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Abstract

The intrinsic coagulation activity of silica nanoparticles strongly depends on their surface 

curvature. Nanoparticles with higher surface curvature do not denature blood coagulation factor 

XII on its surface, providing a coagulation ‘silent’ surface, while nanoparticles with lower surface 

curvature shows denaturation and concomitant coagulation.

Introduction

Blood compatibility of synthetic nanomaterials is an essential prerequisite for their use in 

drug delivery,1, 2 gene therapy,3-5 and bioimaging.6,7 Previous studies have demonstrated 

that upon systemic administration, nanoparticles (NPs) can trigger series of biochemical 

reactions with major blood components,8,9 leading to blood coagulation10,11 and vascular 

thrombosis.12 This activation of the coagulation pathway can further result in multiple organ 

failure and death.13

Upon contact with blood, NPs adsorb a wide variety of plasma proteins onto the surface that 

are closely associated with blood coagulation process.14-16 In particular, blood coagulation 

factor XII (FXII), a key zymogen of coagulation cascade, can initiate intrinsic coagulation 

pathway upon contact with foreign materials.17,18 Moreover, the denaturation of FXII can 

further increase the intrinsic coagulation process.19 Previous reports have demonstrated that 

the denaturation of adsorbed proteins on NP surfaces strongly depends on the curvature of 

NPs.20,21 However, the effect NP surface curvature on FXII and consequent intrinsic 

coagulation activity has not been to our knowledge investigated. Herein, we report the effect 

of nano-scale curvature on plasma coagulation activity using silica NPs of different sizes. In 

our findings, the coagulation activity of silica NPs decreases with the decreasing NP size 

(higher curvature). This curvature-dependent coagulation activity was further confirmed by 
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the interaction of NPs with FXII; a lower degree of denaturation/unfolding of FXII was 

observed for NPs with higher curvature, leading to little to no plasma coagulation activity 

(Scheme 1). These results suggest that the interaction between FXII and NPs can be 

controlled by simply tuning the curvature of NPs and provide a means to either activate or 

inactivate intrinsic coagulation, independent of NP chemical composition.

Results and discussions

Commercially available silica NPs were used to investigate the size dependence of 

coagulation activity (see supporting information Table I and Figure S1). The in vitro 

intrinsic coagulation activity was measured by monitoring the amount of generated thrombin 

in human plasma by a modified activated partial thromboplastin time method (APTT).22 

Since intrinsic coagulation activity correlates with the effective surface area of pro-

coagulants,23 we investigated NP coagulation activity at four different surface areas (Figure 

1). Flat glass was chosen as a positive control because of its strong pro-coagulant activity24 

and as a representative of SiO2 surface with least surface curvature. Silica NPs of different 

sizes were incubated with human plasma and the amount of thrombin generation was 

determined by measuring the optical density (O.D.) of the chromogenic thrombin substrate 

S-2238 over time (405 nm). At a surface area of 0.4 cm2 in 180 μL plasma solution, none of 

the silica NPs showed intrinsic coagulation (Figure 1a); coagulation was only observed with 

the flat glass (surface area ~0.4 cm2) (positive control). For higher surface areas, the 

activation of intrinsic coagulation system was more prominent; larger NPs (diameters from 

12 nm to 85 nm) showed substantial coagulation activity over time (Figure 1b-c). In 

contrast, NPs with smaller diameters (4 nm and 7 nm) did not show coagulation except at a 

very high surface area of 10 cm2 (Figure 1d), demonstrating NP curvature is a critical 

determinant of intrinsic coagulation activity.

To establish a clear relation between NP surface curvature and intrinsic coagulation activity, 

we further performed experiments at a constant surface area and at a fixed time (3 hr). As 

anticipated, the intrinsic coagulation activity of silica NPs increased with increasing NP size 

(Figure 2a and Figure S2), demonstrating clear surface curvature-dependent coagulation 

activity. We further investigated the dose-dependent coagulation activity of silica NPs of 

different sizes. As observed in Figure 2b, each NP showed a threshold concentration for the 

intrinsic coagulation activity, indicating that critical quantities of pro-coagulants are required 

to start intrinsic blood coagulation pathway. The threshold concentration shifts to higher 

values for smaller NPs, suggesting the smaller NPs generated less thrombin at a constant 

concentration and incubation time. In other words, NPs of lower curvature are more 

coagulation active compared to higher curvature ones at same concentration. It also mirrors 

our results in Figure 1a where flat glass (lowest curvature) is most active than all NPs. 

These results clearly demonstrate that at a given concentration, larger NPs are most active in 

initiating the intrinsic coagulation system, and that activity is reduced with increasing NP 

curvature.

Previous studies have demonstrated that denatured FXII on material surface is 500 times 

more susceptible to proteolytic activation than its native form.25 Given the fact that proteins 

absorbed on large NPs lose their native structure and function due to denaturation,26 we 
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hypothesized that the intrinsic blood coagulation activity (vide supra) is associated with the 

adsorption and denaturation of FXII on NP surface. To test the possible denaturation of FXII 

on silica NP surface, we measured the circular dichroism (CD) spectra of FXII in the 

presence of NPs with three different sizes at a constant surface area of 0.1 m2/ml (Figure 
3a). As anticipated, no change in the CD spectrum of FXII was observed in the presence of 

4 nm silica NPs, further demonstrating the inert nature of NPs with high surface curvature. 

However, a red shift of the minimum at ~217 nm was observed for larger NPs, with 

concomitant structural changes at higher wavelengths, indicating denaturation/structural 

changes of FXII in presence of NPs with lower curvature.

Smaller NPs also demonstrated intrinsic coagulation activity when at high surface areas 

(Figure 1d). To test the effect of surface area of smaller NPs on the denaturation of FXII, 

CD spectra were taken in the presence of 4 nm silica NPs at two different surface areas. 

FXII with 0.1 m2/ml of 4 nm silica NPs demonstrated no significant alteration of CD spectra 

of FXII (vide supra). However, when surface area of 4 nm silica NPs was increased to 1 

m2/ml, a red shift was observed at the negative minimum (Figure 3b). Moreover, the CD 

spectrum change was enhanced with longer incubation time (1h) for this NP, demonstrating 

that denaturation of FXII is facilitated by larger surface area of procoagulant as well as 

prolonged incubation time. These trends of FXII denaturation are similar with intrinsic 

coagulation activation indicated in Figure 1, attesting to our hypothesis that structural 

change of FXII on NP surfaces leads to intrinsic coagulation activity. Taken together, 

adsorption of FXII on NPs with high curvature leads to no denaturation, restricting 

proteolytic cleavage of FXII. In contrast, FXII adsorbs on low curvature NPs with 

significant denaturation, thereby becomes susceptible to proteolytic cleavage by other 

enzyme such as kallikrein, leading to intrinsic coagulation.

Conclusions

In summary, we demonstrated that in vitro intrinsic coagulation activity of nanomaterials is 

highly correlated with the NP size; NPs with high surface curvature (small size) were 

coagulation inert while NPs with low curvature (large size) showed coagulation at a given 

surface area. This coagulation behavior was shown to depend on the structural loss of FXII 

upon NP contact; greater degree of FXII denaturation on the surface of larger NPs caused 

higher coagulation activity. These studies indicate that particles with high surface curvature 

provide an essentially coagulation-inert surface, an important issue for enhancing blood 

compatibility for nanomedicine. Conversely, particles with lower curvature provide a 

potential tool for inducing coagulation, an important issue for treatmnt of traumatic injury.

Experimental Section

Materials

The chromogenic substrate S-2238 was purchased from Chromogenix (Milano, Italy). 

Normal control human plasma “Plasma Control N” was obtained from Siemens Healthcare 

(Malvern, PA). Phosphatidyl-L-serine was purchased from MP Biomedicals. 4 nm silica 

nanoparticles dispersion was obtained from Alfa Aesar (Ward Hill, MA). Silica nanoparticle 

dispersion of 7 nm (Ludox SM), 12 nm (Ludox HS), and 22 nm (Ludox TM) were 

Kushida et al. Page 3

Nanoscale. Author manuscript; available in PMC 2015 November 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



purchased from Sigma-Aldrich. 50 nm (NexSil 85-40) and 85 nm (NexSil 125-40) silica 

nanoparticle dispersions were purchased from Nyacol Nano Technologies, Inc. (Ashland, 

MA). MPC polymer (poly(2-methacryloyloxyethyl phosphorylcholine) (Lipidure-CM5206) 

and MPC polymer coated 96 well plate “Lipidure-Coat A-F96” was purchased from NOF 

Corporation (Tokyo, Japan). FXII was purchased from Haematologic Technologies Inc. 

(Essex Junction, VA) and used as received.

Intrinsic coagulation activity

The test solution consisted of 10 ml of 0.1 M Tris. HCl (pH = 7.4), 0.6 ml of 5 N NaCl aq., 

0.4 ml of 0.5 M CaCl2 aq., 0.5 ml of 1 mM phosphatidyl-L-serine aq., 0.4 ml of 5 mM 

S-2238 aq., and 0.5 ml of human plasma. The silica nanoparticle dispersion was added to the 

above solution and the total volume was adjusted to 18 ml using Milli-Q water. 180 μl of 

test solution was loaded into MPC polymer coated 96 well plate and incubated at 37°C. 

Thrombin generation, determined by conversion of S-2238, was measured by the absorbance 

at 405 nm in a mircoplate reader (Spectramax M2, Molecular Devices).

CD Measurement

The CD spectra of FXII in presence of silica nanoparticles were measured using J-720 

spectropolarimeter (Jasco) using a quartz cuvette with a 1 mm path length. 320 μl FXII 

solution (3.6 mg/ml) was diluted with 1.4 ml of 0.1 M Tris. HCl (pH = 7.4). Silica 

nanoparticle dispersion in Tris. HCl was added, and then the total concentration of FXII was 

adjusted to 4.5 μM using 0.1 M Tris.HCl. CD measurement was done from 190 to 250 nm at 

a rate of 100 nm/min.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Effect of NP surface curvature on intrinsic coagulation. NPs with higher surface curvature 

(smaller size) do not denature FXII on their surface and thereby are coagulation inert, 

however, NPs with smaller curvature denatures FXII, initiating coagulation cascade.
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Figure 1. 
Size dependent intrinsic coagulation activity of silica NPs over time with surface area (S.A.) 

(a) 0.4 cm2, (b) 2 cm2, (c) 4 cm2, and (d) 10 cm2. Results are the averages of at least twelve 

replicates. O.D. denotes optical density.
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Figure 2. 
(a) Intrinsic coagulation activity after 3 hr incubation in the presence of silica NPs. Surface 

area of NPs were 4 cm2 in 180 μL of test solution. Error bars represent standard deviation of 

more than 12 replicates. (b) Effect of NP concentration on intrinsic coagulation activities on 

nanoparticle concentrations after 90 min incubation. Results are the averages of at least 

twelve replicates. O.D. denotes optical density.
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Figure 3. 
(a) Effect of NP surface curvature on the denaturation of FXII at room temperature. Surface 

areas of all silica NPs were 0.1 m2/ml. (b) CD spectra of FXII and FXII with 4 nm silica 

NPs with increasing surface area and incubation time at room temperature.
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