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The interaction of human red blood cells (RBCshvittmed silica and fumed X/SiQ@X= Al,O;,
TiO,) at different concentrations of X oxide was stddi®y flow cytometry and photon correlation
spectroscopy. The light scattering of RBCs affedtgaxides in conjunction with the hemolysis de-

gree showed that mixed oxides (X/giGn general,

had less membranotoxic effect tharesilica.

The interaction of RBCs with fumed silica and othexed oxides is a convenient model to examine
membranotoxicity and biocompatibility of dispersatemials. Flow cytometry and photon correlation
spectroscopy are informative methods to study teehanism of hemolysis induced by solid micro- or

nanoparticles.

INTRODUCTION

The interaction of highly disperse mineral
particles with human cells is of interest from
practical and theoretical points of view in
terms of health protection and environmental
chemistry and biochemistry [1, 2]. Elucidation
of the interaction mechanism between cells
and inorganic membranophilic substances such
as silica micro- and nanoparticles is one of the
problems of membrane biology. According to
Paoletti [3], certain disperse mineral particles
can reach the alveoli and remain there for
years without losing their chemical properties
frequently being very hazardous for human
health. The chemical properties of surfaces of
both solid particles and cell membranes can
predetermine the fate of particle-cell interac-
tion that in some circumstances (depending
upon physical chemistry and timing of this
interaction, as well as type of cell response)
can trigger disease. For instance, disperse
crystalline silica particles can contribute to the
development of pulmonary disease (silicosis).
Amorphous silica is much less hazardous than
crystalline silica [2, 4].
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On the other hand, mineral micro- and
nanoparticles can be used as medicinal adsorb-
ents, drug fillers and carriers [5]. Controlled
changes in the surface properties of solid pagticle
of adsorbents, e.g. due to preparation of mixed
oxides such as fumed alumina/silica or tita-
nia/silica (instead of pure silica), is an attraeti
approach to improve biocompatibility of afore-
mentioned materials. A test of damage of RBCs
(hemolysis) upon interaction with disperse solids
can be used as a simple model to study the bio-
compatibility of these materials [6].

The fact that silica induces hemolysis shows
that it can change permeability of biomembranes.
Although the precise mechanism of membranoly-
sSis remains uncertain, the electrostatic factor is
thought to play an important role in the interac-
tion of silica particles with biomembranes. The
surface of a colloidal silica particle is known to
be negatively charged at the physiological pH due
to dissociation of silanol groups [7]. The total
surface charge of human RBCs is also negative
due to the negative charge of the carboxyl groups
of N-acetylneuraminic acid (sialic acid) residues
covalently attached to membrane glycoproteins
[8, 9]. In order to contact with the cell membrane,
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a silica particle has to overcome the electrostatic
repulsion barrier. There is evidence that the sensi
tivity of the cell membrane to silica depends upon
the sialic acid content [10-12]. Silica particles
have been found to interact with the erythrocyte
membrane through the positively charged tetraal-
kylammonium-containing phospholipids [13].
The interaction of membrane proteins with silica
particles is also essential in the mechanism of
hemolysis [14]. Taking the electrostatic mecha-
nism of silica—membrane interaction as a basis
(including hydrogen bonding with the main con-
tribution of electrostatic component), it has been
hypothesized that colloidal silica can selectively
eliminate RBCs due to differences in the architec-
ture of the cell surface groups [15].

For confirmation of the main role of the elec-
trostatic factor in the mechanism of membranolysis
it is interesting to track as hemolytic properiiés
silica/alumina (SA) or silica/titania (ST) will war
in comparison with those of fumed silica. Isoelec-
tric point (IEP), point of zero charge (PZC), and
density of surface charge of mixed oxides differ
from those of silica [16—20]. Additionally, mixed
oxides are characterized by significant nonuni-
formity of the surface which depends upon the

gen/nitrogen/hydrogen flame at 1300-1700 K
(pilot plantof the Institute of Surface Chemistry,
Kalush, Ukraine).

Table 1 The examined samples

Al,O5/ SiO, system TiQ / SiO, system

oxide Ser, NP/g oxide Ser, Mg

A-300 (SIQ) 297 ST, 313

SA 203 ST 104

SA; 185 ST 235

SAs 303 STa 156
SAx 347 STho 84

SAz 239 STy 148
SAzs 118 STs 83
Al,O; 125 STha 30
TiO, 42

Content of alumina (wt.%) in SA and titania (wt.%)ST is
shown as a subscript

To prepare fumed oxide suspensions 0.25¢g
of dry oxide powder was added to 50 ml of dis-
tiled water and stirred. To break up agglomer-
ates, the suspensions were sonicated using an ul-
trasonic disperser (power 500 W and frequency
22 kHz) for 5 min. Prior to the reaction with
RBCs, 40 ul aliquot of the oxide suspension was
diluted in 2.0 ml of phosphate-buffered saline,
PBS (137 mM NaCl, 2.7mM KCI, 1.5mM

second phase content and its distribution on the KH,PQ,, 8.0 MM NaHPQ,, pH 7.3) to final con-

surface [16-19, 21]. New active surface sites such

as Brgnsted and Lewis acid sites can also appear

on the surface of mixed oxides [16—19].

In the present study, we demonstrate that
RBCs are likely to be a sensitive for detecting
changes in the surface properties of oxide parti-
cles. Interactions of RBCs with highly disperse
mixed fumed oxides X/SiE(X =Al,0;, TiO,) at
different X concentrations in the aqueous suspen-
sion were studied analyzing the light scattering
properties of RBCs together with their lysis level
chosen as a criterion to evaluate the oxide-
induced effects. The light scatter of RBCs inter-
acting with fumed silica was previously analyzed
by means of flow cytometry [22—25]. The size of
oxide particles and changes in the size of RBCs
affected by fumed oxides could be studied using
photon correlation spectroscopy (PCS).

MATERIALS AND METHODS

Highly disperse fumed silica (Aerosil A300),
fumed X/SiQ (X =Al,0; and TiQ) at differ-
ent concentrations of X oxide (Table 1) were
synthesized by hydrolysis of SiCl or
SiCl/MCI, (M=Alor Ti) mixtures in oxy-
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centration of oxide of 0.01%.

Erythrocyte mass from a healthy volunteer
was washed three times in PBS at 300 g for
10 min at room temperature, and 40 pl aliquot of
the RBC suspension containing approximately
10° cells was added to the fumed oxide suspen-
sion and gently mixed. As a control, the RBCs
were added to 2 ml of PBS. After 10 and 30 min
of incubation at room temperature, the fumed ox-
ides-RBC reaction mixtures were centrifuged at
300 g for 5 min at room temperature. The quan-
tity of released hemoglobin was determined pho-
tometrically in the supernatant at wavelength of
405 nm using a SF-26 (LOMO, Russia) spectro-
photometer. The degree of hemolysis in these
samples was calculated as the relation of meas-
ured optical density to that of a sample with
100% hemolysis. The degree of hemolysis in
each sample was averaged on the basis of results
of two independent measurements.

The forward light scatter (FSC parameter) of
cells interacting with disperse oxides was re-
corded after 1, 5, 10, 20, and 30 min of the reac-
tion using a FACStar Plus flow cytometer (Bec-
ton Dickinson Immunocytometry Systems, San
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Jose, CA) equipped with a 15 mW argon-ion laser
(488 nm). The FSC signals were collected in a
linear mode. Analysis of the data was performed
with Consort 40 software (Becton Dickinson).

Particle size distributions (PSDs) were stud-
ied using a Zetasizer 3 (Malvern Instruments)
apparatus =633 nm,©=90"). Malvern Instru-
ments software was used to compute the PSDs
and Dy (average hydrodynamic diameter, i.e. the
particle diameter plus the double shear layer
thickness), assuming that particles had a roughly
spherical shape.

RESULTS AND DISCUSSION

Fumed oxides are characterized by a stepwise
structural hierarchy: primary particles (their age
sized and specific surface ar&er are linked by
the relationship aSser ~A/(pd) where A is a con-
stant andp is the specific density of the material)
form aggregates (50-500 nm in size, bulk dermsgity
corresponds to approximateh3) which then form
agglomerates (:pum, p,=0.05-0.p). The bulk
density of fumed silica or alumina/silica powder is
0.03-0.06 g/cthwhat corresponds to a large value of
empty volume in the powdeNd,,=15-30 cmg).
Fumed silica/titania has largps and smalleNgm,
values due to higher specific density of titania
than silica [16—19]. The adsorption capacity of
fumed oxides with respect to low molecular com-
pounds (nonpolar such as nitrogen, benzene, hex-
ane, etc., or polar such as water, methanol, etha-
nol, etc.) is relatively low [0.1-1.0 énfdepend-
ing upon aggregation degree of primary particles
of liquid adsorbate per gram of the adsorbent)],
since adsorbate molecules mainly fill contact
zones between primary particles in aggregates
and form a thin layer on the outer surface of the
aggregates. The adsorption capacity of fumed
oxides with respect to polymers and biomacro-
molecules corresponds to similar values, i.e.
0.1-1.0 gram of adsorbate per gram of adsorbent
[26—-30]. However, the structure of the interfacial
layer in the case of adsorption of low and high
molecular compounds significantly differs [16,
19, 26-30]. The main adsorption sites at a surface
of silica and mixed oxides are hydroxyl groups
such as terminal MOH and bridgingi:MO(H)—M,
ones. Lewis (L) acid sites (incompletely O-
coordinated metal atoms) can play an important

silica surface. Additionally, the second phase
(alumina or titania) may be nonuniformly dis-
tributed on the surface of primary particles
[21]. For instance, in the case of SA samples
the maximal value of the surface content of Al
atoms at totalCaos< 30 wt.% corresponds to
Cao:=8 wt.% (Fig. 1). It is obvious that the
aforementioned morphological and structural fea-
tures of silica and mixed oxides can affect their
interaction with biomacromolecules and cell (e.qg.
RBC) membranes [26—30].
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Fig. L Surface content of Al atoms in,8k/SiO, systems
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role in the adsorption at the surface of mixed ox- Fig. 2 Rate of hemolysis (in %) as fnction o

ides as well as titania and alumina. However, the
L sites (as well as bridging hydroxyls) are absdnt
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AlL,O4/SIO, (a) and TiGQ/SIO, (b) ratio in the
mixed oxide
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Fig. 2a,b presents the hemolysis degree esti-
mated from photometric measurements of the
levels of hemoglobin that was released after 10
and 30 min incubation of §®RBCs in the aque-
ous suspensions (0.01%) of alumina/silica and
titania/silica.

Fumed mixed oxides showed a gradual de-
crease in the hemolytic activity with increasing
Al,O; or TiO, content (excepting Sfand SA,,

Fig. 2a). The electrical behavior of the surface of
mixed oxides depends upon their composition but
nonlinearly because the presence of the second
oxide results in the formation of new sites (such
as Si—O(H)-M at M= Al or Ti) which are absent
at surface of individual oxides. Additionally, the
distribution of alumina or titania at a surface of
primary particles is nonuniform [16-19, 21].
Therefore, IEP and PZC of mixed oxides can be
at lower pH values than that of silica (pH 2.2)
despite phtp=9.8 (alumina) and6 (titania) [16].
Only in the case of a low content of silica in
mixed oxides IEP and PZC shift towards higher
pH values (Fig. 3).

Changes in the nature of the surface of mixed
oxides cause an increase in the adsorption of pro-
teins in gram per sg. m of the adsorbent [26-30].
It should be noted that the oxides used in this
study are non-ionic. Therefore, the relative hum-
ber of the surface deprotonated hydroxyls as well
as the surface charge density is not high (Fig. 3).
This can lead to preferable contribution of the
hydrogen bonds to the interaction of proteins and
other biostructures with oxide nanoparticles. The
sizes of primary particles (or specific surface
area) can play an important role in the interaction
with cell membranes. In this contest it should be
pointed out the nonuniform distribution of charge
density on membranes and the aggregation char-
acter of primary particles (larger the size of part
cles, less their aggregation [16, 30]).

The RBCs that were interacted with fumed
silica (A-300) for up to 1 min, compared to the
intact RBCs, showed a verifiable difference in the
distribution of FSC signals. This difference in-
creases with time (Figa}. An increase of FSC
from affected RBCs is likely due to increase of
their average size accompanied by transformation
of cell shape from discoid to spheroid. Appear-
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ance of events with low FSC can be explained by Fig. 3. Electrokinetic potential{) of (a) silica, alu-

accumulation of collapsed cells (cell debris) due
to the active destruction of RBCs. Significant
changes of FSC were also observed for RBCs that
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interacted with certain alumina/silica and tita-
nia/silica oxides with moderate content of,®@{

or TiO, (Fig. 4,c). However, the character of
distributions of FSC signals from these cells
showed that they gained their size less readily
than cells interacting with A-300 (Figadvs.
Fig. 4b, c).

The light scatter of the RBCs after interaction
with mixed oxides with high content of alumina
or titania changes slightly with observation time.
This effect is shown by the example of alumina
(Fig. 4d). In general, changes in the light scatter-
ing by the RBCs interacting with fumed oxides
are in accordance with the data on hemolysis.
That is, an increase of FSC of cells interacting
with oxides, which reflects an enlargement of
cells prior to their collapse, is correlated witle t
degree of hemolysis.

Thus, the samples of both s8,/SiO, and
TiO,/SIO, systems could be divided into three
groups: (i) fumed silica A-300 with the maximal
damage impact on the RBC structure, and with
the high hemolytic effect; (ii) 1-30 wt.% ADs in
SA and 1-65wt.%TiO, in ST giving smaller
structural injury but high hemolytic effect; and
(i) 75-100 wt.% A}O3; and 94-100 wt.9%diO,
weakly affecting the RBCs.

According to PCS measurements, aqueous
suspensions of SA samples were characterized by
mono-, bi- and trimodal distributions of the parti-
cle size (Table 2). The smallest particleg lfe-
tween 50 and 100 nm) that were detected in the
suspensions corresponded to aggregates of pri-
mary particles.

Table 2 Characteristics of the particle size distribution
in the intact AJO4/SiO, suspensions

Oxide  dierageNM  di,NM dy, NM dz, nMm
A-300 185.4 98.1 205.6 498
(SiO,) ) (15%) (76%) (6%0)
SA, 1945 76.7 275.9 _

(14%)  (86%)

91.0 278.0 829.9

SAg 2485 (16%)  (75%)  (10%)
She 288 Gaw (o (10%)
SA, 240.9 (%Q) (1255%8 (?5%
SA 217.2 (23(;2) é%‘ﬁﬁ B
SAs 1485 (??62) (17%% (11(735/?)
AlLOs 131.0 (ZE;)Z) (13‘;%/'3 -
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The ST samples were more polydisperse with
trimodal PSDs (Table 3). A significant portion of
secondary ST particles at high& values had
the size larger than 118n.

Table 3. Characteristics of the particle size distribution
in the intact TiQ/SiO, suspensions

Oxide  daerage M  dy, NM dp, NM ds, NM
A—_3OO 185.4 98.1 205.6 498
(SiOy) (15%)  (76%) (6%)
ST 1ee1 1094 270 a8
ST, 289.3 (113;?)5 (?;392;)7) (8120?,/'3
o weo B4 oo
S emo jne oma o
St e Moz 2Bl oILi
o s MB0 oo had
e rur 8] 28

St swwo 0 WIS

To.  oesa (yD L0097 dOIST

The interaction dynamics of RBCs with
fumed silica (A-300) is shown in Fig. 5.

10000 —=

——RBCs
—=—Si02

1000

Average size (nm)

100
0 5 10 15 20 25 30

Time (min)

Fig. 5. Time-dependent changes in the aggr sizes «
interacting RBCs and SiOparticles. Dashe:
line indicates the end of rapid phase of interac-
tion (= 90% cell lysis)
Within 0-3 min of interaction, the average di-
ameter of RBCs increased from 7.5 to |92 (fast

stage when cells actively change their shape from 5.

discoid to spheroid). Further incubation of silica-
cell mixture up to 6 min led to a considerable re-
duction of cell sizesd=4.1-5.4 um). This effect

can be explained by irreversible alterations in the
cell membranes and active cell collapse. Then,
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after 10 min of incubation of silica-cell mixture,
the vast majority of the objects detected in the su
pension were probably cell fragments. As for sil-
ica, within 0-30 min of interaction with RBCs, the
average size of aggregates of silica particles
slightly increased from 160 to 192 nm which can
be explained by adsorption of biomolecules (re-
leased from collapsed RBCs) on silica particles.

CONCLUSION

Results obtained using three spectral methods
are coherent and give clear picture of fumed ox-
ide-induced hemolysis of the RBCs obserwed
vitro. This methodological approach can be useful
for investigations of the mechanism of mem-
branotoxicity and biocompatibility of disperse
materials to be used for medicinal purposes. Ob-
tained results reveal that the membranotoxicity of
fumed oxides decreases with increasing content
of alumina in silica/alumina or titania in sil-
ica/titania. It confirms the main role of the elec-
trostatic factor in the mechanism of membranoly-
sis because of isoelectric point and point of zero
charge as well as density of surface charge of
mixed oxides differ from those of silica. Other
factors, such as size distribution of primary and
secondary particles, content and type of active
surface sites, surface content of the second oxide,
etc., are likely to contribute in this mechanism.
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JlocaiizkeHHA B3a€MO/Iil epUTPOLUTIB 3 MIPOreHHUMH OKCHAAMHM
SiOz, Aleg/SlOz Ta T|02/S|02
HIJISIXOM BUMiPIOBaHHS MapaMeTPiB CBITJI0P0O3CilOBaHHSA

I.I. Tepamenko, B.M. I'yubko, B.l. 3apko, b.I. 'epamenko, JI.C.Auapiiiko, B.®. 'opues

Inemumym ximii nosepxui im. 0.0. Yyiika Hayionanvnoi akademii nayx Yxpainu
eyn. I'enepana Haymoea 17,Kuie 03164,Vkpaina

Inemumym excnepumenmanvhoi namonoeii, onkonocii' i padiodionoeii im. P.€. Kaseyvkoco HAH Ykpainu
8yn. Bacunvkiscoka, 45,Kuis 03022,Vkpaina

Inemumym 6ioximii im. O.B [lannadina Hayionanenoi akademii Hayk Yrpainu
eyn. Jleoumosuua 9, Kuie 01601,Vkpaina

Memooamu npomounoi yumomempii ma nazepHoi KOperayitiHoi cneKmpocKkonii 00CLi0HCeHO 83AEMOIII0
epumpoyumie 10OUHU 3 NIPOSEHHUMU OKCUOAMU — HEMOOUPDIKOBAHUM KPEMHE3EMOM | 3MIAHUMU OKCUOAMU
XISiQ, (X = AlyO3, TiOy,) 3 piznum emicmom X. Pesyribmamu 6umiplo8ants napamempis ceimaiopo3cito8anHsl
Y NOEOHAHHI 3 GUSHAYEHHAM CIYNEHS 2eMONI3y epUmpoyumie ceiouamso, wo 3MIUAHL OKCUOU 8 YIIOMY NPOsi6-
JAAIOMb MEHUY MeMOPAHOMOKCUYHY O0i10 Y NOPIGHAHHI 3 HEMOOUDIKOBAHUM KpeMmHe3eMoM. Bzaemodia epum-
poyumie a0OUHU 3 NIPOSEHHUM KPEMHE3eMOM Md THWUMU 3SMIAHUMU OKCUOAMU € 3PYUHOIO MOOELI0 O
mecmyeanns MmembpanomoxcuunocmilGiocymicnocmi  oucnepcuux mamepianie. Ilpomouna yumomempis i
JazepHa KoperayiliHa ChneKmpocKORnia € IHQOPMAMUSBHUMU MemoOamu OAi BUBYEHHA MeXAHIZMY 2eMONi3Y,
iHOYKOBAHO20 MBepPOUMU YACMUHKAMU.

HccaenoBanue B3anMoaeicTBUs IPUTPOLMUTOB C MIHPOTr¢HHBIMHUA OKCHIAMU
SiOZ, A|203/S|02 Hu T|02/8|02
NyTEM U3MEPECHUSA MAPaMETPOB CBETOPACCEIHUA

HU.N. I'epamenko, B.M. I'ynbko, B.U. 3apko, b.U. I'epamenxo, JI.C.Anapuiixo, B.®. I'opues

Hnemumym xumuu nosepxrnocmu um. A.A. Yyiiko Hayuonanwroii akademuu Hayk Yxpaunol
ya. I'enepana Haymosa 17, Kues 03164,Vxpauna

Hucmumym sxcnepumenmanbol namonozuu, onkonozuu u paouoouonozuu um. P.E. Kaseyxoco HAH Yrpaunvi
ya. Bacunvrosckasn 45, Kues 03022, Vkpauna

Hnemumym ouoxumuu um. A.B. I[larnaouna Hayuonanenot akademuu nayx Yxpaunoi
yi. Jleonmosuua 9, Kues 01601,Vkpauna

Memooamu npomounoii yumomempuu u 1a3epHoil KOPPEeISYUOHHOU CNeKMPOCKONUU U3VHEHO 83AUMOOell-
cmeue IPUMpoOyYUmMos 4er08exd ¢ NUPOSeHHbIMU OKCUOAMU — HEMOOUDUYUDOBAHHBIM KPDEMHE3EMOM U CMeula-
noimu oxcudamu  XISiQ (X = AlLOz, TiO,) ¢ pasnvim codepacanuem X. Pesyromamel usmepenus napamem-
P08 CBEMOPACCEsIHUS COBMECIHO C ONpedeleHueM CMeneHu 2eMOAU3d IPUMpOoyYUnmos ceudemeibCmeyiom,
YUMo cMeulanHble OKCUObL 6 YeloM 061a0arm MEeHbUUM MeMOPAHOMOKCUYEeCKUM Oelicmeuem 8 CPAGHEHUU C
HEMOOUPUYUPOBAHHBIM KPEeMHE3eMOM. B3aumodeticmeue s3pumpoyumos 4enoseka ¢ nupoSeHHviM KpeMHese-
MOM U OpYeUMU CMEULAHBIMU OKCUOAMU MONCHO PACCMAMPUBAMb KAK YOOOHYIO MOOelb 01 UCHbIMAHUS OUC-
NEPCHbLX MAMepuaios Ha memopanomokcuunocms! 6uocosmecmumocmes. [pomounas yumomempus u nasep-
HAsl KOPPEAAYUOHHASL CNEKMPOCKONUSL ABNISAIOMCA UHGOPMAMUSHBIMU MeMOOamMu OJisl USYYUCHUS MeXAHUMA
2eMOAU3A, UHOYYUPOBAHHO20 MEEPOLIMU HACMUYAMU.
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