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Doxorubicin belongs to the most widely used anticancer chemotherapy drugs. Yet the long-term treatment with
doxorubicin is associated with toxic side effects. Minimization of undesired damages of healthy cells without
reducing therapeutic action of doxorubicin can be attained using drug carrier systems, particularly silica
nanoparticles. The aim of this work was elucidation of the probable mechanism of interaction between doxorubicin
and silica surface. The adsorption of antitumor drug on mesoporous silica nanoparticles of MCM-41-type was
studied depending on the contact time, pH of phosphate buffer solution, and doxorubicin concentration by use of
UV-Vis spectroscopy. Experimental kinetic curves of adsorption were compared with theoretical models of
Lagergren and Ho-McKay for pseudo-first and pseudo-second order processes. High correlation coefficients
indicate that the kinetics of drug adsorption on silica surface at pH 5.0 and 7.0 can be fitted by pseudo-second order
kinetic model. Equilibrium adsorption of doxorubicin was analyzed by Langmuir, Freundlich, Redlich-Peterson, and
Brunauer-Emmet-Teller isotherm models. BET model is the most appropriate for prediction of doxorubicin
equilibrium adsorption on MCM-41 silica from solutions with pH 7.0, whereas drug adsorption at pH 5.0 can be
described by Freundlich model. The results obtained for doxorubicin adsorption kinetics and equilibrium on
MCM-41 surface can be useful for comparative analysis of chemically modified silicas effectiveness.
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INTRODUCTION interaction mechanism of Dox with MCM-41 will
provide opportunity to realize the most effective
strategy for silica surface modification depending
on desired dosage and release kinetics of drug.

In the present work, to elucidate mechanism of
interaction between Dox and silica surface,
adsorption of antitumor drug on mesoporous
MCM-41-type silica was studied depending on the
contact time, pH of phosphate buffer solution, and
Dox concentration.

Doxorubicin (Dox) belongs to the most widely
used anticancer chemotherapy drugs applied for
medication of breast, head, liver, lung, stomach,
pancreas and other cancers [1]. Yet the long-term
treatment with Dox is associated with toxic side
effects, risk of myelosuppression [2] and dose-
related cardiotoxicity [3]. Minimization of
undesired damages of healthy cells without
reducing therapeutic action of Dox can be attained
using drug carrier systems, particularly silica EXPERIMENTAL
nanoparticles [4-14]. Mesoporous silicas of
MCM-41 type combine such attractive properties
of silica matrix as high thermal stability,
biocompatibility, nontoxicity, controllable
participation in chemical reactions with a wide
range of modifiers with unique features provided
by hexagonally arranged mesoporous structure,
among which high surface area, large pore volume,
uniform and tunable pores of molecular size, and
accessibility of adsorption sites. All these
advantages of MCM-41 silica materials make them
the most promising solid supports for the
formulation of biologically active systems, in
particular effective drug releasing ones [15-22]. As
initial MCM-41 has low loading efficiency (up to
2.6 wt. %) [23], a better understanding of the

Tetracthyl  orthosilicate  (from  Merck,
purity = 99 %), cetyltrimethylammonium bromide
(from  Merck, purity >97 %), doxorubicin
hydrochloride (from Sigma-Aldrich,
purity > 98%), phosphoric acid, sodium hydroxide,
disubstituted sodium phosphate and
monosubstituted potassium phosphate (all from
Reakhim, pure analytical), and standard volumetric
solution of hydrochloric acid (from RIAP, pure
analytical) were wused without additional
purification.

MCM-41 silica material was synthesized by
base catalyzed sol-gel condensation of tetracthyl
orthosilicate in the presence of quaternary
ammonium salt as structure directing agent.
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Condensation  procedure was realized in
water-ethanol-ammonia solution with
cetyltrimethylammonium bromide as template in
accordance with previously described technique
[24, 25].

Absorption spectra of Dox buffer solutions
were recorded in the 400—700 nm spectral range
with a Specord M-40. Quartz cells with 2 and
20 mm path lengths were used.

The pH wvalues of buffer solutions were
measured by an lonometer I-160.

The distribution diagrams of protolytic forms
of Dox and silanol groups of silica surface were
generated for the parameter set chosen in each
simulation by the CURTIPOT program version
3.5.4 (Guts, 2010).

The effect of contact time on Dox adsorption
by MCM-41 silica was studied in phosphate
buffer solutions with pH 5.0 and 7.0 at 293 K.
The 0.01 g batches of silica material pretreated at
393 K for 2 h were placed into 5 ml of phosphate
buffer solutions with 0.138 mmol Dox/l. The
suspensions were shaken for certain time
intervals, filtered through syringe filter with a
0.2 pm pore size hydrophilic PVDF membrane.
Dox adsorption on MCM-41 silica was
determined from the values of optical density of
absorption band with A,.x =483 nm using the
equation:

_(G -Gy

m

4,

where 4, — the adsorption at time ¢, mol/g; C, — the
initial concentration of Dox, mol/l; C,—the
concentration of Dox in solution at time #, mol/;
V — the volume of the solution, 1; m — the batch of
silica, g.

Adsorption of Dox on silica surface was
realized from phosphate buffer solutions with
pH 5.0 and 7.0 using the multibatch technique
under static conditions at 293 K. Briefly, 0.01 g
batches of silica material pretreated at 393 K for
2h were placed into 5ml of Dox phosphate
buffer solutions with concentration of drug
ranging from 0.138 to 0.689 mmol/l. Then, the
suspensions were shaken up to equilibrium
attainment (24 h) and filtered. The solutions
were analyzed by use of spectrophotometer, and
values of Dox adsorption were determined by
optical density of the absorption band with
maximum at 483 nm.
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RESULTS AND DISCUSSION

Synthesized silica has a particle size of
1.5-2.0 microns, hexagonally arranged porous
structure of MCM-41-type silica, specific surface
area of 995 m%/g (by BET method) and average
pore size of 3.66 nm (by DFT method).

Kinetics  of  doxorubicin  adsorption.
Doxorubicin is an anthracycline antitumor
antibiotic consisting of chromophoric

anthraquinone and sugar moieties (Fig. 1).

Due to the presence of the amino group in Dox
structure, its physicochemical properties depend
essentially on the pH. As can be seen from Fig. 2,
non-ionized form of the drug is dominant at neutral
and basic pH values, whereas the protonated one
exists in acidic medium. Acidic environment is the
most appropriate for adsorption studies due to Dox
stability in the pH range from 3.0 to 6.5 [26].
However, taking into account the chemical
structure of silica surface in this pH region (Fig. 2),
it can be argued that non-ionized surface silanol
groups cannot contribute to the interaction with
fully protonated amino groups of Dox. As a result,
we cannot expect high adsorption capacity of silica
surface for Dox molecules in acidic medium.
Noticeable influence of interactions between
protonated or non-ionized daunosamine groups and
silica surface on the adsorption process is possible
at neutral pH values when about 50 % of surface
silanol groups exist in ionized state (Fig.?2).
Ionized silanol groups are capable to electrostatic
interactions with the positively charged amino
groups of Dox. Moreover, hydrogen bond
formation between neutral drug molecules and
non-ionized silanol groups can take place
contributing to the adsorption process.

Fig. 1. structure  of doxorubicin in

Molecular
protonated form
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In order to investigate the mechanism of Dox
adsorption on MCM-41 silica the multibatch
kinetic experiments were carried out at pH 5.0
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and 7.0. As can be seen in Fig. 3, adsorption
capacity of MCM-41 rapidly increases during the
first six hours until equilibrium is reached.
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Fig. 3. Kinetic curves of Dox adsorption on MCM-41 silica at pH 5.0 (a) and 7.0 (b)

The dependences of Dox adsorption on silica
surface on the time of contact were analyzed by
equations of Lagergren and Ho-McKay for
pseudo-first and pseudo-second order kinetic
models (Table 1), respectively. R* correlation
coefficients close to unity indicate that adsorption
of Dox on silica surface at pH 5.0 and 7.0 can be
described by pseudo-second order kinetic model
better than by pseudo-first one. Kinetic rate
constants and amounts of Dox adsorbed from
phosphate buffer solutions at equilibrium were
calculated from the slope and intercept of linear
plots (Table 1). It has been found that in spite of
good fitting by pseudo-first order kinetic model for
the whole range of contact time, the values of 4.,

ISSN 2079-1704. CPTS 2016. V. 7.N 4

407

evaluated by the Ho-McKay equation agree with
the experimental data better than those obtained by
Lagergren equation. Obviously, this discrepancy is
generated by the necessity to specify the
equilibrium sorption capacity in the linear equation
of the pseudo-first order kinetic model. At the same
time, fitting of linear form of pseudo-second order
kinetic model does not require assigning the A,
and provides better agreement of calculated values
with the experimental data.

Equilibrium adsorption of doxorubicin. The
time required for equilibrium attainment was
estimated from kinetic curves of Dox adsorption at
different pH values using the pseudo-second order
kinetic model. The equilibrium adsorption capacity
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of MCM-41 at pH 5.0 and 7.0 estimated by Ho-
McKay equation consists of 5.61 and 69.93 pmol/g
respectively. These values are very close to the,
experimental data of adsorption capacity reached
after 24 h of contact (5.58 and 68.40 pmol/g).
Adsorption isotherms, reflecting distribution of
Dox between the liquid and solid phase at various

solutions with pH 5.0 and 7.0, are represented in
Fig. 4. It can be seen that at pH 5.0 the adsorption
grows with the increase of Dox content in the
whole range of concentrations (Fig. 4 a), and at pH
7.0 the amount of adsorbed Dox increases rapidly
in the initial branch of isotherm and reaches a
plateau (0.1 mmol Dox/g silica), then it grows

concentrations of drug in phosphate buffer again (Fig. 4 b).
Table 1. Kinetic parameters for Dox adsorption on MCM-41 calculated using pseudo-first and pseudo-second order
kinetic models
Adsorption model Lagergren Ho-McKay
equation A k 1 1
SRR ETTY G- e
A, -4 2303 (4,-4) A,
linear form of equation k ¢ 1 1
lg(4,, —A4)=1gd,, ————t —=—t—
2.303 A kA A,
calculated kinetic ky Aeq R ks Aeq R
parameters
pH 5.0 0.0013 246 0.977 0.0148 5.61 0.999
pH 7.0 0.0078 56.77 0.988 0.0004 69.93 0.998

Ao, and A, —the adsorption capacity at equilibrium and at time t, umol/g; k; and k, — the rate constants of
pseudo-first and pseudo-second order adsorption processes, 1/min and g/umol-min, respectively
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Fig. 4.

experiment

In the present study, the experimental data on
equilibrium Dox adsorption on MCM-41-type
silicas were described by Langmuir, Freundlich,
Redlich-Peterson, and Brunauer-Emmet-Teller
isotherm models (Table2). To find the most
appropriate approach for the description of Dox
adsorption on MCM-41 silica, adsorption
parameters were estimated and experimental
isotherms were compared with the calculated ones.
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Isotherms of Dox adsorption on MCM-41 silica at pH 5.0 (@) and 7.0 (b) obtained from multibatch adsorption

It is known that Langmuir isotherm model is
valid for monolayer adsorption on finite number of
identical sites. At the same time, Freundlich one
describes the adsorption on mnon-uniformly
distributed sites of heterogeneous surface which
have a different affinity to the adsorbate molecules.
To determine adsorption constants for these two-
parameter isotherm models, the linear forms of
Langmuir and Freundlich equations were used. The
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parameters of Dox adsorption on MCM-41 surface
at different pH values were calculated from the
slope and intercept of linear plots (Table 2). The
results obtained reveal that the Dox adsorption at
pH 5.0 can be better described by Freundlich
adsorption model with higher value of correlation
coefficient (R*=0.976) compared to that for
Langmuir model (R* =0.429). In the case of Dox
adsorption at pH 7.0, correlation coefficients of
Langmuir and Freundlich linear plots are too low
to ascribe the occurring adsorption process to one
of these two models (Table 2).

Redlich—Peterson isotherm model combines
features of both Langmuir and Freundlich
equations. The mechanism of adsorption process
described by this approach does not follow ideal
monolayer adsorption and can be considered as
hybrid one. To determine adsorption constants,
experimental results were analyzed with three-
parameter Redlich-Peterson empirical equation
using nonlinear regression (Origin, version 2015).
It has been found that the value of B for Dox
adsorption at pH 5.0 tends to zero proving that the
adsorption obeys the Freundlich model (Table 3).

Table 2. Parameters of Dox adsorption on MCM-41 calculated using Langmuir and Freundlich models

Equilibrium adsorption Langmuir Freundlich
model
equation !
q 4 o—g KCy 4, =K,Cr
eq m
1+K,C,
linear form of equation C C 1
= ! +—L lgAeq = ngF +_1gCeq
Aeq KL Am Am h
calculated adsorption K A R? Kr n R
parameters
pH 5.0 0.631 —0.076 0.429 0.086 0.785 0.976
pH 7.0 21.114 0.282 0.627 0.317 3.952 0.689

C., — the concentration of Dox at equilibrium, mmol/l; K, — the Langmuir constant related to the energy of
adsorption, 1/mmol; A, — the monolayer adsorption capacity, mmol/g; Kr — the Freundlich constant which
corresponds to adsorption capacity, 1/g; n —the Freundlich constant which corresponds to adsorption intensity

Table 3. Parameters of Dox adsorption on MCM-41 calculated using Redlich-Peterson and Brunauer-Emmet-Teller
models

Equilibrium adsorption Redlich-Peterson Brunauer-Emmet-Teller

model
equation K, Ceq K, Ceq

eq 1 . _ B Aeq Am
1+a,C? (1-K,C)1-K,C, +K.C,

linear form of equation C,
lg(KRA—"—l):lgaR+BlgCeq _

eq

calculated adsorption Kr ar B R? K K A R?
parameters
pH 5.0 0.121 0.786 1310 0.973 0.496 0.274 0.130 0.973
pH 7.0 5.335 13 0.906 0.843 3271 4.959 0.086 0.978

Ky and ap — the Redlich-Peterson isotherm constants, /g and l/mmol, respectively;, B — the exponent, which lies
between 0 and 1; Ks — the equilibrium constant of adsorbate-adsorbent interactions, l/mmol; K; — the equilibrium
constant for surface adsorption-desorption, l/mmol; A,, —the monolayer adsorption capacity, mmol/g

Brunauer-Emmet-Teller model was originally
developed for gas multilayer adsorption

description. Therefore, direct application of BET
theory to liquid-solid phase process leads to
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erroneous results. In the present paper, a corrected Ionized silanol groups are capable to electrostatic
form of the BET equation proposed by authors interactions with the positively charged amino
[27, 28] was used to model the adsorption of Dox groups of Dox. Contrary situation is observed at
on MCM-41 from the phosphate buffer solutions. pH 5.0: non-ionized surface silanol groups lose
As in the case of Redlich-Peterson model, their capability to interact with fully protonated
adsorption parameters of BET equation were aminogroups of Dox (Fig.4a). As a result,
obtained from nonlinear regression analysis. The substantial lowering of MCM-41 adsorption
highest value of correlation coefficient indicates capacity is registered at lower pH.
that BET model describes adsorption of Dox on
MCM-41 surface from phosphate buffer solution CONCLUSIONS
with pH 7.0 better than previously discussed It has been proved that the kinetics of Dox
theories (Table3). The monolayer adsorption adsorption on silica surface at pH 5.0 and 7.0
capacity of MCM-41 calculated using BET agrees with the kinetic model of pseudo-second
adsorption model is in a good agreement with order. It has been found that BET model is the
experimental results (Fig. 4 b, Table 3). most appropriate for prediction of Dox equilibrium
Taking into account chemical structure of adsorption on MCM-41 silica from phosphate
doxorubicin and silica surface, it can be suggested buffer solution with pH 7.0, whereas experimental
that adsorption is driven mainly by physical data obtained at pH 5.0 can be described by
interactions between amino groups of Dox Freundlich model. The results obtained for Dox
macromolecules and silanol groups of silica adsorption kinetics and equilibrium on MCM-41
surface. At pH 7.0 nearly 56 % of surface silanol surface can be useful for comparative analysis of
groups exist in ionized state, whereas 93 % of Dox chemically modified silica carriers effectiveness.

daunosamine groups are protonated (Fig. 2).

BuBueHHs KiHETHMKM Ta PIBHOBA:KHOI aacopOuii 10KCOPYOilMHY HA NMOBEPXHi KpeMHe3eMy
THny MCM-41

H.B. Poik, JI.O. Beasikora, M.O. /I3513bK0

Inemumym ximii nogepxui im. O.0. Yyuixa Hayionanvnoi akademii nayx Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, roik_nadya@ukr.net

Aocopbyiro  npomunyxnuHHoi IKApPCbKOi CROMYKU  (OOKCOPYOIYUuHy) HAHOYACMUHKAMU Me30N0OPUCTNOZ0
Kkpemuesemy muny MCM-41 6yno eugueno 6 3anescrnocmi 6i0 mpuganocmi koumaxkmy, pH ¢pocgpammuoeo 6ygeproco
pO3uuHy ma KoHyewmpayii Ooxcopydiyuny. Excnepumenmanvui xinemuuni Kpusi aocopoyii Oyau nopieHsaHi 3
meopemuuHumu mooensamu Jlazepepena ma Xo-Maxxkes 0ns npoyecie ncesdo-nepuio2o ma nceeoo-0py2020 nopsoKie.
Bucoxi xoegiyicnmu xopenayii ceiouamsv npo me, wjo KiHemuuHi Kpusi aocopoyii 1ikapcovkoi cnoayku Ha no8epxHi
Kpemuesemy npu pH 5.0 ma 7.0 modxcyme Oymu onucawi KiHemuyHow MoOeLI0 Nce800-0pyeo20 NOPAOKY.
Pisnosasicry aocopbyito dokcopybiyuny 0y10 NpoananizoéaHo 3a 00nomMocow moodeneu izomepm Jlenemiopa,
@peuinonixa, Peonixa-Ilemepcona ma bpynayepa-Emmema-Tennepa. Mooenv BET natibinbue npudoamua oas onucy
pisHosadcHoi adcopoyii dokcopybiyuny MCM-41 kpemnesemom 3 posuunie 3 pH 7.0, mooi sik adcopbyis nrikapcoroi
cnonyku npu pH 5.0 sionogioae modeni @peiinonixa.

Knrouosi cnosa: kpemnesem muny MCM-41, dokcopybiyun, aocopbyis
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N3yyenne KHHETHKHU U PABHOBECHON aJcopOLMH JOKCOPYOHMIMHA HA TIOBEPXHOCTH
KkpemHe3ema Tuna MCM-41

H.B. Pouk, JI.A. BeasikoBa, M.A. /I3513bK0

Hnemumym xumuu nogepxnocmu um. A.A. Yyiiko Hayuonanwnoi akademuu Hayx Ykpaumol
ya. enepana Haymosa, 17, Kues, 03164, Yxpauna, roik_nadya@ukr.net

Aocopbyus  npomugoonyxonesoeo - 1eKAPCMEEHHO20  COoeOuHeHus  (0OKCOpyOuyuHa)  Havowacmuyamu
Mmezonopucmozo kpemuezema muna MCM-41 6viia uzyuena 6 3agucumocmu om OaumenbHocmu Koumakma, pH
docghamnoeo 6ypeprozo pacmeopa u KOHyeHMpayuu OOKCOpyoOUYUHA. DKCnepUMeHmMAalbHble KUHemuyecKue Kpugvle
adcopbyuu buLIu conocmagienvl ¢ meopemuydeckumu mooensamu Jlazepepena u Xo-Maxkes 0nst npoyeccos ncegdo-
nepeoco U Ncesio-6mopo2o Nopsiokos. Beicokue kospguyuenmovl Koppensyuu ceudemeirbcmeyiom o mom, Ymo
KuHemuyeckue Kpugvle adcopbyuu nekapcmea Ha nosepxwocmu kpemuesema npu pH 5.0 u 7.0 mocym 6Ovime
ONUCAHBL KUHEMUYECKOU MOOenbl0 Nceg00-6mopo2o nopsioka. Pasnosecnas adcopbyus ooxcopybuyuna Ovlia
NPOAHATUZUPOBAHA C NOMOWbIO MoOdenel uzomepm Jlenemiopa, @peiinonuxa, Peonuxa-Ilemepcona u Bpynayspa-
Ommema-Tennepa. Modenv BIT naubonee nooxooum 0/ ONUCAHUSL PABHOSECHOU adcopbyuu dokcopyouyurna MCM-41
KpemHeseMom u3 pacmeopos ¢ pH 7.0, 6 mo epems kax aocopbyus nexapcmea npu pH 5.0 coomeemcemagyem modenu
Dpeiinonuxa.

Knroueswie cnosa: kpemnezem muna MCM-41, dokcopybuyun, aocopoyus
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