe03) were synthesized according to a magnetic field-guided
method involving negatively charged MSS as the substrate, a-FeoO3
nanoparticles (FepO3 NPs) as the magnetic source, and cetyltrimethyl
ammonium bromide (CTAB) as the template (Fig. 1A). The positive
potential of CTAB ensured the occurrence of the assembling reaction
around MSS during preparation. Magnetic field guidance provided a
targeted force on the Fe;O3 NPs, which resulted in uniaxial assembling
of these magnetic nanoparticles on MSS. The aggregation of FeaO3 NPs
strengthened with time, increasing in the aging process accompanied by
magnetic field guidance. After the removal of CTAB, a series of magnetic
Janus particles with different Fe;O3 NP contents were obtained. The
optical microphotographs shown in Fig. 1B depict the Janus contour
shape of these particles. The dark region indicates Fe,O3 aggregation,
which shows a compact and solid structure. With an increase in the
feeding mass ratio of MSS to Fe;Os3, the compositional ratio of the Fe,O3
aggregates in these Janus particles increased from 4.6% to 60.3%
(Fig. 1C); at the same time, the corresponding size of Fe,O3 aggregates
increased to 15.7 pm (Fig. 1B). This indicated that not all Fe;O3 NPs
contributed to the formation of Fe;O3 aggregates. In addition, stability
evaluation suggested that the particle size was maintained when it was
stored at 37 °C for 4 weeks (Fig. S2).

A high feeding mass of FepO3 NPs resulted in a surplus; these
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Fig. 1. A) Schematic of the synthesis of Janus MSS@Fe,O3 particles. B) Optical microphotographs of various MSS@Fe,O3 particles prepared in different feeding
ratios. C) Mass fraction of Fe;O3 NPs from various MSS@Fe,03. D) Particle size and porosity of MSS@Fe,03. E) Magnetization curves at 300 K. F) X-ray diffraction
(XRD) analysis of typical materials. G) Raman spectra of typical materials. H) X-ray photoelectron spectroscopy (XPS) spectra of MSS@Fe,03 (feeding ratio of [MSS]/
[Fe;O3 NPs]: 1:1. I) Electron microscopy images of MSS@Fe,Os: (a) Scanning electron microscopy (SEM) and its corresponding (b) mapping images and (c)
transmittance electron microscopy (TEM) of Fe;O3 NPs from MSS@Fe,Os3. Inset shows the energy disperse spectroscopy (EDS) analysis. J) Magnetic guidance of

MSS@Fe,03 particles in water.

particles were dispersed in the reaction solution, filled the pores of MSS,
or attached to the apparatus. This resulted in an increase in size and
magnetism but a decrease in the porosity of MSS@Fey0O3 (Fig. 1D).
Sufficient porosity of the hemostatic particles plays a vital role in blood
absorption and blood cell aggregation [29], which determines successful
hemostasis. The porosity decreased slightly from 74.2 & 7.6% to 69.4 +
4.3% compared to that of MSS, but it was still adequate for use as a
hemostatic agent. Since MSS@Fe203 equipped with Fe;O3 aggregates of
7.8 pm in diameter exhibited superior superparamagnetic property
(Fig. 1E) and good magnetic stability (Fig. S3), it was selected for sub-
sequent characterization and evaluation of magnetic motion and
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hemostatic ability.

The composition and structure of as-synthesized MSS@Fe,O3 were
confirmed by X-ray diffraction (XRD), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS). Peaks in the range of 14°-18°
revealed the characteristic “A-shape” of crystalline corn starch for MSS
[30], as shown in Fig. 1F. In the spectra of FeoO3 NPs and MSS@Fe;03,
peaks were detected at 33.2°, 35.6°, 54.1°, 57.4°, and 62.8°, corre-
sponding to the a-FepO3 NP planes of (104), (110), (116), (122), and
(214), respectively (JCPDS card no. 33-0064) [31]. The Raman spec-
trum of MSS@Fe,03 exhibited the characteristic peaks of MSS and FeoO3
NPs, confirming the coexistence of the two components (Fig. 1G).
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Further valence state analysis for MSS@FeOs is presented in Fig. 1H. An
O 1s spectrum at 527-535 eV was detected and fitted with two different
peaks. The fitted peak with a high binding energy of 532.6 eV was
attributed to C-O in MSS, and the other fitted peak was assigned to the
0% ions (Fe—O-Fe) in the Fe,03 aggregates. Two characteristic peaks at
710.1 and 723.6 eV in the Fe 2p spectrum were observed for the Fe;O3
aggregates, corresponding to Fe 2ps,» and Fe 2p; /o, respectively [32].
The distinct biphasic structure of MSS@Fe,O3 was confirmed by
high-definition scanning electron microscopy (SEM), as shown in
Fig. 1Ia. The corresponding mapping image in Fig. 1Ib showed that Fe
aggregated predominantly in the smaller spherical region, correspond-
ing to the solid Fep;O3 aggregation phase. The P element was apparent
only in the bigger spherical region, which corresponded to the MSS
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phase. The transmission electron microscopy (TEM) image and energy
disperse spectroscopy spectrum shown in Fig. 1I(c) provide evidence for
the aggregation of Fe;O3 NPs (10 nm) in MSS@Fe50s. In addition, the
lattice spacing for FeoO3 NPs was 0.2075 nm, consistent with the data
reported in a previous study [33]. These results confirmed the Janus
structure of MSS@FeyO3 with two components: MSS and FeyO3
aggregates.

Examination of Magnetic Field-Mediated Motion Behavior. The
presence of Fe,O3 endowed MSS@Fe,O3 with excellent magnetic
properties. MSS@Fe,O3 was rapidly actuated to aggregate under the
influence of a magnetic field (Fig. 1J) and travelled easily in static water
following the motion trails of the magnet (Fig. 2A and B, and Movie S1).
In addition, the magnetic field-mediated driving behavior of
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Fig. 2. A) Schematic of the magnetic driving behavior of MSS@Fe,O3. B) Driving behavior of MSS@Fe,03 in static water. C) Microphotographs of the magnetic
driving of MSS@Fe,O3 in static citrated blood. D) MSS@Fe,03 and its schematic. E) Horizontal force analysis on MSS@Fe,0O3. The maximum horizontal magnetic
induction distance of MSS@Fe,Os3 in F) static water and blood and G) flowing blood. H) Horizontal displacement of MSS@Fe,O3 against periodic blood impulses (3 s

per cycle with a velocity of 3 cm s™1).
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MSS@Fe,03 in static blood was investigated. As shown in Fig. 2C and
Movie S2, the MSS@Fe,O3 particles moved rapidly owing to the mag-
netic field-mediated Fe,O3 aggregates (dark region). The viscous resis-
tance of blood only weakly impeded the forward motion in the presence
of magnetic forces. For the force analysis, the Janus MSS@Fe,O3 par-
ticles were modeled as two conterminous solid spheres (Fig. 2D and E).
The bigger sphere corresponded to MSS, while the smaller one repre-
sented the FeyO3 aggregates. The magnetic field at Fe;O3 provided the
driving force, Fgive, for the entire particle (MSS@Fe203), which was
calculated according to Equation (1):

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.05.006.

To reduce the calculation errors caused by magnetic flux leakage, the
magnetic field strength formula was employed to deduce B, which can
be calculated according to Equation (2):

2(x = H) LZ+WH4(x+H)2>

B
B=—" <tan’1
r
2

where B is the magnetic field strength of the external magnet (0.5 T), x
is the distance of MSS@Fe,03 away from the magnetic induction surface
center, and L, W, and H are the length, width, and thickness of the
magnet, respectively (8, 6, and 1.5 cm, respectively).

Because MSS@Fe;03 was modeled as two conterminous solid
spheres (MSS and Fe;O3 aggregates), the overall resistance force (Fresist)
of blood that affected MSS@Fe,03 could be divided into two parts: force
on MSS (Fss,,.,, ) and force on FeaO3 (Fre203,,,)- The Reynolds number in
the system ranged from 1 to 100 according to previous studies [15,34];
thus, Fyesist was calculated according to Equation (3):

Lw B
VL W2+ 4x?

Lw

Fresist = 610 (vp + V) (Rmss + Rre203) 3

where 1 is the viscosity of blood flow (2 x 1073 Pa-s), vp and v are
respectively the speed of particle and blood, and Ryss and Rge203 are
respectively the radii of the modeled MSS sphere and Fe;O3 sphere.
Farive depends on the distance (x) between the particles and the
external magnet, and Fiesjst mainly depends on the velocity of blood.
Thus, an increase in blood velocity resulted in an increase in blood
resistance to MSS@Fe,O3. When the resistance increased over the
driving force (Fresist > Farive), MSS@Feo03 hardly moved forward even
after actuation. Thus, to overcome resistance from blood flow, enlarged
magnetic actuation force applied on the MSS@Fe,O3 was necessary for
driving the particles forward. To investigate the drive capacity of
MSS@Fey03 in a constant magnetic field (B = 0.5 T), the maximum
magnetic induction distance in water or blood was detected, as depicted
in Fig. 2F-H. The horizontal maximum magnetic induction distances for
MSS@Fe,03 in water and blood were 53.2 + 4.7 and 47.6 &+ 3.5 mm,
respectively (Fig. 2F), which are close to those of pure Fe;O3 NPs. This
result was in agreement with the results of VSM evaluation (Fig. 1E),
highlighting the strong magnetic properties of MSS@Fe;03. Further
measurements of the horizontal driving capacity of MSS@Fe20O3 were
conducted using a self-constructed fluid device. As shown in Fig. 2G, the
horizontal maximum distance (d) of the magnetic response decreased
gradually from 47.6 + 3.5 mm to 13.2 + 1.3 mm when the blood flow
speed increased (from O to 20 cm s 1. The decrease in maximum
magnetic response distance was most evident in velocity, which ranged
from 0 to 3 cm s}, whereby the distance significantly dropped from
47.6 £+ 3.5 mm to 25.9 + 1.7 mm. As the velocity increased beyond 3 cm
s71, the decline in the maximum magnetic response distance slowed
down. In addition, as the periodic rhythm of muscular movements
caused by respiration may influence blood flow behavior, magnetic
driving performance against dynamic blood was further evaluated. The
periodic impact of flowing blood was mimicked by setting the blood
impulse cycle to 3 s [27]. Fig. 2H shows the forward horizontal move-
ment of MSS@Fe,03 in dynamic blood flow at a speed of 3 cm s~ with
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cyclic impulse. No stagnation (indeclinable value) or reflux (reduced
value) behavior was detected, suggesting that abrupt changes in blood
flow would not stop MSS@Fe,03 driving. Instead, these magnetic par-
ticles moved forward with almost stable velocity, regardless of blood
impulse.

Similarly, the magnetic driving behavior of MSS@Fe3O3 in the ver-
tical direction was also evaluated. As shown in Fig. 3A-C, the evolution
trends of related behaviors in the vertical direction were in line with
those of the horizontal direction. In addition, the maximum magnetic
distance detected for MSS@Fe,03 against the vertical flow of blood was
higher than that against the horizontal flow of blood. This may be
attributed to the effect of gravity on the particles. These results under-
score the excellent magnetic field-mediated driving capacity of
MSS@Fe,0s3, highlighting the potential as carriers of hemostatic drugs
to hemorrhage sites.

Starch particles possess good viscous and deformable properties [35]
and can effectively block hemorrhage sites upon contact with blood. To
investigate the blood-blocking capacity of starch-based MSS@Fe,O3, a
self-constructed fluid control device was used as a simulative bleeding
wound (Fig. S4). The bleeding wound model was fixed on a magnet and
connected to a syringe pump that induces blood to mimic hemorrhage
through a transport tube (tube A). When injected into tube A, blood was
channeled into tubes B and C. The blood liquid level in the “bleeding
cavity” was equal to that in tube B due to barometric pressure. After the
applying particles into the “bleeding cavity,” only blood outflow
through tube B would indicate successful hemorrhage control in the
“bleeding cavity”; in contrast, blood outflow through tube D would
indicate failure of hemorrhage control. Thus, the blood flowing behavior
in tubes B and D could be used to indicate the blocking capacity of
MSS@FEQO?,.

With blood flowing into the cavity at a velocity of 3 cm s™%, neither
Celox™ (Fig. 3D and Movie S3) nor MSS (Fig. 3E, and Movie S4) was
able to coagulate blood, because blood was observed to be flowing
through Tube D. A similar phenomenon was observed when pure Fe;O3
NPs were used (Fig. 3F). Although Fe,O3 NPs were actuated immedi-
ately and adhered tightly to the bottom of the cavity, the aggregates
formed were not robust enough to prevent the dynamic blood flow into
tube D (Fig. 3F and Movie S5). However, successful hemostasis was
achieved in 18.4 + 3.4 s after application of MSS@Fe,03, as blood
outflow was through tube B only (Fig. 3G and Movie S6). In addition,
there were no significant adverse effects of cyclic blood impulse on the
blood-blocking capacity of MSS@Fe,Os, although the blocking time was
slight longer (29.5 + 6.2 s), as shown in Fig. 3H.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.05.006.

The velocity of blood flow and the quantity of the applied particles
were varied to investigate their impact on the blood-blocking capacity of
MSS@Fe,03. As shown in Fig. 3I, increasing the blood flow velocity
from 0 to 3 cm s~ ! resulted in an increase in blocking time; in contrast,
an increase in particle amount led to shortened blocking times. The
excellent blocking ability in in vitro bleeding models may be attributed
to the synergistic effects of the MSS base substrate and its loaded mag-
netic FeoO3 aggregates. First, magnetic mediation of the Fe,O3 aggre-
gates ensured that MSS@Fe»03 accumulated densely at or close to the
mimicked bleeding sites; then, MSS with good viscous and deformable
properties enabled MSS@Fe;03 to form a solid-like barrier to block the
bleeding cavity tightly [Fig. 3G(c)]. Therefore, the excellent blocking
capacity against bleeding models in vitro highlighted the feasibility of
MSS@Fe,03 in hemorrhage control in perforating and inflected wounds
in vivo.

Examination of Hemophagia and Rheological Properties. MSS
preserves high porosity and roughness, and its large specific area en-
ables effective water and blood absorption. Therefore, despite the low
hydrophilic and hemotropic properties of Fe;O3 NPs, integration of MSS
with Fe;O3 NPs ensured MSS@Fe;03 composites with good hydrophilic
and hemotropic properties [Fig. 4A(a)] and almost equivalent water and
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blood absorption capacity as that of MSS [Fig. 4A(b)]. To observe
fluxion behavior, blood mixed with various amounts of MSS@Fe;03
(from 100 to 1100 mg mL™Y) was poured into a round-bottomed
container, which was then tilted (6 = 45°). After applying a sufficient
amount of MSS@Fe,0s3, liquid blood turned to a solid-like clot gradu-
ally, depending on the amount of MSS@Fe503, which was in line with
the finding of a previous study [36]. Phase transition of liquid blood
occurred when MSS@Fe,03 aggregated and interacted with water in the
blood, thereby forming a solid-like clot with a protein-starch gel
network. As shown in Fig. 4B, an MSS@Fe,03 dosage of 800 mg mL~!

was adequate to transform the protein-starch gel network, which was
easily shaped and fixed onto the bottom of the tilted container, thus
preventing blood from flowing down due to gravity.

In addition to visual observation, viscosity evaluation of the blood/
MSS@Fe,03 mixture was performed. As shown in Fig. 4C, phase tran-
sition started when only 300 mg mL™! of MSS@Fe,03 was applied
because the viscosity drastically increased to 4321 Pa s. Further rheo-
logical results, namely the elastic (G’) and viscous (G”) moduli of the
mixtures, are shown in Fig. 4D. With an increase in particle concentra-
tion, both the corresponding G’ and G” values increased in all test
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frequency ranges. A distinct increase in both G’ and G” values was
detected at 1 Hz from concentrations of 300 mg mL~! (G” = 18839.4 Pa;
G’ = 6754.2 Pa), confirming the transition of the particle/blood mixture
from liquid-like (G’ < G") to solid-like (G’ > G”) structures. Notably, the
concentration of the mixtures determined the stability of the blood clot.
When the MSS@Fe;03 dosage reached a critical point, blood solidified
immediately and a solid-like structural barrier was observed owing to
the excellent hemotropic and gelation properties of MSS@Fe;Os,
resulting in blocked blood flow from the wound.

Assessment of Blood Coagulation Mechanisms. Although
MSS@Fe03 demonstrates hemostasis performance owing to the excel-
lent physical properties of MSS, the typical hemostatic drug thrombin
was further loaded on MSS@Fe,03 to facilitate enhanced hemostasis
(mass of thrombin over MSS@Fe303-T was 7.64 U/g). In the loading
procedure (preparation of MSS@Fey0s3-T by loading thrombin over
MSS@Fe303), the utilization efficiency of thrombin over MSS@Fe;O3-T
and MSS were respectively 76.4 + 4.7% and 81.5 + 3.8% (Fig. S5),
suggesting a high affinity between thrombin and the carrier
(MSS@Fe503 and MSS). This high affinity indicated that thrombin was
firmly fixed to the carrier to activate blood coagulation for hemostasis.
The in vitro blood clotting capacity of MSS@Fe503-T was measured and
compared with that of MSS and MSS@Fe0s3. As shown in Fig. 5A and B,
the formation of Fe,O3 aggregates over MSS resulted in a prolonged
blood clotting time (253.2 + 21.4 s) compared with that of MSS (183.7
+ 23.6 s), which may be ascribed to the sacrifice of porosity of MSS
during the loading of Fe;O3 NPs as mentioned earlier. The loading of
thrombin substantially enhanced the coagulation capacity of
MSS@Fe303, and the corresponding clotting time of MSS@Fe,03-T was
as short as 82 + 17.2 s. As this clotting time was shorter than that of pure
thrombin (108 4 19.4 s), it could be inferred that MSS@Fe;03 could
enhance the hemostasis of thrombin. The enhanced hemostatic perfor-
mance of MSS@Fe,0s3-T may be a result of the negatively charged sur-
face of MSS in MSS@Fe»03-T. The negative potential endowed MSS with
the ability to activate RBCs and platelets, thereby contributing to blood
coagulation [36]. Thus, compared with pure thrombin, thrombin in

MSS@Fe,03-T was able to clot blood much faster because of the coex-
istence of negatively charged MSS. As shown in Fig. 5B(b), the blood clot
ratio increased rapidly in the presence of MSS@Fe;O3-T with time,
suggesting that the blood coagulative actions of MSS@Fe,O3-T were
time-dependent. Further measurements were conducted to investigate
the blood coagulation mechanisms. Fig. 5C shows the absorbance of free
red blood cells (RBCs) and the aggregated numbers of platelets. Low
absorbance values of free RBCs and high aggregated numbers of plate-
lets are indications of efficient cell aggregation capacity; therefore, the
hemostatic performance of MSS@Fe,03-T was superior to those of MSS
and FeyO3 NPs. As shown in Fig. 5D, MSS@Fe503-T aided the aggre-
gation of RBCs and the adherence of platelets to the surface or pores of
MSS. In addition, fibrin piled over the MSS@FeyOs3-T particles,
contributing to the construction of a three-dimensional
MSS@Fe303-T/blood cells/fibrin network for blood clots. In general,
the high negative potential surface of MSS in MSS@Fe203-T could play
an important role in blood clotting. It was observed that the loading of
thrombin on MSS@Fe203 slightly decreased the zeta potential of
MSS@Fe,03 (Fig. 5E); however, the potential was confirmed to be suf-
ficient to activate platelets (Fig. 5C and D). Furthermore, thrombin in
MSS@Fe03-T promoted the formation of fibrin from fibrinogen.
Compared to the control, unaltered prothrombin time (PT) values and
decreased activated PT time (APTT) values revealed that blood coagu-
lation was stimulated by the intrinsic coagulation pathway (Fig. 5F),
regardless of the materials, of which MSS@Fe303-T showed the lowest
APTT value, suggesting its best potential in blood coagulation. This
process can be summarized in three steps (Fig. 5G). First, after contact
with blood, MSS@Fe;03-T aggregated RBCs and platelets due to its
excellent hemotropic properties and high porosity; then, the negatively
charged surface of MSS@Fe,03-T acted synergistically with the intrinsic
coagulation pathway to promote the activation of platelets, thereby
initiating the coagulation process; finally, thrombin from MSS@FeO3-T
accelerated the formation of fibrin, contributing to blood clotting.
Examination of Dispersion Behavior of MSS@Fe203-T-NaHCOs.
Extensive hemorrhage typically occurs in wounds with winding and
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ramiform enterocele, which may obscure broken blood vessels. In gen-
eral, particle hemostatic agents are easily aggregated and therefore may
lack sufficient contact with blood when applied onto wounds [37,38],
resulting in a weak blood-clotting barrier that poorly resists rushing
blood or barely forming any blood-clotting barrier to block fast-flowing
blood. Additionally, poor dispersion of particle hemostatic agents in
blood may lead to a deficiency of the particles in some of the bleeding
sites, which substantially decreases the effectiveness of the hemostatic
agents. In light of this, a self-dispersion strategy relying on bubble
propulsion was proposed for MSS@FeOs3-T to increase its dispersibility
in blood. To begin with, a modified Janus particle (MSS@Fe3O3-T--
NaHCOs3) was first prepared with a core-shell structure in which the
MSS@Fe03-T core was wrapped with a NaHCOgs shell using the
freeze-drying method (Fig. 6A). NaHCO3 temporally blocked the surface
pores on MSS (Fig. 6B) and wrapped MSS@Fe,03-T completely (Fig. 6B
and C). Then, MSS@Fe,03-T-NaHCOs (the mass percentage of NaHCO3
in MSS@Fe,03-T-NaHCO3 was 9.1% and the mass of thrombin over
MSS@Fe,03-T-NaHCO3 was 6.95 U/g) was doped with protonated tra-
nexamic acid (TXA-NHZ) particles to establish an acidic environment in
blood, which facilitated the coexisting MSS@Fe;03-T-NaHCO3 to
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generate bubbles (COy gas) for the rapid self-dispersion of
MSS@Fe,03-T. Fig. 6D and movie S7 show the dispersion behavior of
MSS@Fe,03-T-NaHCO3, with the aid of TXA-NH3, in the model
mimicking forked and covert wounds (Fig. S6). MSS@Fe,O3-T exhibited
poor dispersion in the water system and accumulated at the tip-end of
wedge-shaped Channels A, B, and B’ due to magnetic field mediation. In
comparison, the dispersion of NaHCOs-wrapped MSS (MSS-NaHCOs3)
and MSS@Fe,03-T-NaHCO3 was quite different. TXA-NHF enabled the
in situ generation of numerous CO, bubbles by NaHCOs-containing
particles (Fig. S7), which propelled MSS (converted from MSS-NaHCO3)
or MSS@Fe,0s3-T (converted from MSS@Fe;03-T-NaHCO3) to achieve
extensive self-dispersion in 5 s upon contact with water. The magnet was
applied at 5 s, which guided MSS@Fe;O3-T (converted from
MSS@Fe,03-T-NaHCOs3) to accumulate at the tip-end of Channels A, B,
B, C, and C’ at 15 s, while MSS (converted from MSS-NaHCO3) was
distributed in the model entirely and evenly after 15 s. As covert
bleeding sites are mainly distributed in the tip-ends of the wound
channels, poor accumulation of hemostatic agents in the wedge-shaped
channels of wounds may decrease hemostasis effectiveness. Expectedly,
the combination of magnetic guidance and bubble propulsion endowed
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MSS@Fe;03-T-NaHCO3 with premier drug-delivery performance in the
liquid system. MSS@Fe,03-T-NaHCO3 first reacted with TXA-NH3 to
release NaHCOs, leaving the bare MSS@Fe203-T, which was propelled
by CO; bubbles to fully disperse in the liquid instantly; following mag-
netic actuation, MSS@Fe,03-T drove and accumulated at the targeted
sites according to the magnetic guidance [Figures E(a)]. It has to be
pointed out that, in the process of wrapping MSS@Fe;03-T with
NaHCOg to prepare MSS@Fe,03-T-NaHCO3, NaHCO3 did not affect the
morphology of MSS@Fe;O3-T [(Fig. 6E(b)], implying that the
self-dispersity strategy proposed for MSS@Fe3Os-T barely impacted its
performance.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.05.006.

This can be supported by the fact that MSS@Fe;03-T-NaHCO3
exhibited good blood blocking properties (Fig. 6F), which is equivalent
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to that of MSS@Fe,O3 (Fig. 3F); similarly, the blood-blocking time of
MSS@Fe,03-T-NaHCO3 against continuous and periodic blood flow
(Fig. 6G) was also in good agreement with that of MSS@Fe20s3 (Fig. 3G).
Furthermore, the blood clotting times of MSS@Fe,03-T before and after
NaHCOs3 loading were 82 + 17.2 s and 93 + 14.4 s, respectively
(Fig. 6H), further suggesting that the self-dispersion strategy barely
impacted blood coagulation. Thus, the self-dispersion strategy was
critical for MSS@Fe,0s3-T to avoid aggregation in blood, which may lead
to decreased utilization of the dosed particle hemostatic agents; mean-
while, this wound not sacrifice the blood coagulation property of
MSS@F6203-T.

Assessment of Hemostatic Capacity in an In Vivo Bleeding
Model. Hemorrhage that occurs in perforating and inflected wounds is
difficult to control by conventional methods due to the location of deep
bleeding sites and rapid blood flow. To investigate the hemostatic
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capacity of MSS@Fe»03-T-NaHCOs in stopping complex hemorrhage,
two hemorrhage models with perforating and inflected wounds were
constructed. A deep and perforating bleeding model with a “V”-shape
wound was created in the femoral artery of rabbits (Fig. 7A and Movie
S8). Rapid blood rushed out from the “V”-shaped wound in the femoral
artery. Hemostatic particles were then applied. The use of gauze/
thrombin failed to stop femoral artery bleeding (Fig. 7C). Celox™ suc-
cessfully controlled severe hemorrhage over 316 + 25 s, which was
significantly longer than the time taken by MSS@Fe;Os-T. By simply
applying the magnet right below the bleeding models, MSS@Fe,0Os3-T
achieved a short hemostatic time of 237 + 18 s, which was 11% lower
than that of MSS@Fe03-T without magnetic field mediation (266 + 24
s). The generation of bubbles, promoted by TXA-NHZ, was predicted to
shorten the bleeding time to 206 + 12 s for MSS@Fe203-T-NaHCO3

A  Femoral artery Bleeding

Application
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(mass of thrombin over MSS@Fe,03-T-NaHCO3 was 6.95 U/g). When
applied concurrently with magnetic field mediation, the hemostasis time
was shortened to less than 3 min (168 + 13 s), suggesting that magnetic
field-mediated MSS@Fe203-T-NaHCO3 was able to control perforating
and severe hemorrhage. Additionally, to evaluate the hemostatic ca-
pacity of MSS@Fe,03-T-NaHCO3 against inflexed bleeding wounds, an
inflected bleeding model with a “J”-shaped wound was created in the
rabbit liver (Fig. 7B). Relative to that of the controls, the time taken to
stop bleeding was the shortest for MSS@Fe,03-T-NaHCO3 with mag-
netic actuation (Fig. 7B and H).

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.05.006.

Both magnetic field mediation and bubble propulsion significantly
enhanced the hemostatic capacity of MSS@Fe;03-T-NaHCOs. In the
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B Liver hemorrhage
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Fig. 7. Images of hemostasis in A) femoral artery and B) liver bleeding models. C) Bleeding time in femoral artery hemorrhage models. Positive and negative signs
indicate the presence and absence of magnetic field mediation, respectively. *p < 0.05. D-G) Schematic depicting femoral hemorrhage models and corresponding
stained tissue sections for treatment (D and E) without and (F and G) with magnetic field mediation. H) Bleeding time in liver hemorrhage models. *p < 0.05, **P <
0.01. I-L) Schematic diagram of the liver models and corresponding stained tissue sections (I and J) without and (K and L) with magnetic field mediation. Green
fluorescence indicates starch particles stained with FITC. Red fluorescence indicates cells stained with Alexa Fluor 647-Phalloidin (Molecular Probes).
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absence of magnetic field mediation, bubble propulsion and blood
coagulation were restricted to the top or surface of the bleeding wound
(Fig. 7D and I), which resulted in inefficient control of severe hemor-
rhage. In contrast, due to strong magnetic induction, the particles
rapidly travelled and then adhered to the inside or bottom of the
bleeding wound against rushing blood flow (Fig. 7F and K). Bubble
propulsion occurred inwardly and promoted the extensive diffusion of
particles around the bleeding site. Thus, blood coagulation at the orig-
inal bleeding site may shorten hemostasis time. The effects of the
magnetic field-mediated driving behavior of MSS@Fe,03-T-NaHCO3 on
bleeding control in the “V”- and “J”-shaped models were confirmed in
stained tissue sections. Fluorescein isothiocyanate (FITC)-dyed particles
with green fluorescence were observed at the top and upper border of
the hemocoel for “V”- and “J”-shaped wounds (Fig. 7E and J), suggesting

Bioactive Materials 6 (2021) 4625-4639

bleeding wounds without magnetic treatment. In contrast, particles
were observed in the interior and at the bottom of the “V”- and “J”-
shaped wounds in the presence of the magnet (Fig. 7G and L). Magnetic
field-mediated MSS@Fe203-T-NaHCOs3 exhibited excellent adaptation
even in the inflected and deep cavity of the “J”-shaped wound. The
hemocoel of the “J”-shaped wound was filled with particles, confirming
the high efficiency of magnetic field-mediated MSS@Fe303-T-NaHCO3
in controlling inflected bleeding wounds. These results demonstrated
that magnetic field mediation efficiently propelled particles into the
inside and bottom of the bleeding wound against blood flow. The
powerful attraction and fixation of particles in the interior or bottom of
the wounds ensured the propulsion of explosive particles, and efficient
blood coagulation occurred inwardly throughout bleeding sites, thereby
contributing to rapid hemostasis.
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cytocompatibility are necessary properties of hemostatic materials [39].
A hemolysis assay and L929 cell cytotoxicity test were conducted for
MSS@Fe03-T-NaHCOs3. The results are presented in Fig. 8A and B. A
low hemolysis ratio of <5% was detected for MSS, Fe;O3 NPs, and
MSS@Fe;03-T-NaHCO3 (Fig. 8A), suggesting the good hemocompati-
bility of these materials [40,41]. As shown in Fig. 8B, L929 cells
exhibited high viability of over 80% after treatment with MSS, Fe;03
NPs, or MSS@Fe;03-T-NaHCO3 for 24, 48, and 72 h. These results
indicated the lack of cytotoxic effects on L929 cells. Good cytocompat-
ibility was further confirmed by observing the morphology of L929 cells
(Fig. S8). Live fusiform-shaped cells stained with green fluorescence
filled the observation field in samples from all groups. Red signals were
detected in the fluorescence microscopy images, indicating dead cells in
the culture solution. These results signified the good hemocompatibility
and cytocompatibility of MSS@Fe»03-T-NaHCOs.

The biodegradability of MSS@Fe,03-T-NaHCO3 was evaluated in
rabbit back subcutaneous muscle biodegradation models. After im-
plantation, the Fe levels in blood decreased over time (Fig. 8C), indi-
cating that MSS@Fey03-T-NaHCO3 was gradually biodegraded by
histocytes. Higher Fe levels than those in the controls indicated ongoing
metabolic reactions of Fe iron or particles. Elemental iron levels in week
12 were equal to those of the controls, suggesting the biodegradation of
MSS@Fe;03-T-NaHCOs3. In weeks 1, 2, 3, 4, 8, and 12, musculature
treated with MSS@Fe;03-T-NaHCO3 or Celox™ was photographed and
excised for histological analysis. As shown in Fig. 8D, Celox™ swelled
after implantation and was released with blood from the sutural muscle
wound, forming large foreign matter, which may have caused a severe
inflammatory response. Swollen Celox™ still covered the surface of the
muscle wound at 12 weeks after implantation, indicating poor biode-
gradability of Celox™ after 12 weeks. The poor biodegradability of
Celox™ was confirmed in hematoxylin and eosin (H&E)-stained sec-
tions, and Celox™ residue was observed in stained sections at 12 weeks.
Inflammatory cells were observed in all histological sections, confirming
that Celox™ caused severe inflammation. In contrast, MSS@Fe,O3-T-
NaHCOs exhibited good biocompatibility. The wound surface of the
biodegradation models treated with MSS@Fe,03-T-NaHCO3 were neat
and smooth (Fig. 8E). A limited amount of blood was observed on the
wound surface at 1, 2, 3, and 4 weeks, which could have been due to
capillary hemorrhage during the operation. The good biodegradability
of MSS@Fe303-T-NaHCO3 was further confirmed by images of H&E-
stained muscle sections, as shown in Fig. 8E. After implantation for 1
week, small black dots connected with gray dots were observed in the
histological sections, indicating MSS and FepO3 of MSS@Fe,03-T-
NaHCOs. After 2 weeks, only the black dots were observed, suggesting
the degradation of MSS in MSS@Fe,03-T-NaHCOs. Black fragments
were observed instead of black dots, suggesting aggregation of the re-
sidual Fe;O3 NPs. The aggregated FeoO3 NPs finally disappeared in the
histological sections at 12 weeks, indicating complete degradation of
MSS@Fe303-T-NaHCOs3. No inflammatory cell was observed in the his-
tological sections at 8 weeks, indicating good biocompatibility of
MSS@Fe03-T-NaHCOs3. These results revealed the excellent biode-
gradability of MSS@Fe;03-T-NaHCO3, which was completely bio-
degraded in vivo within 12 weeks.

3. Conclusion

Various strategies and materials have been designed for hemorrhage
control in perforating and inflected wounds with excessive bleeding, but
most of them have critical shortcomings. Here, Janus hemostatic parti-
cles (MSS@Fe303-T) with magnetic-field mediation and self-propulsion
capacities were developed to tackle existing difficulties. By coordinating
with NaHCO3 and TXA-NH3, the Janus particles self-dispersed imme-
diately upon contact with liquids and travelled to deep perforating and
inflected channels in wounds for a sustained period by magnetic guid-
ance, after which the MSS and thrombin components synergistically
stimulated blood coagulation towards hemostasis. Animal tests
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confirmed that these particles were versatile in hemorrhage control for
“V”-shaped femoral artery and “J”-shaped liver bleeding models, with
hemostasis times of 3 min and 45 s, respectively. Further assays indi-
cated that the Janus particles had premier biocompatibility and biode-
gradability. This study represents the first reported trial on the use of
magnetic guidance to establish hemostasis for perforating and inflected
wounds. Magnetic field derived from magnets has been used in many
reports in bioengineering. The merits of magnets, such as simplicity in
use, the portability for carrying and the customizability in shape/vol-
ume, ensure that they could be equipped in the first aid kits feasibly and
easily for emergency lifesaving. The sustained magnetic guiding strategy
closed the gap between the hemostatic particles and the bleeding
channels in perforating and inflected wounds. Therefore, the prepared
MSS@Fe,03-T-NaHCO3 Janus particles are anticipated to contribute to
favorable outcomes in prehospital treatments and surgical procedures
by promptly establishing hemostasis.

4. Materials and methods
4.1. Agents and animals

Natural corn starch (NS), a-amylase (100 U mg™}), and glucoamylase
(100 U mg’l) were obtained from Sigma-Aldrich (Shanghai, China).
Prothrombin time (PT) and activated PT time (APTT) kits were pur-
chased from Jingen Biotechnology Co., Ltd (Beijing). All the other
chemicals used were commercially available. New Zealand white rab-
bits, obtained from the Animal Laboratory Center of Third Military
Medical University of China, were used to obtain blood and to create the
animal models. Animal care and all animal experiments were approved
by the National Center of Animal Science Experimental Teaching of
Southwest University of China and were performed in accordance with
the Guidelines for the Care and Use of Laboratory Animals of the Na-
tional Institutes of Health of the United States.

4.2. Preparation of MSS@Fe203-T

a-FeyO3 nanoparticles (Fe;O3 NPs) were synthesized using standard
protocols according to the method reported by Tang et al. [33].
Negatively-modified-microporous starch (MSS) was synthesized as
described in our previous reports [30]. A simple magnetic field-guided
assembly method based on a modified sol-gel method was used to pre-
pare the MSS@Fe,O3 particles. The preparation involved FesO3 NPs,
MSS (0.1 g), and CTAB (0.0729 g). The final concentrations of FeoO3 NPs
were varied, and the mass ratios of MSS to Fe;O3 NPs in [MSS/Fe;03]
were set to 1:0.1, 1:0.5, 1:1, and 1:2. The magnetic field-guided as-
sembly was conducted using fixed magnetic stirring at 1000 rpm.
Briefly, 10 mL of the MSS/CTAB mixture and 10 mL of the Fe;O3
NPs/CTAB slurry were first prepared by ultrasonic dispersion. The Fe,O3
NPs/CTAB mixture was then added dropwise into the MSS/CTAB
mixture within 5 min. The slurry was mechanically stirred at 1000 rpm
at 50 °C for another 5 min, followed by magnetic stirring at 50 °C for 1 h.
The sol-gel system was then incubated at 25 °C for 12 h with magnetic
field guidance. The collected precipitate was washed three times with
alcohol/NH4NO3 (10 mg mL™1) to remove CTAB and dissociate Fey03
NPs. MSS@Fe,03 was finally obtained by drying the residual particles
under vacuum at 50 °C for 48 h.

To obtain thrombin-assembled particles (MSS@Fe;03-T),
MSS@Fe,03 particles were mixed with the NagHPOg4-citric acid buffer
containing bovine thrombin (10 U/1 g dry MSS@Fe203 powder). After
incubation at 4 °C for 1 h, the slurry was washed with PBS and vacuum
filtrated at 4 °C to remove the unentrapped thrombin. The residue was
then freeze-dried at —48 °C for 48 h to prepare thrombin-loaded
MSS@Fey0s3-T. The utilization efficiency of thrombin was detected via
the thrombin color substrate assay, according to our previous method
[30]. Fluorescein isothiocyanate (FITC)-stained MSS@Feo03-T was
prepared for further use as described in our previous report [16].
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4.3. Preparation of bubble-propelling particles

To obtain NaHCOgs-packaged particles (MSS@Fe;O3-T-NaHCO3),
MSS@Fe,03-T was mixed with the NapHPOgy-citric acid buffer contain-
ing NaHCOj3. The mixture (0.1 g NaHCO3/1 g dry starch) was freeze-
dried at —48 °C for 48 h. To endow the hemostat with bubble propul-
sion ability, MSS@Fe;03-T-NaHCO3 was mixed with protonated tra-
nexamic acid (TXA-NH3) powder (the mass ratio of TXA-NHj to
MSS@Fe,03-T-NaHCO3 was 0.171:1). TXA-NH{ powder was prepared
according to previously reported methods [16]. In addition, MSS pack-
aged with NaHCO3 (MSS-NaHCO3) was prepared as a control using the
method described above.

4.4. Characterization

A PerkinElmer NexION 300X (Parkin Elmer, USA) instrument was
used to detect the Fe content for calculating the mass percentage of
Fey0O3 NPs. The porosity of the samples was measured with an automatic
mercury porosimeter (AutoPore IV 9510, USA). Magnetic measurements
were performed using a vibrating sample magnetometer (VSM, Lake-
Shore 7404, USA). XRD patterns were collected using an Ultima IV
diffractometer (Nippon Science Corporation, Japan). Raman spectra
were recorded using a Raman spectrometer (LabRam HR Evolution,
HORIBA Jobin Yvon SAS) with 532 nm excitation. XPS measurements
were performed on a PHI-5000 Versaprobe III spectrometer (ULVAC-
PHI, Japan). An optical microscope (IXplore Standard, Olympus, Japan)
and SEM (Quanta FEG 250, Hitachi, Japan) were used for morphological
observations, and the sizes were calculated using Image J. The zeta
potential measurements were conducted on a Zeta potential analyzer
(Zetasizer Nano, Malvern Instruments, Ltd., UK).

4.5. Examination of Magnetic Field-mediated motion behavior

To evaluate the magnetic field-mediated motion behavior of
MSS@Fe;03, an external magnet (B = 0.5 T) was used in the tests. The
motion behavior in static fluids (water or citrated blood) was recorded
overhead. The maximum distance for magnetic induction of the particles
along the horizontal and vertical tubes (internal diameter of 4 mm) was
determined. To evaluate the ability of the particles to move against
flowing blood, a self-constructed fluid-propelling device based on pre-
vious research was used [16]. Tubes with flowing blood were fixed
horizontally and vertically to detect the maximum magnetic-responsive
distance. The blood flow speeds were set from 0 to 20 cm s~ *. The pe-
riodic impulse of blood flow was mimicked according to a previous
method [27]. by setting the blood velocity to 3 cm s~! and the blood
impulse cycle to 3 s.

4.6. Examination of occlusion behavior in an In vitro bleeding model

To evaluate occlusion capacity, a simulative bleeding-wound device
comprising an injection pump and transport tubes and mimicking the
bleeding-wound mold was constructed, as shown in Fig. S4. Citrated
blood was pumped into the device through a polyvinyl chloride tube (4
mm in inner diameter) from the bleeding-wound mold (polymethyl
methacrylate) by microinjection (BYZ-810 T, Hunan, China). For the
evaluation, a magnet was fixed below the mold to mediate the magnetic
field. Particle hemostats were dosed in the device when blood was
pumped in, and the blocking time of blood was then recorded. Periodic
impulse evaluation was performed as described above.

4.7. Examination of Hemophagia and Rheological Properties

To evaluate the fluid absorption capacity of MSS@Fe203, a DSA100
drop shape analyzer (Kriiss, Hamburg, Germany) was employed. Parti-
cles on the stage were spread out as a slab (1 x 1 x 0.3 cm). Water and
citrated blood were used to detect the contact angles and absorption
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time. To evaluate the viscoelastic properties, namely viscosity and
oscillation, a rheometer (MCR102, Anton Paar, Austria) was used. A
cone plate (1°/40 mm) was chosen, and the gap was set to 100 pm.
Before the evaluation, the particles were mixed with citrated blood at
mixture concentrations ranging from 100 to 1100 mg mL™' for the
viscosity tests. The elastic modulus (storage modulus, G") and viscous
modulus (loss modulus, G”) as a function of the frequency range were
measured.

4.8. Assessment of Blood Coagulation Mechanisms

To investigate the blood coagulation mechanisms, whole blood
clotting, platelet and red blood cell (RBC) aggregation, prothrombin
time (PT), and activated PT time (APTT) assays were evaluated as re-
ported previously [40,41]. In the whole blood clotting assay, 0.1 g of the
sample and 60 pL of 0.2 M CaCl;, solution were mixed with 2 mL of
citrated blood to obtain the clotting time. Thrombin in this assay was
used as the positive control; the amount of thrombin added in citrated
blood (2 mL) was 0.764 U, which was equivalent to the net mass of
thrombin from MSS@Fe,03-T (7.64 U/g).

The platelet adhesion test was conducted using the lactate dehy-
drogenase (LDH) method. Platelet-rich plasma (PRP, 10® mL™1) was
incubated with the samples for 30 min at 37 °C. After the free platelets
were removed by washing, the adhered platelets were lysed with 0.25
mL of 1% Triton X-100 in PBS at 37 °C for 1 h. The LDH activity was
determined using a kit (Sigma-Aldrich, St. Louis, MO, U.S.A.) by
measuring the optical density (OD) at 490 nm; the number of aggregated
platelets was calculated from the calibration curve. For the RBC aggre-
gation test, the samples were immersed in 5% RBC suspension for 5 min
at 37 °C. The free RBCs were detected using a UV-vis spectrophotometer
(TU-1901, Persee Co., Beijing, China) at 520 nm. The tests were per-
formed in triplicates.

4.9. Examination of Dispersion Behavior

To detect the dispersion behavior, a mold with a cavity and five gaps
based on polyacrylamide (PAM) was constructed, as shown in Fig. S6.
Briefly, after filling with water, MSS@Fe,03-T-NaHCO3 (with TXA-NH3
powder) were applied in the mold to observe the dispersion behavior.
MSS@Fe,03-T and MSS-NaHCO3 were used as controls. In each group,
after the particles were in the mold for 5 s, the magnet was applied
below the liquid system.

4.10. Assessment of Hemostatic Capacity in an In Vivo Bleeding Model

New Zealand white rabbits were used to create bleeding models for in
vivo hemostasis evaluations. A femoral artery hemorrhage model with a
“V”-shaped wound (1.5 cm in length and 1.5 cm in depth) was created
according to previously reported protocols [16]. A liver hemorrhage
model with a “J”-shaped wound was created according to previously
reported methods [30], with modifications. Briefly, a 1-cm wide and
0.5-cm deep inflected bleeding cavity was created. Weights of 2 g and
0.5 g of MSS@Fey03-T-NaHCO3 were used in each “V”-shaped and
“J”-shaped severe hemorrhagic wound model, respectively. For both
hemorrhage models (n = 6 for each model), a blank group, thrombin
loaded gauze (gauze/thr.), Celox™, and MSS@Fe,03-T-NaHCO3 appli-
cation without magnetic field mediation were used as controls. The
dosage of thrombin loaded over gauze was 11.86 U and 2.97 U for the
“V”-shaped and “J”-shaped models, respectively; FITC-stained
MSS@Fey03-T-NaHCO3 was further tested in the models for histologi-
cal analysis of magnetic field-mediated motion behavior in hemorrhage
wounds in vivo (n = 6 for each model).

5. Biocompatibility Assays

Biocompatibility was measured via hemolysis, cytotoxicity, and back
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subcutaneous muscle implantation assays according to previously re-
ported protocols [16,42]. The evaluated sample concentration in the
hemolysis assay was 8 mg mL™. For the in vivo implantation assays,
0.05 g of the sample was subcutaneously implanted into the back muscle
of New Zealand white rabbits. Iron content in the blood after implan-
tation from O to 12 weeks was detected using a PerkinElmer NexION
300X (Parkin Elmer, USA) instrument.
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