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The sometimes dramatic response of biomolecules and Keolin

biomolecular processes to their interface interactions with & & s

inorganic surfaces is evident in biomineralizatiobjo- *{?f {.fyf@& x\‘*@ “&&

molecular chromatographic separati@rssjpported enzyme (;f

_al‘_ﬁtlvgy anld I|fet|me3;f &tjnd prOtgm fOIdldn(gj and.denaturaFI?n' h Figure 1. (a) Clotting times induced by QC and layered clays in porcine
e development o a vancead wouna-aressing materla_s_t aRNhoIe blood (concentrations of 42 mg/mL). Abbreviations: ©QuikClot,

are capable of arresting hemorrhage due to traumatic injury P-Mont = pillared montmorillonite. (b) Types of structures of the clays

is another emerging important application using materials used in the study: hydrotalcite in blue, the clays from the smectite family

. . in green, and kaolin in magenta.
chemistry to control bioprocess&s. Advanced wound-

dressing materials are estimated to have saved hundreds of din thi d Iv hvdrated and d |
lives in the current military conflicfsand are finding gated in this study were fully hydrated and do not release

. . L heat upon contact with blood. Therefore, the tendency of
increasing civilian usé: these clays to elicit a procoagulant response depends on the
Here, we report in vitro whole blood coagulation studies Y P 9 P P

ST . structural and surface properties of the clay.
of an aluminosilicate structural family, the layered clays. We : : .
) o . Clays can be made with a wide range of chemical and
have identified how changes in structural and surface

properties influence the blood-clotting response, providing physical properties, including variable swelling capacities,

) ) N . particle morphologies, surface charge, and the ability to
useful information for future aluminosilicate-based clotting .
: . control the local electrolyte balance through ion exchange.
agent design. Furthermore, our studies revealed that som

: 1o compare the hemostatic efficacy of clays, we synthesized
layered clays may be excellent alternatives to the hemostatic A .

i and selected layered clays (structures in Figure 1b) with
agents that are currently in use.

One of the most effective wound dressing materials specific properties that are thought to strongly influence their

currently available is QuikClot (QC), a zeolite 5A composite hemostat_|c performan_ce. For .examplfe_, we selected synthetic
. ) L .~ hydrotalcite because it contains positively charged magne-

material. QC conferred the highest rates of survival in a swine _: : . . : e

e : sium aluminum hydroxide layers, which might limit hemor-
model of fatal femoral injury when compared with other . ; i

; . rhage via adhesion to tissues and red blood é&liEhe
advanced wound dressing materials and gatizdthough . . .
the mechanism of QC has not been experimentally con smectite family of clays, composed of an octahedral alumina
. A . P y sheet sandwiched by two sheets of tetrahedral silica, are
firmed? the effectiveness of QC for stopping hemorrhage

has been attributed to local dehydration and/or release ofpromising hemostatic materials because of th.eir ability to
heat upon contact with blodd.The layered clays investi- readily absorb water and swell upon hydration, thereby

possibly thickening the blood and restricting blood flow.
) " Pillared smectite was tested to determine the effects of
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Figure 2. (a) Thrombelastograph showing clotting characteristics of kaolin
and QC in porcine whole blood. (b) Thermal images of QC (top) and kaolin
(bottom) captured at the hottest point after addition to water.

blood or plasma. TEG measures the torsion of clotting blood
as a function of time, providing a precise determination of
time until initial clot initiation (denoted R), the rate of clot
formation @), and the strength of the clot (Ma) (schematic ' =
in Figure 2a). Previous research has shown that in vitro Figure 3. Scanning electron microscope images of clays used this study:
clotting times, specifically clotting times equal to or shorter g&g&"gﬁﬁom&m?ﬂ"@"&ak(Cbl)o't‘agtg]e(Cgasrapon'te' (d) hydrotalcite, (e)
than those induced by fully dehydrated QC, correlate with ' ' -

increased survival rates in a large animal model of a fatal
femoral injury?® Therefore, we focused specifically on
clotting times in this comparison between QC and layered

verifies the similarity in clotting activities between the two
agents at different concentrations. Because of the widespread
use of anticoagulant drugs, which can make patients sus-
clays. ; ; ;
he clotting ) hel | ceptible to hemorrhage, we compared the clotting properties
The co'glng tlmes_corresponhdmlg totde ellyereg_c?ys "’(‘jnd of kaolin and QC in human plasma taken from patients
QC are shown in Figure 1. The layered clays displayed a rocgjying the anticoagulant Coumadin, and found that kaolin

w!de range of blood (.:Io.tting .activities in vitro, sometimes and QC had comparable efficacies in this medium (see the
with only modest variations in structure and composition. Supporting Information, Table S1).

For example, sodium-exchanged montmorillonite conferred Given the motivation to use clays as an alternative to QC

significantly faster clotting than the natural calcium form, to reduce the risk of thermal injury, we used infrared imaging

presumably because of the higher swelling capacity E?‘ndto map the heat released by QC and kaolin upon application
therefore greater exposed surface area of Na-montmorlllo-to water, which served as a model for blood. The images

nite.'® Dehydrated clays (for example, dehydrated pillared gy, that the QC formulation used in these studies locally
montmorillonite, which has a hydration capacity similar to . tc water to 106C, whereas the kaolin layered clay, which

that of QC) did not confer faster clotting than the hydrated 54 gimjjar efficacy in vitro, does not release measurable
forms, suggesting that water absorption by clays does notpaqt upon addition to water

d_o m_||_1ate their hem(_)stqtlc activity. In contrast, QC 'S Because the dramatic effectiveness of the QC material has
significantly more active in the dehydrated for_m (shown in been attributed to local dehydration and/or release of heat
red). Hydrotalcite and fully hydratgd QC (_Wh'Ch does not upon contact with blood, it was surprising that a layered clay
release heat) were the least effective clotting agents testedy, ., o5 kaolin could share comparable blood-clotting activity

sf;}ovlvmgjl no denf:;’:mfcehd rﬁtedof clgttlng over ulntreateg ﬁorﬁ,'newith QC, despite the observation that dehydration and release
whole blood. All of the hydrated smectite clays and kaolin ¢ e q 4o not appear to play a role in the clotting activity

were more effectiv_e than the fully hydrated (heat-free) form of the clays. Therefore, we examined the materials properties
of QC, underscoring the potential of layered clays for of the clays that might influence their effectiveness.

hem_orrhage control. Furthermore, kaolin elicited a rapid Scanning electron microscope images indicate that the clay
clotting response that has been matche_d only by derWdr?ltec]platelets, with the exception of those of saponite, have similar
QC among the .dozeng .Of. metal-oxide-based materials morphologies and diameters (Figure 3). Therefore, we do
screen_ed for clotting activity in our laboratory. . not expect that, for the samples studied, clay platelet
Kaolin was selecteq from _the clays that we .StUd'ed fqr a morphology or size greatly influenced the clotting perfor-
more detailed comparison with QC because of its exception- mance. Increased external clay surface area, as determined

ally fast clotting response. A typical TEG showing the by ni L :

) Y hitrogen sorption isotherms (see the Supporting Informa-
respon§e_of porcine wh.ole blood to fully dehydrated QC and tion, Table S2), did not appear to be a determining factor
_to I_<ao|_|n is shown in F|gur_e 2a. The traces _ne_arly over_lap, on clotting times. A plot showing the relationship between
|nd|cat|ng. that Fhe matenals have very similar clotting clotting time and external surface area is shown in Figure
characteristics, including Ry, and Ma. A doseresponse 4c. This result was unexpected, given that the extent of

comparison (see the Supporting Information, Figure S1) clotting activation has been shown to scale with procoagulant

15) Ostomel. T. A Stoi b K. Holden P. A~ Alam. H.B.- Stuck surface area for other materidls.
( )G,SST]?‘Th'ro,ﬁb. $',§?§{,‘1‘;,V(;.ys'ig¢,b6°2§g'5g - Alam, 1. 5. Stucky, Calcium and magnesium ions are required for certain

(16) Luckham, P. F.; Rossi, @\dv. Colloid Interface Sci1999 82, 43. enzymatic reactions in the coagulation cascade, and therefore
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negatively charged clay surfaces in the presence of plasma
proteins?® It has been shown that certain “negatively
charged” materials (e.g., kaolin, glass, and celite) activate
factor XIlI, which initiates contact activation proteins and
triggers the intrinsic pathway of blood coagulati@nAl-
though it has been assumed that factor Xll activation
correlates with negative surface charge derfdiggantitation

of material surface charge density under physiologically
relevant conditions (which was done in the present study)
has not been reported. Furthermore, it has been shown that
factor XlIlI does not autoactivate in the presence of all
negatively charged moieties, implying that the interaction
between factor XIlI and negatively charged surfaces may be
more complex than simple electrostatiésThe binding of

the protein fibrinogen to clay surfaces, which can activate
blood platelet€? may also play a role in the high clotting
activity of the smectite and kaolin clays. However, in what

is termed the “Vromen effect,” fibrinogen is rapidly displaced

Figure 4. Porcine plasma clotting time plotted versus: (a, b) change in ; ;
concentrations of Ca and Mg ions, respectively, in SBF after 3 min exposure by other plasma proteins from negatlvely charged surféfces,

to clays, (c) external surface area, (d) zeta potential of clay platelets as SO May play a lesser role in clot in_itiat_ion by negatively
measured in SBF. The zeta potentials of the clays were measured in SBFcharged surfaces than factor XII activation.
in order to mimic the effects of absorption and shielding by the ions in  Although charge appears to be an important variable in
blood. the clotting activity of layered clays, charge does not appear
. , . , . , to be a controlling parameter in the clotting activity of QC.
their delivery by materials might influence coagulation . . .

e 9 g The zeta potential of QC in SBF was determined to11€.6

kinetics. In particular, delivery of M ions intravenously S X )
has been explored as a candidate therapy for treating patientsjE 0.4 mV, placing it among the less effective clotting agents

; ) o n terms of zeta potential on the plot in Figure 3d, which
with prolonged clotting® We found that the addition of clays n : .
(with the exception of kaolin) to simulated body fItidSBF) reinforces the hypothesis that the properties of QC and clays

. i . that determine their effectiveness as hemostatic agents are
greatly altered the concentrations of*Cand Mg™ ions in distinct from one another. Studies are underway to further
the fluid (panels a and b in Figure 4). Despite the critical X y

role of these ions, their apparent increase in blood did note“wd?]te theﬁe dlffirer:ces. del | f il
appear to influence clotting time response (see the SupportinqN.the a%e shown t fat Iaﬁ?re clays tgre ?hc ?SS 0 matteré)a s
Information, Figure S2). However, because a threshold level Ith & wide range ot clotling properties that appear o be
of C&* is required for propagation of clottirf§e speculate greatly influenced by surfac_e charge. In colntrast to what has
that the removal of Ca by pillared montmorillonite and been proposed for the zeolite (QC) material, we found that

saponite adversely affects the clotting activity of these clay dehydration, s_urface area, and '9r!_d¢"very did not
. . appear to play a major role in blood clot initiation by layered
materials (Figure 4a).

We found a striking correlation between the zeta potential clays. The most active clay clotting agent in our studies,
9 . he zeta pote kaolin, is as effective as dehydrated QC, but does not release
of clay platelets measured in SBF and clotting times. Figure

4d shows that decreasing clotting times correspond with heat, making it a promising alternative to dehydrated QC.

decreasing (more negative) clay platelet surface charge. OurThe layered clays are lightweight, inexpensive, stable, and

SuciesShotht re Guaniaton f srfac cage of Byered" P00 ThTEIOre oye may epresont o vt s
clays in SBF provides a useful metric for clotting agent military and in civilian trauma

design. For example, we found that hydrotalcite exhibited '

the least negative surface charge in SBF and did not stimulate Acknowledgment. This work was funded by the Office of
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ions, which are characteristics of the interaction between
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