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Abstract

Mesoporous silicas of MCM-41 type with surface 3-aminopropyl and steroid groups were prepared by one-pot sol-gel
synthesis in the presence of template. Structural parameters of synthesized materials were estimated using low-temperature
nitrogen adsorption—desorption and X-ray diffraction analysis. It was found that introduction of cholic acid as co-template
or its triethoxysilyl derivative as structure-forming agent in sol-gel synthetic mixture has positive impact on formation of
hexagonally ordered mesoporous structure of MCM-41-type silicas and results in increase of surface area and narrowing of
pores. The efficiency of synthesized silica materials in sorption removal of sodium cholate and taurocholate was studied from
phosphate buffer solutions in dependence of duration of contact, solution pH, and adsorbate equilibrium concentration. It was
found that maximal values of bile salts sorption are reached at pH ~ 5 for sodium cholate and at pH ~ 2 for sodium taurocholate
after several hours of contact. Analysis of experimental sorption isotherms by the Langmuir, Freundlich, Redlich—Peterson,
and BET models evidences multilayer character of bile salts sorption on MSNs. Noticeable increase of sodium cholate and
taurocholate equilibrium sorption on silica material with chemically immobilized steroid groups in the region of small
equilibrium concentrations at pH 5 as well as improved sorption ability at high equilibrium concentrations at pH 5 and pH 7
in comparison with parent aminosilica proves its potential efficiency in hypercholesterolemia diagnostics and treatment.
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Introduction

Bile acids (BAs) play the important role in human organ-
ism as biological surfactants for dietary fats and oil solubi-
lization and transport. Primary bile acids, cholic (CA) and
chenodeoxycholic (CDCA), which are formed in the result
of sequence of enzymatic reactions occurring mainly in the
liver, belong to the immediate products of cholesterol deg-
radation. Whereas, secondary BAs, deoxycholic (DCA) and
lithocholic (LCA), are produced at bacterial actions in the
colon. In humans, primary as well as secondary BAs are
conjugated to glycine or taurine (Scheme 1). BAs transport
in the small bowel and undergo almost complete reabsorp-
tion in the distal ileum with subsequent reuptake from portal
blood by the liver (Hofmann 2009; Watkins and Klaassen
2010; Dawson and Karpen 2015). Enterohepatic circulation
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of BAs affects cholesterol metabolism and plays crucial role
in pathogenesis of atherosclerosis (Hageman et al. 2010;
Meissner et al. 2013; Bergheanu et al. 2017). Therefore, pre-
cise control of BAs’ level in human biological systems and
development of strategies for cholesterol excretion in the
form of neutral sterols or BAs has noticeable importance in
treatment of hypercholesterolemia.

Regulation of the cholesterol level in human organism can
be achieved by removal of BAs excess from the gastrointes-
tinal tract with enterosorbents. For this purpose, oral non-
absorbable anion-exchange resins, such as Cholestyramine,
Colestipol, and Colesevelam, are used in clinical practice
for last decades (Cashin-Hemphill et al. 1991; Watts et al.
1992; Insull 2006). They reduce low-density lipoprotein
cholesterol level due to binding of BAs, prevention their
reabsorption in the intestine, and subsequent excretion in
the feces. The most common adverse effects caused by BAs
sequestrants are limited to the gastrointestinal tract (con-
stipation, stomach pain, gas, nausea, and vomiting) and
require the dose reduction. However, taking into account
the low binding capacity of Cholestyramine, Colestipol,
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and Colesevelam, which produce a reduction in low-density
lipoprotein cholesterol of 18-25% (Reiner et al. 2011), this
is extremely undesirable as leads to the decrease of thera-
peutic effect.

In the attempt to design highly efficient biocompatible
sorbents for regulation of cholesterol level via removal of
overproduced BAs from human blood or gastrointestinal
tract, different functional materials, such as ion-exchange
resins (Haratake et al. 1989; Chen et al. 2017; Sun et al.
2020), carbon materials (Krasopoulos et al. 1980; Sasaki
et al. 1996; Yi et al. 2020), polysaccharides (Clas 1991;
Nichifor et al. 2001; Kazlauske et al. 2014; Zhu et al. 2014;
Shen et al. 2020) with improved structural characteristics,
and surface layer properties, were studied over the past dec-
ades. Silica materials attract interest of scientists as prom-
ising candidates for design of medical sorbents because
of large surface area and pore volume, easy surface func-
tionalization, good biocompatibility, low toxicity, and high
synthetic availability (Asefa and Tao 2012; Jaganathan and
Godin 2012). However, sorption efficiency of hydroxy-
lated silica in removal of bile acids from aqueous solutions
decreases with pH rise and becomes insufficient in neutral
and basic medium (Belyakova et al. 2006). Since pH varies
in the range from 5.5 to 7.0 in the proximal small bowel and
gradually rises up to 7.5 in the distal ileum, application of
non-modified silica for binding of BAs in gastrointestinal
tract is not reasonable.

Enhancement of BAs’ sorption affinity can be achieved
by creation of positively charged active centers (amino-
propyl-, imidazolyl-, quaternary ammonium groups) or
hydrophobization (trimethylsilyl groups) of silica surface
(Belyakova et al. 2005, 2006). Promising results on removal
of BAs from aqueous solutions were obtained for hybrid
composite prepared by combination of chitosan, which is a
natural polymer containing amino groups, with silica (Budn-
yak et al. 2019). Separation of amphiphilic molecules of
individual and monosulfated conjugated BAs was realized
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by reversed-phase partition thin-layer chromatography on
octadecyl-bonded silica gel (Goto et al. 1978; Bloch and
Watkins 1978; Raedsch et al. 1979). Molecularly imprinted
silica for neutral sterols and BAs sorption as well as their
selective recognition was obtained by introduction of estrone
molecules into the imprinting matrix in the process of non-
hydrolytic sol-gel synthesis with dimethylsulfoxide and ace-
tic anhydride (Strand et al. 2012). Substantial improvement
of silica sorption ability towards cholic acid was attained
for silica with hydrophilic—hydrophobic mosaic structure
designed by post-synthetic imprinting approach (Belyakova
and Besarab 2007).

In the present study, mesoporous aminosilica nanoparti-
cles (MSNs) of MCM-41 type with chemically immobilized
BA-containing functional groups were prepared by template-
assisted sol-gel condensation of structure-forming silanes.
It is known that BAs are able to form self-assembled struc-
tures in the aqueous solutions due to the cooperative inter-
actions (Carey and Small 1972; Roda et al. 1983). It was
expected that sorption performance towards bile acids will
be enhanced due to introduction of steroid groups into the
surface layer of silica sorbent possessing high surface area,
tunable pore diameter, and large pore volume. To elucidate
contribution of BA-containing functional groups in sorption
process, removal of bile salts (BSs), sodium cholate (NaC),
and taurocholate (NaTC), was studied from aqueous solu-
tions in dependence of duration of contact, solution pH, and
adsorbate equilibrium concentration.

Experimental
Materials
Tetraethyl orthosilicate (TEOS) and (3-aminopro-

pyDtriethoxysilane (APTES) (both from “Merck”,
purity >99%), cholic acid (from “Fluka”, purity >99%),
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cetyltrimethylammonium bromide (CTAB) (from “Merck”,
purity >97%), and aqueous ammonia 25% (from “Reakhim”,
analytical grade) were used in sol-gel and silane synthesis
without preliminary purification. 1,1'-Carbonyldiimidazole
(CDI) (from “Merck”, >98%) was employed as coupling
agent as received. N,N'-Dimethylformamide (DMF) (from
“Reakhim”, analytical grade) was dried prior usage in silane
synthesis by stirring over activated molecular sieves (4 A)
at 293 K for 72 h. Hydrochloric acid 37% and ethanol 96%
(both from “Reakhim”, chemical grade) were used in tem-
plate extraction procedure without preliminary purifica-
tion. Sodium cholate and taurocholate (both from “Frontier
Scientific”, purity > 98%) were used in sorption studies as
received. Disubstituted sodium phosphate, monosubsti-
tuted potassium phosphate, and phosphoric acid (all from
“Reakhim”, analytical grade) were used in phosphate buffers
preparation without preliminary purification. Sulfuric acid
98% (from “Reakhim”, chemical grade) was employed for
spectrophotometric determination of BSs without prelimi-
nary purification.

Template-assisted sol-gel synthesis of MSNs

Silica materials with hexagonally ordered mesoporous
structure were synthesized by base-catalyzed sol-gel con-
densation of silica source in the presence of micelles of
structure-directing agent (Grun et al. 1997). In the case of
parent 1-MSN synthesis, weighted amount of CTAB was
dissolved in distilled water. After that, 25% aqueous ammo-
nia was poured into the surfactant solution and silanes mix-
ture (TEOS and APTES) was slowly added under continuous
stirring at 293 K (Table 1). The resultant reaction slurry
was transferred into the polypropylene bottle, closed and
allowed to age at 373 K without stirring for 24 h. Finally, the
vacuum filtration of dispersion on Bunsen flask with Schott
filter (pores 16 nm) was realized. The separated product of
templated sol—gel synthesis was rinsed with deionized water
and dried in air at 373 K for 2 h. Synthesis of 2-MSN with
incorporated BA moieties was carried out by the same pro-
cedure using micellar system consisting of CTAB and CA as

template (Table 1). Whereas, 3-MSN with chemically immo-
bilized steroid groups was obtained by sol-gel condensations
of silanes mixture (TEOS, APTES, and CA-silane solution
in DMF) in the presence of CTAB as template (Table 1).

CA-silane was synthesized by covalent attachment of
highly reactive triethoxysilyl groups to CA through carba-
mate linkage formation between bile acid and APTES with
CDI participation. Briefly, the batch of CA (0.004 mol) was
placed into the flask with DMF (4 ml), dissolved, and treated
with solution of CDI (0.0041 mol) in DMF (5 ml). Activa-
tion of CA carboxylic groups was achieved by stirring the
reaction mixture at 293 K for 2 h. Then, APTES (0.004 mol)
was added into the flask to link with activated CA. The solu-
tion was stirred at 293 K for 20 h and used in sol-gel syn-
thesis of corresponding 3-MSN.

The molecules of template (CTAB) and co-template (CA)
were removed from the pore channels of silica materials by
extraction. For this, the batch of the as-synthesized material
(1 g) was stirred with a solution of hydrochloric acid (8 ml)
and ethanol (92 ml) at 298 K for 24 h. After separation of sil-
ica particles from solution by vacuum filtration of dispersion
on Bunsen flask with Schott filter (pores 16 nm), the extrac-
tion procedure was repeated two more times. The resulting
mesoporous silica was filtered, washed with deionized water
until the absence of halogen ions (negative probe with silver
nitrate) and BA (negative probe with concentrated sulfuric
acid) in filtrate, and dried in the air at 373 K for 5 h.

For clarity, structure of surface layer of synthesized
MCM-41-type silica materials is represented in Table 1.

Characterization of MSNs

Analysis of pore structure of synthesized MSNs was real-
ized by low-temperature adsorption—desorption of nitro-
gen at 77 K with a Kelvin-1042 Sorptometer (Costech
International, Italy). Prior to the analysis, MSNs samples
were outgassed under vacuum at 413 K for 20 h. Nitro-
gen adsorption—desorption isotherms were measured
over the region of relative pressures from 0.06 to 0.99 in
increment of 0.015. The specific surface area Sgpr was

Table 1 Molar composition of the reaction mixture and structure of surface layer of MSNs

Silica  Molar composition of the reaction mixture

Content of surface
groups

Structure of surface groups

(mmol-g™")  (umol'm~2)

1-MSN  0.096 TEOS: 0.004 APTES: 0.012 CTAB: 0.54 NH,OH: 14.4 H,0
2-MSN 0.096 TEOS: 0.004 APTES: 0.012 CTAB: 0.004 CA: 0.54 NH,OH: 14.4 H,0

3-MSN 0.096 TEOS: 0.004 CA-silane: 0.012 CTAB: 0.54 NH,OH: 14.4 H,0

=SiOH 0.28 0.54
—(CH,);NH,

=SiOH 0.25 0.45
~(CH,);NH,

=SiOH 0.08 0.11
~(CH,);NH, 0.35 0.47
~(CH,);NHCOCA
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determined from the adsorption branch of isotherm by
Brunauer—-Emmett—Teller (BET) method (Brunauer et al.
1938). The pore size distribution was obtained from the
adsorption branch of isotherm by non-local density func-
tional theory (NLDFT) analysis assuming cylindrical pore
structure of silica materials (Neimark et al. 1998). The total
pore volume V of MSNs was calculated from the amount
of adsorbed nitrogen at a relative pressure equal to 0.99
[Gregg and Sing 1913].
Powder X-ray diffraction patterns were obtained using
a diffractometer DRON-4-02 (Burevestnik, Russia) with
monochromatic CuK, emission (A =0.15418 nm) and nickel
filter. The interplanar distance d was evaluated from the dif-
fraction peak from (100) plane by the Bragg equation (Bragg
1913). The unit cell parameter a was calculated according
to the equation represented in (Fenelonov et al. 1999). The
diameter of cylindrical pores D was estimated by equation
(Kruk et al. 1997)
oY,

D=cd s
1+pr

ey

where V), is the pore volume obtained from the results of
low-temperature adsorption—desorption of nitrogen by the

t-plot method; c is the constant predetermined by the pore
shape and expressed as ¢ = , /\% for pores modeled as
¥4

hexagonal prisms; d is the interplanar distance; p is the den-
sity of the pore walls that is equal to 2.2 g/cm (Kruk et al.
1997).

The thickness of the pore wall B was calculated as the
difference between unit cell parameter a and diameter of
cylindrical pores D by the equation

B=a-D. )

The transmission electron microscopy (TEM) studies of
MSNs were carried out on a JEOL JEM-100CXII electron
microscope (JEOL Ltd., Japan) at 200 kV. Carbon-coated
copper grids were used as silica holders.

Chemical structure of synthesized silica materials was
confirmed by IR spectra recorded on a Thermo Nicollet
NEXUS FT-IR spectrophotometer (Nicollet, USA) in the
range from 4000 to 400 cm™! with a resolution of 2 cm™'.

The content of 3-aminopropyl groups chemically immo-
bilized on silica surface was estimated by the potentiometric
titration with 0.1 M HCL.

The amount of CA-containing groups introduced into the
silica in the process of sol-gel synthesis was determined
by acid—base hydrolysis of 3-MSN and subsequent analy-
sis of colored complex of hydrolyzate with concentrated
sulfuric acid (Ripatti et al. 1969) using a spectrophotom-
eter Specord M-40 (Carl Zeiss, Jena). For this, the batch
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of 3-MSN silica (0.05 g) was placed in a reactor with a
reflux condenser, suspended in a small amount of 1 M
H,SO, (10 ml), and refluxed at 373 K for 2 h. After that the
suspension was cooled to room temperature and neutral-
ized to pH ~7 with NaOH solution. Resulting suspension
was mixed with 5 M NaOH solution (7 ml), refluxed at
373 K for 2 h, and cooled to room temperature. Content
of CA in analyzed solution was determined by color reac-
tion with concentrated sulfuric acid. For this, solution con-
taining bile acid (5 ml) was placed in 50 ml glass beaker
and concentrated sulfuric acid (5 ml) was carefully added.
Prepared mixture was heated at 333 K in temperature-con-
trolled water bath for 1 h, cooled to room temperature, and
analyzed with a spectrophotometer Specord M-40 using
calibration curve measured at A =389 nm in the range of
concentrations 0 — 0.5 mmol/I.

Sorption of BSs on MSNs

UV-Vis spectra of BSs colored complexes with concen-
trated sulfuric acid were recorded in 200 — 600 nm spectral
range with a Specord M-40. Quartz cells with 5 and 10 mm
path length were used for NaC and NaTC phosphate buffer
solutions (PBS), correspondingly. All sorption studies were
made with temperature-controlled water bath. pH of solu-
tions were measured by an Ionometer I-120.1 that was cali-
brated for optimal precision using standard buffer solutions
with pH 1.68 and 6.86.

The kinetic sorption behavior of BSs on MSNs was
studied to evaluate the time required for equilibrium
attainment. For this, series of MSNs batches (0.02 g)
were placed in 50 ml glass beakers and 0.3 mmol/l solu-
tions of BSs (10 ml) in PBS with pH 5 were added.
Prepared suspensions were shaken at 297 K for different
contact time and supernatant solutions were separated
by filtering through a 0.22 pm PVDF syringe filter.
Obtained aliquots (5 ml) were placed in 50 ml glass
beakers and equal volumes of concentrated sulfuric acid
(5 ml) were carefully added. Prepared mixtures were
heated at 333 K in temperature-controlled water bath
for 1 h, cooled to room temperature, and analyzed with
a spectrophotometer Specord M-40. Concentration of
BSs was estimated from the value of optical density of
absorption band at A=389 nm. The amount of NaC or
NaTC sorbed on MSNs surface at time t was calculated
by the equation

A =(C0—C,)-V

m

3

t

where A, is the content of BS sorbed on MSNs surface at
time ¢, mmol/g; C, and C, are the concentrations of BS at
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initial moment and at time ¢, correspondingly, mmol/l; V is
the volume of solution, 1; m is the weight of sorbent used, g.

Sorption of NaC or NaTC on synthesized mesoporous
silica materials in dependence of pH was carried out from
0.18 mmol/l solutions of BSs in PBS. Briefly, batches of
silicas (0.02 g) were placed in 50 ml glass beakers and
solutions of BSs in PBSs (10 ml) with predetermined pH in
the range from 1.0 to 8.0 were added. Prepared suspensions
were shaken at 297 K for equilibrium attainment. Superna-
tant solutions were separated by filtering through a 0.22 pm
PVDF syringe filter. Obtained aliquots (5 ml) were placed
in 50 ml glass beakers and equal volumes of concentrated
sulfuric acid (5 ml) were carefully added. Prepared mix-
tures were heated at 333 K in temperature-controlled water
bath for 1 h, cooled to room temperature, and analyzed
with a spectrophotometer Specord M-40. Concentration
of BSs was estimated from the value of optical density
of absorption band at A =389 nm. The amount of NaC or
NaTC sorbed on silica surface at equilibrium was calcu-
lated using calibration curves plotted for each pH value by
the equation

A (C,=Cp)-V

m

, “

where A is the content of BS sorbed on silica surface at
equilibrium, mmol/g; C, and C oq AT the concentrations of
BS at initial moment and at equilibrium, correspondingly,
mmol/l; V is the volume of solution, 1; m is the weight of
sorbent used, g.

Equilibrium sorption of BSs on synthesized MSNs was
studied from 0.06 to 0.3 mmol/l solutions in PBS with
pH 5.0 and 7.4. The amount of BSs sorbed on silica surface
at equilibrium was calculated as described above (Eq. 4).

Results and discussion

Micelles of cationic surfactant play the role of structure-
directing agent in sol-gel synthesis assisting formation of
ordered pore system typical for MCM-41 silica. Solubiliza-
tion of amphiphilic additives like bile acids by surfactant
micelles causes changes in composition, critical micelle con-
centration, and geometry configuration of supramolecular
aggregates (Jana and Moulik 1991; Swanson-Vethamuthu
et al. 1996, Padasala et al. 2016). As a result, alteration in
structure of silica material obtained by template-assisted
sol—gel synthesis can be expected. Molecules of CA intro-
duced in surfactant solution integrate into the micelles of
CTAB due to the electrostatic and hydrophobic interac-
tions. Whereas, CA-silane moieties able for simultaneous
interaction with micellar and extra-micellar environment at
sol—gel synthesis. Along with incorporation inside micelles
of CTAB, they participate in sol-gel condensation reaction
with structure-forming silanes proceeding around template
aggregates. The influence of CA as structure-directing and
CA-silane as structure-forming agent on MSNs charac-
teristics was studied by low-temperature nitrogen adsorp-
tion—desorption and X-ray diffraction analysis.

Isotherms and pore size distributions of synthesized
MSNs are shown in Figs. 1 and 2, correspondingly. It can
be seen that the profile of nitrogen adsorption—desorption
isotherm on 1-MSN belongs to the type II with hysteresis
loop of the type H3 according to the IUPAC classifica-
tion (Fig. 1). Introduction of CA and CA-silane in sol-gel
synthesis results in 2-MSN and 3-MSN, correspondingly,
for which adsorption—desorption isotherms of the type IV
with hysteresis loop of the type H3 are registered (Fig. 1).
For this type of isotherms, a linear increase in nitrogen
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Fig.1 Isotherm of low-temperature nitrogen adsorption—desorption on 1-MSN (a), 2-MSN (b), and 3-MSN (c)
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Fig.2 Pore size distribution in 1-MSN (a), 2-MSN (b), and 3-MSN (c¢)

adsorption is followed by its sharp rise at relative pressures
from 0.25 to 0.35 due to capillary condensation within uni-
form mesopores. Obviously, transformation of isotherms
profiles confirms improvement of hexagonally arranged
mesoporous structure typical for MCM-41 due to addition
of amphiphilic substances in sol-gel synthesis. As it can be
seen from Fig. 1, isotherms of synthesized materials exhibit
adsorption hysteresis, which is appeared due to capillary
condensation and explained by the difference in the curva-
ture of the meniscus on adsorption and desorption process.
The distinct step on the desorption branch of isotherms at
hysteresis loop closure (p/p,~0.42) is generated by narrow-
ing of pore entrances and removal of adsorbate from the
pores of silica materials via the cavitation process (Van Der
Voort et al. 2002; Thommes et al. 2006; Lai et al. 2020). In
other words, evaporation of adsorbate does not proceed at
the relative pressure corresponding to the size of cylindri-
cal mesopores of synthesized materials and takes place at
the critical pressure defined by the tensile strength effect.
To get the valid information about mesoporous structure of
synthesized materials, pore size distributions were calcu-
lated by applying NLDFT to the adsorption branch of iso-
therms (Van Der Voort et al. 2002; Thommes et al. 2006,
Landers et al. 2013) (Fig. 2). According to the obtained
results, uniform mesopores are prevailing in synthesized
MSNss (Fig. 2). Along with reduction of hysteresis loop on

nitrogen adsorption—desorption isotherms, noticeable nar-
rowing of pores in the range 1-MSN >2-MSN > 3-MSN is
observed (Figs. 1, 2, Table 2). Analysis of structural parame-
ters of MSNss clearly indicates that introduction of CA as co-
template or CA-silane as structure-forming agent in sol—gel
synthesis results in substantial increase of surface area and
narrowing of pore diameters, which are more pronounced
in the case of CA-silane. It can be supposed that narrowing
of pore channels is generated by penetration of hydrophobic
parts of CA-silane between chains of template micelles and
drawing of silica matrix closure to the micelles core.

The X-ray diffraction patterns of synthesized MSNs
are shown in Fig. 3. It can be seen that diffractogram of
1-MSN has only one low-intensity reflection from the (100)
plane at 26 equal to 2.25 deg (Fig. 3). This indicates some
disruption of hexagonal arrangement of pore channels in
1-MSN. Introduction of CA as co-template in sol-gel syn-
thesis results in 2-MSN with improved hexagonally ordered
mesoporous structure. Three well-resolved diffraction peaks
assigned to the (100), (110), and (200) planes are registered
on the diffractogram of 2-MSN (Fig. 3). The position of
(100) reflex is shifted to low-angle region and registered
at 2.15 deg, whereas its intensity is increased almost dou-
ble as compared to 1-MSN (Fig. 3). Therefore, CA as co-
template causes increase of interplanar distance (Table 2).
For 3-MSN obtained by use of CA-silane as silica source,

Table2 Structural parameters

o . Silica Low-temperature nitrogen adsorption—des- ~ X-ray diffraction analysis
of mesoporous silica materials .
orption
N (mz/g) \% (cm3/g) D (nm) d ;oo (nm) a (nm) D (nm) B (nm)
1-MSN 515 0.91 3.78 3.93 4.53 3.89 0.64
2-MSN 550 0.76 3.54 4.11 4.75 3.94 0.81
3-MSN 740 0.75 3.18 393 4.53 3.76 0.77
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Fig.3 X-ray diffraction patterns of 1-MSN (curve 1), 2-MSN
(curve 2), and 3-MSN (curve 3)

the X-ray diffraction reflex from the (100) plane retains the
same position as for parent 1-MSN and registered at 26 equal
to 2.25 deg (Fig. 3). As can be clearly seen from Fig. 3,
intensities of all reflections including higher angle ones are
noticeably enhanced. This fact indicates that organosilica
with chemically immobilized CA-containing groups have
more uniform hexagonally ordered mesoporous structure in
comparison with parent amino silica and synthesized in the
presence of CA one. The results of X-ray diffraction studies
confirm that CA additive as component of structure-direct-
ing micelles and CA-containing silane as structure-forming
agent have positive impact on formation of hexagonally
ordered mesoporous structure of MCM-41-type silicas. This
fact can be explained by tight interactions arising between
hydrophobic parts of introduced compounds and long alkyl
chains of cationic surfactant on the one side and between
hydrophilic groups of additives and growing anionic oligom-
ers of orthosilicic acid on the other side. Synthesized MSNs
have hexagonally arranged porous structure with relatively
narrow distribution of cylindrical channels suitable for bio-
logically active compounds sorption.

Fig.4 TEM images of 1-MSN
(a), 2-MSN (b), and 3-MSN (c)

To confirm formation of uniformly distributed cylindrical
channels suitable for biologically active compounds sorp-
tion, visualization of structure by TEM analysis was carried
out. As can be seen in Fig. 4, synthesized materials have
hexagonally arranged cylindrical mesopores, entrances to
which are oriented outside of particles that provide acces-
sibility of functional groups for sorbate molecules.

Chemical immobilization of steroid groups in surface
layer of 3-MSN was confirmed by FT-IR spectral (Fig. 5)
and quantitative chemical analysis (Table 1). In the IR spec-
trum of MSN-3, there are absorption bands in the regions
2800 —3000 and 1300 — 1500 cm™" attributed to the valence
and deformation vibrations, correspondingly, of the C-H
bonds in the methyl radicals of chemically immobilized
groups (Fig. 5). Moreover, characteristic absorption band
caused by deformation vibrations of the N-H bond in the
amide group is registered at 1554 cm™' (Fig. 5). IR iden-
tification of absorption band of valence vibrations of the
C=0 bond in the amide linkage which is expected nearby
1700 cm™! is complicated because of its overlapping with
strong signal attributed to the deformation vibrations of the
O-H bond in the adsorbed water molecules.

Equilibrium conditions for synthesized MSNs are reached
from 2 to 4 h of contact with BSs solutions (Fig. 6, 7). To
define the most appropriate model for estimation of kinetic
rate constants and amounts of BSs sorbed at equilibrium
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Fig.5 IR spectrum of 3-MSN
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Fig.6 Kinetic curves of NaC a b
(a) and NaTC (b) sorption 80 - 80 -
on 1-MSN (curve 1), 2-MSN
(curve 2), and 3-MSN (curve 3) 3
from PBS with pH 5.0 at 297 K 60 60
(batch of sorbent—0.02 g, ® - 3
initial concentration of @ b0 /./’ o -
BS —0.3 mmol/l) s o ad
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Fig.7 Kinetic curves of NaC a b
(a) and NaTC (b) sorption 80 - 80
on 1-MSN (curve 1), 2-MSN
(curve 2), and 3-MSN (curve 3) 3
from PBS with pH 7.4 at 297 K
60 60 —e
(batch of sorbent—0.02 g, .
initial concentration of 20 3 o0 o
BS — 0.3 mmol/l) 3 - =
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attainment, experimental kinetic data were analyzed by
Lagergren and Ho-McKey equations of pseudo-first and
pseudo-second order (Table 3), correspondingly. Obtained
results prove that sorption of BSs on 1-MSN, 2-MSN, and
3-MSN from PBS with pH 5.0 and 7.4 follows the pseudo-
second order kinetic model. Despite the fact that the high
values of R? were obtained for NaC and NaTC sorption on
MSNs by applying of both kinetic equation, in all cases,
correlation coefficients for Ho-McKey linear plot exceed
those for Lagergren (Table 3). Comparison of the kinetic
sorption parameters demonstrates noticeable difference in
A,, values calculated by Lagergren and Ho-McKey equa-
tions. Pseudo-second-order kinetic model provides better
agreement of calculated values of A, with the experimental
data. It can be supposed that this discrepancy is generated
by the necessity to specify the A,, in the linear equation
of the pseudo-first-order kinetic model. Analysis of kinetic
parameters for BSs sorption on 1-MSN and 2-MSN indicates
that introduction of CA as co-template in sol-gel synthesis
in most cases results in substantial increase of kinetic rate
constants. Obviously, improvement of mesoporous structure
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hexagonal ordering of 2-MSN has positive impact on kinetic
sorption parameters of silica sorbent.

Efficiency of BSs sorption removal by MSNs is prede-
termined by the protolytic state of adsorbate and adsorbent
ionogenic groups. Therefore, in the present work, the effect
of pH on the distribution of protolytic forms and adsorb-
ate—adsorbent interactions was studied. Obtained results can
be useful in understanding the most favorable conditions
for sorption removal of BSs by synthesized silica materials.
The distributions of protolytic forms of BAs and surface
functional groups of MSNs as a dependence of pH were
generated for the parameter set chosen by the Curtipot pro-
gram version 4.3.1.

As it can be seen from the Fig. 8, CA exists in molecular
form at pH below 4.6 (pK,=4.6), whereas dissociated form
of TCA prevails over the entire studied pH range (pK,=1.4).
Therefore, gradual increase of NaC sorption by 1-MSN and
2-MSN with pH rises from 1 up to 5 is mainly associated
with hydrogen bonds formation between molecular form of
BA and non-ionized silanol (pK,=6.9) as well as unproto-
nated 3-aminopropyl groups (pK,=3.8) of silica surface,
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Table 3 Kinetic parameters for Adsorption reaction model Lagergren Ho-McKay
BSs sorption on MSNs from
PBS with pH 5.0 and 7.4 at Equation ( A ) _ ko LI N
297 K lg A,,q—qu = 203! G A, TR
Linear form of equation lg (Aeq _A;) =1gA,, — z,ﬁﬁt AL, = szllit, + A%qt
Kinetic parameters k; A, R? k, A, R?
NaC pH 5.0 1-MSN 0.566 9.411 0.964 0.159 17.167 0.999
2-MSN 0.395 6.024 0.904 0.195 27.100 0.999
3-MSN 0.772 11.098 0.823 0.197 71.276 0.999
pH7.4 1-MSN 0.566 9.411 0.964 0.178 14.304 0.999
2-MSN 0.395 6.024 0.904 0.212 13.115 0.999
3-MSN 0.772 11.098 0.823 0.313 46.019 1
NaTC pH 5.0 1-MSN 0.651 9.690 0.902 0.263 22.143 0.999
2-MSN 0.719 13.806 0.915 0.213 33.179 0.999
3-MSN 1.015 11.407 0.738 0.397 51.813 1
pH74 1-MSN 0.617 10.367 0.969 0.178 16.221 0.999
2-MSN 0.729 7.401 0.821 0.389 13.818 0.999
3-MSN 0.877 14.507 0.806 0.311 60.132 1

A,, is the content of BS sorbed on MSNs at equilibrium, pmol/g; A, is the content of BS sorbed on MSNs
at time 1, pmol/g; k, is the rate constants of Lagergren equation, min~!; k, is the rate constants of Ho-

McKey equation, g/pmol-min

Fig.8 Distribution diagrams
of protolytic forms of BAs (a)
as well as surface silanol and
3-aminopropyl groups of silica
materials (b) as a function of
pH value

which appears at lower solution acidity (Figs. 8, 9). Accu-
mulation of cholate anions in solution and ionized functional
groups on silica surface which takes place at pH> 5 disfa-
vors sorption process and results in decrease of NaC sorp-
tion removal (Fig. 9). Difference in protolytic properties of
BSs causes noticeable changes in their sorption behavior.
The highest values of NaTC sorption are achieved in acidic
medium where process is driven by hydrogen bonds forma-
tion between anionic form of BA and non-ionized silanol as
well as protonated 3-aminopropyl groups of MSNs (Fig. 8,
9). Slight suppression of 1-MSN and 2-MSN removal effi-
ciency towards NaTC with pH rise is caused by electrostatic

repulsion between negatively charged adsorbate and ionized
silanol as well as unprotonated 3-aminopropyl groups hav-
ing unshared electron pair on the nitrogen atom (Fig. 8, 9).

Introduction of steroid groups in surface layer of silica
sorbent leads to the substantial enhancement of sorption
efficiency towards BSs. The amount of NaC or NaTC
sorbed from 0.18 mmol/l solution of corresponding BS
in PBS with pH 5.0 or 7.4 by silica materials with sur-
face silanol and 3-aminopropyl groups is extremely low
and does not exceed 11 pmol/g. However, it is increased
more than fivefold and reaches almost 60 pmol/g in the
case of 3-MSN. Maximal values of BSs sorption removal
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Fig.9 Effect of pH on NaC a b
(a) and NaTC (b) sorption 80+ 80+
by 1-MSN (curve 1), 2-MSN
(curve 2), and 3-MSN (curve 3) 3 3
from PBS at 297 K (batch of 60 60
sorbent — 0.02 g, initial concen- —_ —_
tration of BS —0.18 mmol/l) éﬁ éﬁ
g 40- g 40-
3 3
< <
204 201
2 ! d
m ] ZW
O M T T T T T T T T T T T T 1 0 T T T T T T 1
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
pH pH

are predetermined by the protolytic properties of corre-
sponding BAs and achieved at pH ~5 for NaC and pH ~2
for NaTC (Fig. 8, 9). Consequently, substantial difference
in sorption efficiency of synthesized silica materials is
mainly attributed to the chemical immobilization of ster-
oid groups.

Therefore, it is evident that solution pH exerts a signifi-
cant influence on BSs sorption by MSNs. To get an idea of
the potential advantages of silica with chemically immobi-
lized steroid groups in sorption removal of BSs in the gastro-
intestinal tract, equilibrium sorption studies were carried out
at pH level of small intestine (Reddy et al. 1980; Evans et al.
1988). It was expected that analysis of isotherms obtained
at pH 5.0 and pH 7.4, where different protolytic forms of
adsorbate and surface functional groups of adsorbent are
present in suspension, will clarify the main driving forces of
BSs sorption process on synthesized silica materials.

As it can be seen from Figs. 10 and 11, isotherms of BSs
sorption by MSNs with surface silanol and 3-aminopro-
pyl groups have similar profiles typical for weak adsorb-
ate—adsorbent interactions in the region of small equilibrium
concentration. The main contribution in sorption removal

of BSs by 1-MSN and 2-MSN at pH 5.0 belongs to the
hydrogen-bond formation between molecular form of CA
and non-ionized silanol as well as unprotonated 3-aminopro-
pyl groups or anionic forms of CA or TCA and non-ionized
silanol groups (Fig. 8). In addition, side hydroxyls of BSs
may contribute in sorption process due to hydrogen-bond
formation with surface groups of MSNss. It should be pointed
out that interaction of cholate and taurocholate anions, which
prevail in solution at pH 7.4, with ionized silanol as well
as unprotonated 3-aminopropyl groups of silica surface is
unfavorable. Therefore, sorption proceeds mainly due to
hydrogen bonding of hydroxyl groups of BSs with func-
tional groups of silica surface. In both cases, gradual rise of
isotherms is observed at higher equilibrium concentrations
of BSs in solution that may be related to the cooperative
interactions of cholate and taurocholate anions with second-
ary adsorption sites formed on MSNs surface by adsorb-
ate (Figs. 10, 11). In general, obtained experimental results
indicate low sorption affinity of 1-MSN and 2-MSN to BSs
(Figs. 10, 11).

Profiles of BSs sorption by 3-MSN at studied pH values
differ substantially (Figs. 10, 11). Drastic enhancement of

Fig. 10 Isotherms of NaC a g b 80-
(a) and NaTC (b) sorption
by 1-MSN (curve /), 2-MSN
(curve 2), and 3-MSN (curve 3)
from PBSs with pH 5.0 60 60+ 3
at 297 K (batch of sorb- =0 @
ent—0.02 g, initial concentra- % >
tion of BS —0.06 —0.3 mmol/l) g 40 g 40 2

3 3

< <

20 204
0- O T T T T
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
C (mmol/1) C (mmol/l)
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Fig. 11 Isotherms of NaC a
. 80 -
(a) and NaTC (b) sorption 80
by 1-MSN (curve 1), 2-MSN
(curve 2), and 3-MSN (curve 3)
from PBSs with pH 7.4 60+ 60 3
at 297 K (batch of sorb- @ 3 e
ent—0.02 g, initial concentra- ) %
tion of BS —0.06 — 0.3 mmol/l) § 40+ g 40-
= =
N—
< <
20+ Ji 20 ; 5
2
0 -t T 1 0 T T 1
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
C (mmol/l) C (mmol/l)

NaC and NaTC sorption removal by 3-MSN from PBS with
pH 5.0 begins at small equilibrium concentrations (Fig. 10).
Obviously, chemically immobilized CA-containing func-
tional groups facilitate interaction of silica surface with BSs.
Contrariwise, negligible sorption of BSs by 3-MSN in the
initial region of isotherm curves that is followed by sharp
rise at higher equilibrium concentrations (> 0.2 mmol/l) is
observed at pH 7.4 (Fig. 11). Therefore, isotherms of NaC
and NaTC sorption by 3-MSN from PBS with pH 7.4 resem-
ble that ones obtained for MSNs with surface silanol and
3-aminopropyl groups. This fact confirms arising of weak
interaction between adsorbate and adsorbent in the region
of small equilibrium concentration at pH 7.4.

To complete the analysis of equilibrium concentration
effect on sorption removal of BSs by MSNs from PBS with
pH 5.0 and pH 7.4, experimental sorption isotherms were
described by the Langmuir, Freundlich, Redlich—Peterson,
and BET models. For this, linear plot of isotherms in coordi-
nates of the Langmuir and Freundlich equations or their non-
linear regression analysis using the Redlich—Peterson and
BET equations was carried out and obtained results are sum-
marized in Tables 4, 5 and 6. Precise values of equilibrium
sorption parameters were estimated from the best fitted iso-
therm model. The values of the correlation coefficients (R?)
of the linearized Langmuir and Freundlich equations are sig-
nificantly lower compared to that ones obtained at non-linear
modeling of experimental results with the Redlich—Peterson

Table4 Parameters of BSs

o N Equilibrium sorption model Langmuir Freundlich
equilibrium sorption on MSNs
calculated u:eing the Langmuir Linear form of equation Co — 1 L Cy IgA,, =1gKp + lig C,,
and Freundlich models Ay KA, A, n
Sorption parameters K; A, R? Ky n R?
NaC pH 5.0 1-MSN 3.608 0.171 0.483 47.098 0.505 0.646
2-MSN 2.887 4.818 0.592 95.356 0.657 0.900
3-MSN 3.961 165.016 0.460 205.362 1.518 0.930
pH 7.4 1-MSN 1.567 13.092 0.301 39.784 0.897 0.784
2-MSN 3.707 1.586 0.848 115.279 0.519 0.949
3-MSN 1.250 37.707 0.221 72.872 0.947 0.807
NaTC pH 5.0 1-MSN 2.186 12.366 0.703 85.517 0.751 0.943
2-MSN 3.098 4.320 0.605 92.920 0.681 0.902
3-MSN 31.569 54.407 0.953 70.261 3.717 0.962
pH 7.4 1-MSN 1.049 62.112 0.306 40.163 1.212 0.941
2-MSN 1.726 29.629 0.282 16.408 1.902 0.729
3-MSN 1.096 45.829 0.117 52.369 1.240 0.606

A,, is the amount of BS sorbed on silica surface, pmol/g; C,

+q 1s the concentration of BS remaining in the

solution after equilibrium attainment, mmol/l; A,, is the amount of BS required to form monolayer on the
sorbent surface, pmol/g; K, is the Langmuir constant related to the affinity of the binding sites, pmol™; K.
and n are the Freundlich constants that indicate the extent of surface heterogeneity, g~'; 1/n is the measure
of sorption intensity, which can be between 0 and 1
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Table 5 Parameters of BSs

Y . Equilibrium sorption model
equilibrium sorption on MSNs

Redlich—Peterson

calculated using the Redlich- Linear form of equation = KeCy
Peterson model T 1tagCly
Sorption parameters Ky ag p R’ 7
NaC pH 5.0 1-MSN 31.759 6.674x107* 1x107"2 0.529 17.849
2-MSN 65.475 0.157 1x1071 0.723 20.889
3-MSN 1.262x10° 273.554 4207%x1071 0.932 55.307
pH7.4 1-MSN 47.084 0.127 1x107'6 0.705 12.656
2-MSN 41.504 0.259 1x107'6 0.695 7.583
3-MSN 92.429 1x1071 1x1078 0.452 116.978
NaTC pH 5.0 1-MSN 67.172 0.191 1x107'6 0.790 12.258
2-MSN 68.097 0.133 1x107'6 0.536 55.490
3-MSN 8.285 9.664 0.648 0.955 17.492
pH 7.4 1-MSN 57.137 4.021x107° 4.1x107° 0.914 2.684
2-MSN 54.975 0.296 2.344x107'6 0.833 3.478
3-MSN 146.606 0.204 1x107'0 0.480 202.313

K and ay, are the Redlich—Peterson isotherm constants, 1/g and I/mmol, correspondingly; f is the exponent
that lies between 0 and 1 (sorption model follows the Langmuir model when f value is 1, while when
value is 0, the sorption model follows the Henry’s law)

Table 6 Parameters of BSs

Ry . Equilibrium sorption model
equilibrium sorption on MSNs

Brunauer-Emmett-Teller

calculated using the BET model Linear form of equation

A = A, KsCoy
eq (1-K, C,))(1-K, C,y+KsC,)

Sorption parameters K K; A, R’ 7
NaC pH 5.0 1-MSN 0.089 3.787 8.706 0.999 0.003
2-MSN 6.612 3.001 4.177 0.937 4.734
3-MSN 192.704 5.684 15.896 0.932 2.031x107*
pH 7.4 1-MSN 0.059 2414 149.524 0.946 2.299
2-MSN 0.045 2.536 158.079 0.972 0.699
3-MSN 2.257 4.607 1.055 0.975 5.289
NaTC pH 5.0 1-MSN 2.832 2.772 7.698 0.989 0.597
2-MSN 151.123 3.617 1.543 0.958 4.995
3-MSN 515718 2.656 25.643 0.980 7.625
pH 7.4 1-MSN 82.704 3.360 3.776 0.988 0.368
2-MSN 143.723 2.757 3.330 0.892 2.248
3-MSN 0.738 3.801 13.062 0.984 6.059

Ky is the term for the energy of interaction with the surface, I/mmol; K; is the equilibrium constant for sur-

face sorption—desorption, /mmol

and BET equations. Contrary to the Langmuir and Freun-
dlich isotherms, which represent sorption of BSs either on
homogeneous, or on heterogeneous surface of MSNs, the
Redlich—Peterson model is appropriate for description of
hybrid sorption process, whereas BET equation concerns
multilayer sorption from the liquid phase (Gritti and Guio-
chon 2003; Ebadi et al. 2009). Substantial difference in R?
values proves that neither the Langmuir no the Freundlich
models can describe the experimental equilibrium sorption
data correctly. At the same time, both the Redlich—Peterson
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and BET models give high values of correlation coefficients.
To ensure the suitability of one of these models for pre-
cise description of experimental sorption isotherms, the
results of Chi-square test (y°) were compared (Tables 5,
6). It was found that application of the Redlich—Peterson
model gives higher values of y° in comparison with that
ones obtained for the BET model (Tables 5, 6). Therefore,
it can be concluded that an assessment of statistical error
functions reveals multilayer sorption of BSs on MSNs. The
isotherm curves predicted by non-linear regression analysis
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Fig. 12 Isotherms of NaC a
(a) and NaTC (b) sorption 80+ 5 80
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(curve 2), and 3-MSN (curve 3) °
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Fig. 13 Isotherms of NaC a b
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of the BET equations are close to the experimental ones
(Figs. 12, 13). In all cases, sorption capacity increases in the
region of high equilibrium concentrations at both studied pH
values, proving cooperative mechanism of BSs sorption in
studied systems. Obviously, BSs, which form the first sorp-
tion layer on MSNs surface, serve as sorption sites for the
second layer, and so on.

Since sorption of BSs depends significantly on the proto-
Iytic state of adsorbate and surface groups of adsorbent, the
pH of medium should be taken into account at discussion of
the comparative sorption efficiency. In accordance with the
obtained experimental results, sorption of NaC and NaTC
from solutions with equilibrium concentration 0.2 mmol/l
by 3-MSN is equal to 15 and 20 pmol/g at pH 7.4 (Fig. 10)
and increases up to 70 and 50 pmol/g, correspondingly, at
pH 5.0 (Fig. 11). Obtained values are higher than reported
binding capacity of aqueous enzymatic extract from rice
bran for NaTC and NaDC (11 and 8 pmol/g, correspond-
ingly) at pH 6.3 (Wang et al. 2018), cholestyramine for HCA
and NaTC (11 and 19 pmol/g, correspondingly) at pH 5.0
(Kazlauske et al. 2014), and chitosan for HCA (9 pmol/g)
at pH 5.0 (Kazlauske et al. 2014). The sorption capacity

of cellulose, wood powders, and individual lignins in rela-
tion to NaC varies from 4 to 28 pmol/g, whereas for enzy-
matically treated lignins, this value reaches 28 pmol/g at pH
6.9 (Zuman et al. 1988). Synthesized in the present work,
3-MSN material demonstrates sorption ability commensu-
rable with chitosan—fumed silica composite, which attains
43 and 97 pmol/g for CA and TCA, correspondingly, at pH 4
(Budnyak et al. 2019). The binding capacity of diethylami-
noethyl derivative of cellulose consists of 135 pmol/g for
HCA and 130 pmol/g for NaTC at pH 5.0 (Kazlauske et al.
2014). It can be concluded that chemical immobilization
of steroid functional groups in the surface layer of silica
material possessing good biocompatibility and low toxicity
opens up new possibilities for design of medical sorbents for
BSs sorption removal and hypercholesterolemia treatment.

Conclusions

Mesoporous silica materials of MCM-41-type with surface
3-aminopropyl and steroid groups were prepared by sol-gel
condensation of silica source (TEOS and APTES or their
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mixture with CA-silane) in the presence of micelles of long-
chain quaternary ammonium salt in individual state or with
solubilized CA. The influence of CA as structure-directing
and CA-silane as structure-forming agent on MSNs charac-
teristics was studied by low-temperature nitrogen adsorp-
tion—desorption and X-ray diffraction analysis. It was found
that introduction of bile acid or its triethoxysilyl derivative
in sol-gel synthetic mixture has positive impact on forma-
tion of hexagonally ordered mesoporous structure of MCM-
41-type silicas and results in increase of surface area and
narrowing of pore diameters, especially for MSNs prepared
with CA-silane participation. Sorption effectiveness of
synthesized MSNs towards BSs was studied from PBSs in
dependence of duration of contact, solution pH, and adsorb-
ate equilibrium concentration. Due to the good availability
of surface sorption centers located in tunable pore channel,
all synthesized MSNs demonstrate high sorption kinetic
parameters. Efficiency of BSs sorption removal by MSNs
is predetermined by the protolytic state of adsorbate and
adsorbent ionogenic groups, and achieves maximal values
at pH~5 for NaC and pH ~ 2 for NaTC. Equilibrium sorption
studies prove that chemical immobilization of steroid groups
results in noticeable enhancement of silica material sorption
ability, especially in the region of small equilibrium concen-
trations at pH 5 that is not typical for MSNs with surface
3-aminopropyl groups. Analysis of experimental sorption
isotherms by the Langmuir, Freundlich, Redlich—Peterson,
and BET models evidences multilayer character of BSs sorp-
tion on MSNs. Silica materials with chemically immobilized
steroid groups demonstrate high sorption ability towards
BSs and have potential in hypercholesterolemia diagnostics
and treatment.
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