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In this article we present the synthesis of oil core silica shell nanocapsules with different shell thicknesses. The
surface of the nanocapsules was modified with polyethyleoxide (PEO) and succinic anhydride. Two biomedical
tests were then used to study the biocompatibility properties of these nanocapsules with different surface treatments,
hemolysis and thromboelastography (TEG). PEO surface modification greatly reduced the damaging interactions
of nanocapsules with red blood cells (RBCs) and platelets and attenuated particle size effects. It was found that
the blood toxicity of charged particles increased with the acid strength on the surface. Experiments toward the
assessment of detoxification of these nanocapsules in model drug overdose concentrations are currently underway.

Introduction

The scientific crossover between nanotechnology and medi-
cine has attracted great attention, due to advances the former
has provided for improvement of health care.1 Among many
nanoscience breakthroughs in recent years the potential of
reducing toxic drug concentration in cases of overdose is
particularly interesting to us. The importance of this approach
comes from the fact that there are neither specific pharmaco-
logical antidotes nor immuno-toxicotherapeutic agents to over-
come the effects of many drugs, at overdose concentrations,
among them tricyclic antidepressants.2 Recently, two approaches
to detoxification therapy using nanoparticles3 and nanoemul-
sions4 showed superior performance compared to their “macro”
counterparts. The rationale is that smaller entities will have
larger surface-to-volume ratio, thus more effectively partitioning
toxic drugs from an aqueous environment to the hydrophobic
core or oil/water interface.

Our previous work highlights another approach to the drug
detoxification problem, using nanocapsules (ncs), prepared by
using microemulsion droplets as templates and subsequently
polymerizing a silica shell around the template. Previous
publications have presented the synthesis, size control, and
uptake efficiency features of ncs.5 The main focus in this work
is the evaluation of biocompatibility via assessing blood toxicity
through study of ncs surface characteristics. It is well-known
that the surface characteristics of nano entities play a key role
in processes such as cell adhesion,6 biorecognition, and bio-
sensing.7 In this study we will compare oil core silica shell ncs
having a nonmodified (i.e., silica) surface, nonionic surface using
poly(ethyleneoxide), PEO, and a charged surface, using succinic
anhydride modifiers. Furthermore, two simple tests will be used
to asses the biocompatibility of these different ncs, hemolysis
and thromboelastography (TEG).

Synthesis and Modification of ncs.An oil-in-water micro-
emulsion was synthesized as previously reported.5a The silica

shell thickness was controlled by the concentration of the sol-
gel agent tetramethoxysilane (TMOS).5b Three different types
of ncs were analyzed, “thin” (52( 7 nm), “medium” (90( 10
nm), and “thick” (125( 15 nm) shell ncs, depending on the
thickness of the formed shell. The statistical analysis confirmed
the difference in diameter to beP < 0.05 (P is the significance
test) for different ncs. These ncs samples of different shell
thicknesses were subjected to reaction with [2-methoxy (poly-
ethyleneoxy) propyl] trimethoxysilane (“PEO-TMS”) and
3-(triethoxysilyl) propyl-succinic anhydride to obtain the non-
charged and charged ncs surfaces, respectively. The size of the
ncs was determined by quasi elastic light scattering (QELS)
and transmission electron microscopy (TEM). The surface
characterization was achieved by IR, zeta potential, and TEM.
The TEM micrographs of ncs without PEO, along with zeta
potential curves for the ncs of different surfaces are shown in
Figure 1. The contrast for TEM was achieved by the addition
of unsaturated oil and subsequent staining with OsO4. Nano-
capsules with a silica surface have a visible dark circle in the
center, i.e., an oil core, surrounded by a lighter, unstained silica
shell, while PEO-modified ncs appear darker as a whole due to
staining of the ethylene oxide groups on the surface. All tested
samples were thoroughly dialyzed to remove the excess of
Tween-80 (major surfactant used in the synthesis) micelles and
soft microemulsion droplets of Tween-80 and ethyl butyrate,
as these species were very damaging to the integrity of red blood
cells (RBC) (see the Supporting Information, p 10) and greatly
reduced the platelet activity (see the Supporting Information, p
14) in TEG experiments.

Hemolysis.It is well-known that silica causes a lung disease
calledSilicosis,8 and quartz has been classified as a carcinogen
by the International Agency for Research on Cancer (IARC) in
1997.9 However, there are reports on amorphous silica-based
materials, such as Bioglass,10 showing good biocompatible
properties in contact with other tissues. Most of the silica studies
related to biocompatibility are cytotoxicity studies with respect
to pulmonary diseases.11 The reports focused on the interaction
of silica in the blood, more specifically to red blood cells
(RBCs), are rather scarce in the literature. A study of Ayers
and Hunt12 shows that chitosan-silica aerogels have good
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cytotoxic profile but are toxic with respect to RBCs. One
hypothesis is that silica is causing the hemolysis of RBCs,13

through the interaction of the negatively charged surface of the
siliceous materials at physiological pH with the quaternary
amines of the phospholipids at the cell membrane surface. This
implies that the extent of hemolysis is a function of surface
area, i.e., contact area between cells and particles. The hemolytic
activity for ncs of distinct surfaces at three different thicknesses
is represented in Figure 2. All of the samples tested showed
negligible hemolytic activity upon 20 min of exposure to RBCs
with the exception of thick ncs with carboxylic acid functionality
on the surface (“0 h” point in the Figure 2a-c). Furthermore,
hemolytic activity increased with prolonged exposure for every
sample regardless of surface properties (i.e., from 0 to 24 h,
from 24 to 48 h, etc.). Analysis of samples without PEO showed
that there is a statistically significant decrease in polymer-
modified ncs hemolysis of RBCs. This result is not surprising
as it was shown that PEO greatly reduces cytotoxicity of
quantum dots (QDs) in cell viability studies.14 Moreover, if the
extent of hemolysis of ncs without PEO is compared for ncs
with different thicknesses for 24 h of exposure, it is a function
of the overall surface area for silica ncs, while the contact area
is not a significant factor for PEO-modifiedncs (Figure 2d). It
is obvious that hydrophilic, chemically inert polymer at the

surface of ncs slows down the hemolytic process, although it
still occurs. We believe that this result implies that the surface
coverage is not complete, allowing low concentrations of
unreacted Si-OH to eventually bind to the RBCs surface. It is
important to note that the hemolytic activity of ncs was at the
same level even after ncs were modified under extreme
conditions (high concentration of PEO-TMS at pH) 11 for
several days). A deeper insight into the influence of the surface
on the RBCs hemolysis is gained by testing ncs with succinic
acid and polymer moiety together (PEO/succinic anhydride at
80/20 w/w) and acid alone. The former showed activity
statistically similar to that of nonmodified ncs, while ncs with
acid functionality alone were the most damaging of all tested
ncs. According to these data the surface acidity greatly influ-
ences the RBC hemolysis, since succinic acid is a much stronger
acid than silicic acid (pKa ) 4.2 and 5.8 for succinic and pKa

) 9.8 and 13.8 for silicic acid).
Thromboelastography (TEG).The second biomedical test,

TEG, was used in this study to assess the evolution of blood
clotting parameters in the presence of ncs. The two important
TEG parameters are represented in Figure 3 for all three types
of ncs: maximum amplitude (MA) andk-time. The reduction
of MA is an indication of thrombocytopenia (platelet dysfunc-
tion), and prolongation ofk-time is characteristic for haemo-

Figure 1. (a) TEM pictures of unmodified ncs (top row) and PEO-modified ncs (bottom row), (from left) thin, medium, and thick shell. (b) Zeta
potential curves for ncs with different surfaces: ([) silica surface, (O) PEO surface, and (4) PEO and succinic acid surface.
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philia.15 MA represents the mechanical strength of the formed
clot, and all types of ncs decrease the MA in a concentration-
dependent fashion (P < 0.001). The other parameter,k-time, is
a measure of the kinetics of clot formation, and similarly, the
ncs act to increase thek-time in a concentration-dependent
manner (P < 0.001). Under the conditions used here, the ncs
at 1 wt % are too bioreactive regardless of surface treatment,
while at 0.01 wt % they were too diluted to have any significant
impact on the coagulation process. The statistical difference for
both MA and k-time is observed between ncs of different
surfaces (without PEO) at the concentration of 0.1 wt % for
medium and thick ncs. At intermediate concentration, thek-time
for PEO-modified ncs is essentially the same, regardless of
surface area, while thek-time for unmodified ncs is prolonged
dramatically with the increase of surface area (from thin to thick
ncs). It is well-known that PEO, in many aspects, is a universal
biocompatibilization polymer.16 The most striking feature is that
PEO reduces protein adsorption17 and the prolongation of
circulation in the bloodstream. It seems that the former feature
of PEO is not dominant with respect to blood coagulation
processes in this case, that is,r-time, which is a reflection of
initiation of coagulation in the protein cascade process, is
constant for all of the samples regardless of concentration and
surface chemistry (see the Supporting Information, p 14). On
the other hand, MA andk-time reflect the platelet activity and
are strongly affected by the nature of the ncs surface. Non-
modified ncs dramatically reduce the platelet activity, which is
contrary to what is commonly observed with artificial surfaces,
such as titanium oxide,18 which actually promote platelet
adhesion and lead to hypercoagulation. Nonionic surfactants are
commonly noted as platelet activity reducers.19 However, all
free surfactant used in the synthesis of the ncs was removed by
multiple dialysis, filtration, and sedimentation (for large ncs),

to the point where no surfactant was traceable by UV-vis in
the supernatant to a detection limit below the critical micelle
concentration (cmc). Moreover, the surfactant concentration at
the interior oil interface was the same for modified and
nonmodified ncs regardless of size (i.e., the size of the oil
templates was the same for all three sizes of ncs). This fact
leads to a conclusion that reduction of platelet activity is likely
caused by surface properties of the ncs, rather than surfactant
effects.

Conclusions

In this article we showed the importance of surface properties
of nanocapsules on blood compatibility. We believe that the
key feature in reducing the hemolytic activity of silica core-
shell ncs is decreasing the surface charge, therefore preventing
the electrostatic interaction between particles and positively
charged lipids on the cell surface. Similarly, hemolysis is more
profound when an acid stronger than silicic acid is present at
the particle surface. Similar arguments can be made for the
influence of nanocapsules on the blood coagulation process,
where a nonionic, nonreactive surface minimizes the effect of
the ncs. The most probable cause of this behavior is the
preservation of platelet activity, caused by the presence of poly-
(ethylene oxide). Furthermore, polymer mitigates the surface
area effects (i.e., “particle size”), since all tested ncs modified
with PEO had similar biomedical properties regardless of
particle size, which can be important for further drug detoxi-
fication studies. Experiments leading toward the assessment of
toxic drug removal efficiency in media of increasing complexity
(i.e., from normal saline to whole blood) of ncs having different
surfaces along with detoxification in vivo and in vitro are
currently underway.
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