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The in ter ac tion of ultrafine sil ica (UFS) with mem brane prep a ra tions of do nor eryth ro cytes (ghosts) was in ves ti gated by the
method of 1H NMR spec tros copy. The val ues of their hydratation in con tact with sil ica, interphase en ergy, con cen tra tions of 
weakly and strongly bound wa ter were mea sured and cal cu lated. Pos si ble mech a nisms of UFS ef fect on cell hemolysis are
dis cussed.
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In tro duc tion. A spe cific fea ture of the re cent de cade is a
rapid de vel op ment of the nanotechnology which pro posed
the us age of ultrafine ma te ri als with the par ti cles size
smaller than 100 nm. Re gard ing their size, nanostructures
oc cupy the in ter me di ate po si tion be tween mo lec u lar (with
C or der size) and mi cro scopic (with mi crom e ter or der size) 
ob jects [1]. Their dis tinc tive fea ture is pos sess ing cer tain
phys i cal, chem i cal or bio phys i cal char ac ter is tics, dif fer ent
from those of mo lec u lar and mi cro scopic ob jects.  The us -
age of nanomaterials in bi ol ogy and med i cine is sup posed
not only to in crease re search ef fi ciency of phys i cal and
chem i cal prop er ties of the cells and biomacromolecules,
but also to de velop new meth ods of se vere dis eases treat -
ment and di ag nos tics, based on the ap pli ca tion of
nanosized car ri ers for med i cine de liv ery which do not
cause  the re jec tion re ac tion and in ter act with the af fected
tis sues in a spe cific way.

In cre at ing nanomaterials, spe cial at ten tion is paid to
ultrafine ox ides of sil i con, ti ta nium, alu mi num, zir co -
nium, etc. The pres ence of a large quan tity of chem i cally
ac tive hydroxyl groups on their sur face pro vides the sur face 
mod i fi ca tion with dif fer ent func tional groups [2]. As a re -
sult, the ma te ri als with the re quired hy dro pho bic\hy dro -
philic prop er ties or spe cific to def i nite chem i cal groups in
bi o log i cal ob jects can be syn the sized [3].

Med i cal and bi o log i cal prop er ties of ultrafine sil ica
(UFS), (the tech ni cal name is Aerosile) which is widely
used in phar ma ceu tics as ad junct in pro duc ing med i cines,
are mostly stud ied among the ultrafine ma te ri als [4, 5]. It is
a syn thetic amor phous sil ica di ox ide con sist ing of
nanosized ini tial par ti cles, the size of which is from 4 to 40
nm, which are easy to form ag gre gates and ag glom er ates of
the mi cron size in wa ter sus pen sion. The UFS par ti cles
pos sess high spe cific sur face (up to 400 m2/gr), which pro -
vides its high ad sorp tion prop er ties to wards many types of
or ganic mol e cules, pro teins, biopolymers, and some syn -
thetic poly mers. At pres ent, the meth ods of syn the sis of
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phar ma ceu ti cal and bi o log i cally ac tive sub stances im mo -
bi lized on UFS sur face have been de vel oped. These com -
pos ite nanomaterials are a sort of sub stances de pot, re vers -
ibly set on the par ti cle sur face, which al lows us ing them as
med i ca tions of du ra ble ac tion. At the same time, the ther a -
peu tic med i ca tion dose is de creased and its con cen tra tion
is op ti mized in the or gan ism [3]. A great po ten tial of
nanomaterials ap pli ca tion for med i cal pur poses is sup -
ported by a num ber of pub li ca tions on this topic [5-7].

Ultrafine sil ica (UFS) forms are widely used not only
in phar ma ceu tics but also in ex per i men tal med i cine for the
treat ment of pu ru lent in fec tions, dif fer ent kinds of
toxicosis, di ar rhea, and some other dis eases [3, 8]. Sur face
prop er ties of these nanoparticles al low prognosing these
ma te ri als us age in he ma tol ogy as well. It was es tab lished [9, 
10] that dur ing the UFS in ter ac tion with eryth ro cytes, the
re ac tion of cell mem branes de pends on nanomaterial con -
cen tra tion in bi o log i cal liq uid. It was also noted that at
UFS quan tity in crease in sus pen sion con tain ing eryth ro -
cytes, there is a cer tain con cen tra tion limit un der which
the plasma mem brane rup ture is ob served, that causes cell
hemolysis. In the pres ence of UFS with pro tein bound to
its sur face this pro cess de creases rap idly [10]. Since pro tein 
mol e cules are ir re vers ibly ad sorbed on the UFS sur face [3], 
it is pos si ble to sup pose that hemolysis takes place only at
di rect con tact of mem branes with sil ica sur face, and pro -
tein mol e cules ad sorbed on its sur face screen the cells from
di rect con tact with the ac tive cen ters of the UFS sur face.
Nev er the less, the eryth ro cytes hemolysis mech a nism in -
duced by UFS is weakly char ac ter ized. Based on the ear lier 
re searches on UFS bind ing strength with some com po -
nents of an i mal re pro duc tive cells sur face [11], it is pos si ble 
to sup pose that nanoparticles will in ter act not with the
mem brane it self, but with so called “sur face pro teins” and
oligosaccharide parts of glicoproteins or glyco lipids which
com pose re cep tor sys tem of the cell. Hence, two rea sons of 
the cells death in the pres ence of UFS at con cen tra tions,
which cause eryth ro cytes hemolysis, can be con sid ered: i)
cell ho meo sta sis dis or der due to the in ter ac tion of struc -
tural el e ments of cell re cep tors, the most dis tant from the
mem brane, with the sil ica sur face; ii) ir re vers ible sorp tion
of mem brane pro teins on the sil ica sur face, and later of
mem brane phospholipids. As the sur face of the cells and of
UFS par ti cles is hy drated greatly [12], their in ter ac tion
may be ex pected to re sult in sig nif i cant de hy dra tion of the
“cell-sur face” sys tem, since some part of bound wa ter (up
to 50%) ought to be elim i nated out of space be tween cell
and par ti cle for their di rect con tact. If we sup pose that the
par ti cles struc ture (cells, UFS par ti cles) is not changed as
the re sult of interparticle in ter ac tion, then the pa ram e ters
of their in ter ac tion can be de fined ac cord ing to the change

in the bound wa ter con cen tra tion [12, 13]. If the ultrafine
par ti cles do not in ter act, then interphase en ergy value,
max i mum pos si ble for this sys tem, is ob served. The par ti -
cles get closer at the in ter ac tion and the interphase en ergy
is de creased by the value equal to the value of interparticle
in ter ac tion energy.

It is worth men tion ing that a part of intercellular wa ter
does not freeze in cel lu lar ob jects, due to the pres ence of
low-mo lec u lar sub stances in the cy to plasm. The men -
tioned “bulk” unfreezable wa ter may also con trib ute to the
interphase en ergy value be ing mea sured. In study ing
“cell-par ti cle” in ter ac tions, the prin ci pal in ter est is paid to
study ing the in ter ac tion of ex ter nal cell sur face with UFS
par ti cles. There fore, the pur pose of the fol low ing work was
to de ter mine the pa ram e ters of UFS par ti cles in ter ac tion
with cell mem branes (eryth ro cyte ghosts). Thus,
intracellular wa ter, biopolymers, and struc tural cell el e -
ments were ex cluded from con sid er ation.

Ma te ri als and Meth ods. The eryth ro cytes were ob -
tained from red blood cells of the do nor’s blood (ABO),
sup plied by Kyiv Blood Trans fu sion Cen tre in stan dard
Glyugitsyr blood sta bi lizer, used for eryth ro cytes stor ing.
Eryth ro cyte ghosts were ob tained in ac cor dance with a
slightly mod i fied Dodge et al. method [14].  Their prep a ra -
tions were kept frozen at -15°C. To de ter mine eryth ro cytes
ghosts con cen tra tion, 5mM Na-phos phate buffer pH 7.6
buffer was added to the pre cip i tate, and the aliquot of
0.5-1.0ml was taken into the Petri dish, dried at 22°C and
weighed. 1ml of eryth ro cytes ghosts made 7.5 mg of the dry
sub stance. Mi cro pho to graph of eryth ro cytes ghosts is
shown in Fig.1.

UFS, Aerosile A-300 with the spe cific sur face area of
300m2/gr (Kalush, Ukraine) was syn the sized by high-tem -
per a ture hy dro ly sis of SiCl4 in the flame of hy dro gen torch
[16] in ac cor dance with gen eral scheme:

SiCl4 + 2H2 + O2 ч SiO2 + 4HCl

The sil ica pow der was ig nited at 400EC for 2 hours to
elim i nate HCl and at mo spheric wa ter. UFS sus pen sions
were pre pared by slurrying dry pow der in dis tilled wa ter,
stir ring in ten sively.

NMR spec tra were ob tained with NMR high res o lu -
tion spec trom e ter Bruker WP-100 SY, work ing fre quency
100 MHz and band width of 50 kHz. The tem per a ture was
con trolled with the ac cu racy of ±1°C, us ing Bruker
VT-1000 de vice. The sig nal in ten sity was de fined with the
ac cu racy of ±10%. To pre vent supercooling, the mea sure -
ments of amount of unfreezable wa ter con cen tra tions were
con ducted at heat ing of sam ples, pre lim i nary cooled down
to the tem per a ture of 210 K.
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The pa ram e ters of interphase wa ter lay ers were de fined 
us ing the method of lay ered freez ing of liq uid phase with 1H 
NMR reg is tra tion of the unfreezable wa ter sig nal, like
in[12, 13]. The method is based on the fact, that at the ab -
sence of low-mol e cule sub stances in the so lu tion, the con -
di tion of wa ter freez ing at the interphase
“nanoparticle-wa ter” is the equal ity of free en er gies of
mol e cules of ad sorbed wa ter and ice. The interphase wa ter
freezes at the tem per a ture lower than 273 K. The de crease
of the freez ing-point for interphase wa ter (273 K) is caused
with the de crease of free en ergy of wa ter, due to ad sorp tive
in ter ac tions. As a re sult, the de crease of free wa ter en ergy
in ad sorp tion layer equals to the dif fer ence be tween free
en er gies of ice at the tem per a ture of mea sure ment and
273K ( G = GO – G, where GO is free en ergy of ice at T =
273 K). The ther mo dy namic func tions of the ice are tab u -
lated with high ac cu racy in the wide range of tem per a tures
[16]. Ac cord ing to these re sults, free ice en ergy at the de -
crease of tem per a ture is chang ing ac cord ing to the lin ear
law:

D G = 0.036(T - 273)                   (1)
If interphase en ergy of the “dis persed phase/wa ter”

sys tem (гS) is de fined as sum ma rized de crease of the sys tem 
free en ergy, caused by the ex is tence of in ter face, it can be
cal cu lated as a square, re stricted by the curve of the de -
pend ence of Gibbs dif fer en tial en ergy on the con cen tra -
tion of unfreezable wa ter  G(Cuw):

                               gs k GdC uw

c uw

= ò D
0

max

                             (2)
 

In this ex pres sion Cuw

max – is the thick ness of
unfreezable wa ter layer at T=273 K, and k is a di men sion
fac tor. When the in ter face area is known, and interparticle
in ter ac tions are in sig nif i cant, the value of гs equals to the
sur face en ergy, usu ally mea sured in mJ/m2. In this case
k=55.6/S (where S is the spe cific sur face area of the dis -
persed phase). The value of гs for bi o log i cal ob jects is re -
lated to the unit of the dis persed phase mass and mea sured
in J/g, the con stant k = 18-1. As the value of гs is de fined in
iso baric pro cess of freez ing-melt ing its de pend ence on
tem per a ture should be ne glected. Nev er the less, the com -
par i son of interphase en er gies гs and wet ting heat, mea -
sured us ing the microcalorimetry method, for a num ber of
mod i fied silicas, showed prac ti cally com plete co in ci dence
of the mea sured val ues [17]. The er ror of mea sur ing гs value 
is de fined by the ac cu racy of in te grat ing, and it is usu ally
not higher than 15%. 

The layer thick ness of strongly and weakly bound wa ter 
can be cal cu lated by the dependences of  G on Cuw. The
weakly bound wa ter is un der stood as that part of
unfreezable wa ter, the free en ergy of which is only de -
creased a lit tle at ad sorp tive in ter ac tions with the sur face of
adsorbents or biopolymers. It freezes at the tem per a ture
close to 273 K. Vice versa, strongly bound wa ter may not
freeze even at supercooling of the sys tem [13]. The lay ers
thick ness of each wa ter type (Cuw

s and Cuw

w for strongly and
weakly bound wa ter) and max i mum val ues of de crease of
wa ter free en ergy ( Gs and  Gw), cor re spond ing to them, can 
be ob tained ex trap o lat ing cor re spond ing parts of
dependences to abscisses and or di nates axes.

The max i mum (true) value of interphase en ergy is reg -
is tered for in fi nitely deluted colloid sys tems, when there is
no over lap ping of hy drate shells of dis persed phase par ti -
cles. At con cen trat ing there is a pos si bil ity of interparticle
in ter ac tions, the level of which can be eval u ated upon the
con cen tra tion change of bound wa ter in the sys tem. Ac -
cord ing to the equa tion 2, the interphase en ergy de fines the 
sum ma rized de crease of free en ergy in the sys tem “par ti cle
(cell)-wa ter in the whole layer of interphase wa ter”, which
is un der per tur ba tion ac tion by in ter faces. It fol lows from
ther mo dy namic equi lib rium at the ap proach ing of par ti -
cles as a re sult of sus pen sion con cen tra tion, that the de -
crease in in ter ac tion level of the “par ti cle-wa ter” type
must be com pen sated by the in ter ac tion of “par ti cle-par ti -
cle” type. The de crease in interphase en ergy as a re sult of
interparticle in ter ac tions is equal to the en ergy of
interparticle in ter ac tions. A nat u ral re stric tion of such an
ap proach is the re vers ibil ity of con cen tra tion pro cess (the
struc ture of ag gre gates should not de pend on con cen tra -
tion).
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Fig.1 Mi cro pho tos of mem branes (shad ows) of eryth ro cytes in
Na-phos phate buffer (? 900) 



Re sults and Dis cus sion. The tem per a ture de pend ence
of the 1H NMR spec tral shape for unfreezable wa ter at the
tem per a ture of 220 K < T < 265 K is shown in Fig.2. The
signal of unfreezable wa ter is a sin glet, the half-width of
which in creases from 0.5ppm to 10ppm at the tem per a ture
de crease. The av er age value of the chem i cal shift is 4.5ppm
which cor re sponds to the chem i cal shift for liq uid wa ter. As 
some quan tity of dis solved low-mol e cule sub stances is in
the so lu tion be sides eryth ro cyte ghosts (NaCl, buffer com -
po nents), unfreezable wa ter is orig i nate not only from hy -
drated shell mem branes of biomacromolecules, but also
from wa ter in microcavities, filled with the so lu tion, the
con cen tra tion of which is de fined with the Raul’s law [17].
Nev er the less, as it was shown in [19], while freez ing so lu -
tions in the pres ence of biopolymers, the dis solved sub -
stances are con cen trated eas ily in their hy drate shells, es -
pe cially if the con cen tra tion of dis solved sub stances does
not ex ceed 1-2%. Thus, it is pos si ble to think that the bulk
wa ter does not con trib ute sig nif i cantly to the mea sured
con cen tra tion value of unfreezable wa ter in case of frozen
eryth ro cytes ghosts. A large sig nal width for unfreezable
wa ter is in fa vour of this as sump tion. Fig.3 shows the tem -
per a ture dependences of unfreezable wa ter con cen tra tions
(A) and built on their ba sis ac cord ing to the for mula (1) the
dependences of Gibbs dif fer en tial en ergy on unfreezable
wa ter con cen tra tions (B) for eryth ro cytes ghosts sus pen -

sions, con tain ing 1.5% of cel lu lar mem branes re counted to 
dry sub stance (curve 1), as well as cor re spond ing
dependences for 6% SiO2 gel with ad di tions of dif fer ent
quan ti ties of eryth ro cyte ghosts (curves 2-5). Two re gions
may be marked on the  G(Cuw) dependences, one of which
is char ac ter ized by a weak change of  G value in the wide
range of Cuw changes. It is this part of bound wa ter the free
en ergy of which is de creased only a lit tle due to in ter ac tions 
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Fig.2  Tem per a ture de pend ence of 1H NMR spec tral shape of
unfreezable wa ter. 

Fig.3 Tem per a ture dependences of con cen tra tion of unfreezable
wa ter (A) and Gibbs dif fer en tial en ergy de pend ence on unfreezable
wa ter con cen tra tion (B) for eryth ro cyte ghosts sus pen sion. 



with the in ter face (weakly bound wa ter). The sec ond part is 
char ac ter ized by the con sid er able chang ing of  G value in
the rel a tively nar row range of Cuw changes. Such wa ter cor -
re sponds to the fea tures of strongly bound wa ter [13]. The
char ac ter is tics of dif fer ent types of bound wa ter as well as
interphase en ergy val ues cal cu lated ac cord ing to the for -
mula (2) are shown in Ta ble 1. The re sults ob tained cor re -
late well with the pre vi ous data on yeast cells [20]. How -
ever, higher con cen tra tion val ues of strongly and weakly
bound wa ter, ob tained in the ex per i ments with eryth ro -
cytes, may be ex plained by the dif fer ence in the com po -
nents struc ture of cel lu lar sur face and the dif fer ence in spe -
cific sur face area of yeast cells and eryth ro cytes.

As it fol lows from the data of the Ta ble, eryth ro cyte
mem branes bind a big quan tity of wa ter on their sur face. It
is even more hy drated than sil ica is in 6% gels. At the same,
time con cen tra tions of strongly and weakly bound wa ter
for 1.5% sus pen sion of eryth ro cyte ghosts are close. As the
spe cific sur face area of cells is rel a tively small, less than
10m2/g [20] the bound wa ter seems to form a
polymolecular layer on the cell sur face. Prob a bly, it fills up

com pletely the space be tween the glycoprotein mol e cules,
ex posed over the sur face of the cell mem brane. 

The in gress of cel lu lar mem branes into the con cen -
trated SiO2 gel re sults in sharp de crease in unfreezable wa -
ter con cen tra tion in the sys tem (Ta ble 1). It in di cates in -
ten sive in ter ac tion be tween eryth ro cytes sur face and sil ica. 
Ac cord ing to the ap proach, pre sented in de tails in [13],
dehydratation of the sur face of nanosized par ti cles in the
pro cess of their in ter ac tion is caused by par tial re moval of
bound wa ter from interparticle space. Thus, it is pos si ble to
de ter mine the in ter ac tion en ergy of “cell-SiO2 sur face”
sys tem upon the de crease in гs value while add ing the third
com po nent to the sys tem (in our case, this is eryth ro cyte
ghosts).

The de pend ence of гs(Cshad ows) at the ad di tion of cel lu lar
ma te rial to sil ica gel is shown in Fig.4. As it is seen from the
Fig ure, at Cghosts < 0.45%, at the ghosts con cen tra tion in -
crease interphase en ergy of “sil ica – wa ter” de creases from 
98 to 66 J/g. The change of гs in case of add ing sil ica into the 
“shad ows - wa ter” sys tem is even big ger. Ac cord ing to the
data in Ta ble 1, the гs value for 1.5% eryth ro cyte sus pen -
sion at add ing sil ica up to mass 6% in creases more than
twice. The rel a tive in crease of the гs value at the fur ther in -
crease of cells con cen tra tion (Fig.5) is con nected with the
in crease of the to tal con cen tra tion of bound wa ter in the
sys tem. The min i mum of гs(Cshad ows) de pend ence cor re -
sponds to the most com plete bind ing of eryth ro cyte ghosts
with sil ica sur face.

The max i mum in ter ac tion of sil ica with cel lu lar mem -
branes is viewed at the com par i son of shad ows cor pus cles
masses and sil ica, equal to 1:20. Prob a bly, at the same time
equal dis tri bu tion of cel lu lar mem branes takes place in the
vol ume of sil ica gel. With the in crease of ghosts con cen tra -
tion the pos si bil ity in creased for intercellular in ter ac tions
for which dehydratation of cells sur face is smaller, than in
case of “cell-sil ica” in ter ac tion. As sum ing that the area of
eryth ro cyte ghost mem brane is 140мm2 [21], and the mass
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 The char ac ter is tics of bound wa ter lay ers in wa ter sus pen sions of eryth ro cyte ghosts, con tain ing 6% of sil ica.

Sample Сshadows% Cwmg/g Csmg/g ?GwкJ/ ?GsкДж/моль ?SДж/г

Ghosts 1.5 1870 1480 0.3 -3 218

SiO2 0 1100 1000 0.3 -3 98

Shad ows  +        
+ SiO2

0.19 980 500 0.4 -3 67

0.38 500 500 0.3 -3 66

0.75 1600 500 0.3 -3 83

1.5 1600 500 0.4 -3 85

Fig. 4 The in flu ence of mem brane eryth ro cytes con cen tra tion in
sus pen sion on interphase en ergy in the sys tem “plas matic mem -
brane - wa ter”, con tain ing 6% of sil ica.



is 10-12g, the spe cific sur face area is con sid ered to be
S=140m2/g. Sub se quently the cell sur face en ergy can be
cal cu lated for eryth ro cyte ghost on the ba sis of data in Ta -
ble 1. As shown in [7], to ob tain the value of sur face en ergy
in mJ/m2, the con stant k in the equa tion (2) has to be taken
as 55.6/S. In this case гs of eryth ro cyte ghosts is equal 1560
mJ/g. This value is one or der higher than the one for wa ter
sus pen sions of UFS [13]. A big ger value of гs in di cates the
ex is tence of a thick layer of bound wa ter on the sur face of
eryth ro cytes, the av er age thick ness of which ex ceeds 40 di -
am e ters of wa ter mol e cules. Prob a bly, the bound wa ter fills 
up all the space be tween glycoproteins of cel lu lar re cep -
tors.

As the size of eryth ro cytes is 5-7 мm [22], sev eral UFS
par ti cles can in ter act with each cell. The in ter ac tion is ac -
com pa nied by the rapid de crease in con cen tra tion of
strongly bound wa ter (Ta ble 1). It is found, that al ready at
the 1% con cen tra tion of sil ica in the sus pen sion of eryth ro -
cyte ghosts (Fig.5) the mem branes shape and their as sem -
bly with UFS par ti cles changed. Prob a bly, as a re sult of
“cell-UFS sur face” in ter ac tion there is ir re vers ible ad sorp -
tion of glycoproteins, in cluded in the struc ture of cel lu lar
re cep tors, on the sur face of sil ica. Ob vi ously, this pro cess is 
es sen tial for the in ter ac tion of liv ing cells with UFS sur face
as well. If the con tact area of “cell-par ti cle” is too large, ir -
re vers ible changes are pos si ble in the struc ture of cel lu lar

re cep tors, re sult ing in the loss of the in teg rity of cel lu lar
mem branes and rap ture of cells.

В.В. Туров, Н.П. Галаган, І.В. Гриценко, О.О. Чуйко

Гидратация мембран эритроцитов и их взаимодействие с высокодисперсным
кремнеземом

Резюме

Методом 1Н ЯМР – спектроскопії досліджено взаємодію
високодисперсного кремнезему (ВДК) з препаратами мембран (тіней)
еритроцитів крові донорів. Визначені і розраховані величини їх
гідратації при контакті з кремнеземом, міжфазна енергія,
концентрації сильно- і слабозв’язаної води. На основі отриманих даних
обговорюються можливі механізми дії ВДК, що зумовлюють гемоліз
еритроцитів.

Ключові слова: ЯМР – спектроскопія, високодисперсний
кремнезем, еритроцити, тіні (мембрани), гідратація.
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Fig.5 Mi cro photo of sus pen sion of eryth ro cyte ghosts, con tain ing
1% of sil ica in 0.14 M NaCl (? 900).
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