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Abstract

The interaction between (2-hydroxypropyl)-B-cyclodextrin (HP-B-CD) and water-soluble
betulin derivatives, betulin 3,28-disulfate (DSB) and betulin 3-acetate-28-sulfate (ASB),
belonging to the class of pentacyclic lupane triterpenoids, was studied using affinity capillary
electrophoresis. It was found that 1:1 and 1:2 complexes were formed. The stability constants of
the complexes in the temperature range of 293.15-318.15 K were determined. The values
obtained are sufficiently large; log K (1:1) and log K (1:2) are 4.25-5.02 and 6.08-7.59,
respectively. This phenomenon can be explained by the presence of broad hydrophobic regions
in the molecules of the compound studied. The stability constants decrease with increasing
temperature. The stability constants for ASB complexes are slightly higher as compared to the
constants for DSB complexes. The thermodynamic parameters for the complexation were
calculated from the van’t Hoff plots. The complexation was found to be controlled by the
enthalpy change. The obtained values of stability constants at 298 K were compared with values
for the B-CD complexes of the compounds under study and for the HP-B-CD an d 3-CD
complexes of water-insoluble betulin derivatives. It was found that water-soluble betulin
derivatives form more stable complexes with CDs as compared to water-insoluble derivatives
(betulonic and betulinic acids), and the HP-B-CD complexes are more stable than the p-CD
complexes.

Keywords:

Binding constants; Cyclodextrins; Drug delivery; Enthalpy; Gibbs energy; Inclusion
complexes

1. Introduction

In recent years, betulin (Fig. 1a) and its derivatives, belonging to the class of pentacyclic
lupane triterpenoids, have attracted attention due to a number of useful properties such as
antitumor, antibacterial, anti-HIV activities [1], and wide abundance in nature. One of the main
sources of betulin is birch bark, the betulin content in the external part of which is 10-35 %. The
bioavailability and pharmacological activity of betulin and its derivatives can be increased by
obtaining inclusion complexes of the compounds with cyclodextrins. Cyclodextrins (CDs) are
natural cyclic molecules formed from residues of a-1,4-bonded D-glucopyranose. The CD
molecule is a truncated cone with a hydrophobic cavity, due to which CDs can form inclusion
complexes or host-guest complexes with various compounds [2, 3]. The thermodynamic
parameters for the complexation of CDs with betulin derivatives have not been studied enough.
Recently, the interaction of water-soluble betulin derivatives with B-CD [4] and the interaction of

betulinic and betulonic acids (water-insoluble) with B-CD [4] and (2-hydroxypropyl)-p and y-
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cyclodextrins [5] have been studied. The stability constants for the complexes studied have been
determined at 298 K.

To determine stability constants and thermodynamic parameters, a number of techniques
are used [6, 7], including UV-Vis [8-10] and fluorescence [8, 9, 11] spectroscopy,
conductometry [12, 13], isothermal calorimetry [14-17], phase solubility study with UV-Vis
spectroscopy [14, 18, 19] or high-performance liquid chromatography [20], potentiometry [21],
capillary electrophoresis [22-39], and other techniques. Capillary electrophoresis (CE) has
advantages such as rapidity, high selectivity, a small value of samples, and low-cost of analysis.
Kinetically labile complexes give one peak in electropherograms, the effective electrophoretic
mobility of which, P, is the average weighted over the mole fractions of species [27]:

Hefr = ng Hia; )
where g is the ionic mobility of i species (for anions x4 < 0); « is the mole fraction of i
species, which depends on the ligand concentration in background electrolyte (BGE). In affinity
capillary electrophoresis (ACE, sometimes named as mobility shift assay) [22, 28-34] to study
complexation, several electropherograms of the compound studied are obtained with varying
concentration of ligand in BGE. Based on the values of electrophoretic mobilities and ligand
concentration in BGE, the stability constants, also called binding, formation, or association
constants, are calculated. Sometimes the compound is added to BGEs and the ligand is injected
as a sample. ACE and related electromigration techniques are used to determine the
thermodynamic parameters of the complexation on the basis of temperature dependencies of
stability constants [36-39].

The aim of this study was to determine thermodynamic parameters of the complexation
of water-soluble betulin derivatives with (2-hydroxypropyl)-B-cyclodextrins using affinity
capillary electrophoresis.

2. Experimental

2.1. Instrumentation

The study was carried out using capillary electrophoresis systems with a diode-array
detector Agilent *°CE G1600A and Agilent 7100 (Agilent Technologies, Waldbronn, Germany)
of the Krasnoyarsk Regional Center of Research Equipment, Federal Research Center
“Krasnoyarsk Science Center SB RAS”. Untreated fused silica capillaries with 50 um id and the
total/effective lengths of 80.5/72 cm were used (Agilent Technologies). The capillary
temperature was kept constant at T £ 0.04 K; T was 293.15, 298.15, 303.15, 310.15, and 318.15
K. The data acquisition and processing were performed with the computer programs
ChemStation Rev.A.10.02 and OpenLab CDS ChemStation Edition C.01.08. The separation was
achieved by applying a voltage of + 30 kV. The positive voltage was applied to the capillary
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inlet. The direct detection was made at 200 nm with the bandwidth of 6-10 nm. The samples
were injected hydrodynamically for 10 sec at a pressure of 50 mbar. All experiments were
repeated 3 times.

A new capillary was first flushed with 1 M NaOH for 10 min, then with ultra pure water
for 10 min. At the beginning of each day, the capillary was first flushed with 0.1 M NaOH for 5
min, twice with ultra pure water for 10 min and with running BGE for 15 min. Between the runs
the capillary was flushed with BGE for 5 min.

All pH measurements were made using a calibrated precise pH instrument «Expert-001-
1» (Econix-Expert, Moscow, Russia) with a precision of 0.005 pH units.

2.2. Chemicals

The used reagents were analytical grade purity. (2-Hydroxypropyl)-B-cyclodextrin with
an extent of labeling equal to 1 molar substitution (average molecular weight 1540) was
purchased in Sigma-Aldrich (Moscow, Russia). HP-B-CD was dissolved in BGEs. The solution
of 0.002 % dimethyl sulfoxide (DMSO) dissolved in samples or BGEs was used as an
electroosmotic flow (EOF) marker. Deionized water with electrical conductivity less than 0.1
uS-cm™ from a water purification system Direct-Q3 (Millipore, France) was used for the
solution preparation. BGEs were filtered through 0.45 mkm filters.

The water-soluble betulin derivatives (sodium salts of betulin 3,28-disulfate and betulin
3-acetate-28-sulfate) were synthesized in Institute of Chemistry and Chemical Technology SB
RAS, Federal Research Center “Krasnoyarsk Science Center SB RAS” as described in article
[4]. Stock solutions of the compounds with a concentration of 1 g/L were prepared by dissolution
of accurate weights in deionized water. Samples (12 mg/L) were prepared by dilution of the
stock solutions with BGEs before electrophoretic separation.

2.3. Separation conditions and calculations

The sequence of steps for electrophoretic separation in a thermostated capillary segment
was as follows [40]. A sample containing a neutral marker (N;) and the anionic compound
studied (A) was injected into a capillary filled with BGE. The injected sample was transferred to
the thermostated segment of the capillary by applying a pressure of 50 mbar for time t;. The
voltage was applied to electrophoretically separate N; and A for time tmigr, but such that they did
not reach the detector window. A neutral marker band (N.) was injected for time ti,;. Finally, a
pressure of 50 mbar was applied to transfer the separated bands and marker N, past the detector
window.

For the capillary electrophoresis systems used, about 11.5 cm at the detector side and 8.5
cm at the capillary inlet were poorly thermostated due to the design of cassette and alignment
interface for detection. For the calculation the time t; needed to transfer the sample from the inlet

4
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to the thermostated capillary segment by applying a pressure of 50 mbar, the following equation
was used:

te = lir/ Up 2)
where |, is the distance on which the sample is shifted from the capillary inlet. In this study, it
was assumed that I, = 9 cm. v, is the velocity of electrolyte flow generated by applying a
pressure of 50 mbar. The approximate value of v, for the calculation of t;, was experimentally
estimated separately for each temperature using Eq. (3):

vy = legr [toF, P 3)
where lgs; is the effective capillary length (a distance from capillary inlet to detector), teor p iS the
migration time of EOF marker at 0 kV and 50 mbar.

The time of applying a voltage, tmigr, Was estimated using Eq. (4):

_ Uterm
tmigr - m (4)

where | is the total length of capillary, lem is the migration distance of a neutral EOF marker
(because it is registered first) when electrophoretic separation is carried out in the thermostated
capillary segment, U is the voltage, Heor is the electroosmotic mobility. In this study, for the
capillary with a total length of 80.5 cm, it was assumed that lerm = 58 cm, U = +30 kV. The
approximate value of peor for the calculation of tyigr was experimentally estimated separately for
each temperature using Eq. (5):

Ueff
= 5
UEOF Utpor (5)

where tgor is the migration time of EOF marker at 30 kV and 0 mbar.
The effective electrophoretic mobility from experimental data obtained with
electrophoretic separation in the thermostated segment of the capillary was calculated as follows

[40]:
Iy

Ileff - U(tmigr _tramp —up /2—tmmp —down /2) (6)
lg = (t4 — ty, )V ()

l
v, = eff (8)

T tnyttim /2—tg
where |4 is the distance between the peaks of anion A and neutral marker Ny, tmigr iS the time
during which the voltage is applied, tramp-up @nd tramp-down are the times during which the voltage
changes linearly from zero to the desired value or from the desired value to zero, respectively, ta

is the recorded mobilization time for the anion, ty, is the recorded mobilization time for the
neutral marker from the first injection, vy, is the final pressure mobilization velocity, ty, is the

recorded mobilization time for the neutral marker from the second injection, ¢;,; is the time of
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injection of EOF marker No, t4 is the time delay between the beginning of the final mobilization
step and the start of the data acquisition process.

The effective electrophoretic mobility from experimental data obtained by the
conventional way (when voltage is applied just after sample injection) was calculated using the

following equation:

Peff = ”% (l - L) ©)

t tEOF

where t is the migration time measured at the top of peak.

The factor allowing the corrections for viscosity change, v, for each BGE was calculated
by eq. (10) [4]:

U = tpor, p/thor, p (10)

where tzor, p and tgop p are the times for DMSO peaks obtained at voltage of 0 kV and
hydrodynamic pressure of 50 mbar in the BGEs with the HP-B-CD addition and without it,
respectively.

For a case when the studied compound D forms 1:1 and 1:2 complexes with CD, the

system is described using following equations [27, 35]:
[D/CD]

D +CD 2 D/CD, Kyy = (i (11)
5 D/CD
D +2CD 2 D/CDy, Kyp = ﬁ (12)

where Kj; and K, are the stability constants of D/CD and D/CD,, respectively. Thus, Eq. (1),
taking into account the viscosity correcting factor and mole fractions derived from Egs. (11) and
(12), is transformed into Eq. (13):

) _ #p+p11K11 [CD]+p12K12[CD]?
VitHeff, it = = 11K, [CD1 4K [CDT? (13)

where pp, M1 and Wi, are the ionic mobilities of D, D/CD, and D/CD,, respectively. The
values of pp were determined experimentally using BGE without the HP-B-CD addition. The
stability constants and ionic mobilities pi; and pi, were determined from the nonlinear
regression fitting of the program MS Excel by minimizing the differences in viscosity corrected
experimental and theoretical electrophoretic mobilities (Egs. (6), (10), (13)) because it has been
shown that the nonlinear fitting is more accurate and precise than linearized equations [41].

The enthalpy and entropy changes were calculated from the van’t Hoff plot equation,
whereas K ~ K° assuming the equality of activity coefficients of the studied compounds and their

complexes (because HP-B-CD is neutral) [13, 21]:
0 0
K0 = 200 4 &5° (14

AH® = —b*R,AS° = a*R (15)
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where AH® and AS° is the enthalpy and entropy changes, respectively, related to the formation of
an inclusion complex, T is the temperature, R is the gas constant, b and a are the slope and
intercept of the dependence of In K on T, respectively. The Gibbs free energy at 298.15 K,
AGYyg, was calculated as follows:

AGYg = —RT In Kyog (16)

3. Results and discussion

3.1 Choice of background electrolyte and separation conditions

At first, BGE was chosen such that the compounds studied recorded with the largest
sensitivity. The studied sodium salts of betulin derivatives dissociate in solutions, giving sodium
ions and anions of DSB and ASB (Fig. 1). In previous study, we used phosphate BGE (20 mM
phosphoric acid with the addition of 1 M NaOH up to pH 2.5) to separate these anions [4].
However, for the water-insoluble betulin derivatives it was found that borate BGE showed the
largest sensitivity [5]. The electropherograms of water-soluble betulin derivatives (DSB and
ASB) were recorded using phosphate and borate BGEs (10 mM borax, pH 9.18). It was found
that the signal-to-noise ratio was higher for borate BGE. Concentration of BGE in the range of 2-
20 mM did not affect the signal-to-noise ratio. Thereby, 10 mM borax solution was used as BGE
in subsequent experiments.

In CE, capillary is known to heat up when voltage is applied. Therefore, capillary is
usually thermostated. However, some segments of the capillary are poorly thermostated. To
accurately determine the effective electrophoretic mobilities, Williams B.A. et al. suggested
carrying out electrophoretic separation in a thermostated capillary segment [40]. The sample
shift in this segment after sample injection and the shift of separated zones after switching-off
voltage towards to detector are carried out by applying pressure. In our study, a comparison for
293.15 and 318.15 K was done between the values of effective electrophoretic mobilities of DSB
obtained by the conventional way (Eq. 9) and those obtained when electrophoretic separation
was carried out in the thermostated capillary segment (Eq. 6). For 293.15 K there was no
difference in the values obtained: 25.5 (+ 0.2) and 25.6 (+ 0.1)-10° m* V! s, respectively.
However, for 318.15 K, the value obtained by the conventional way was lower than that obtained
with the thermostated capillary segment: 39.4 (+ 0.2) and 40.0 (+ 0.1)-10° m? V' s™. Thereby,
the subsequent measurements of mobility were carried out using the thermostated capillary
segment.

It may seem that the separation in the thermostated capillary segment takes a long time
(about 30 min) as compared with the usual separation (10 min). But this is not the case, because
the evaluation of the factors allowing the corrections for viscosity change for each BGE (Eq. 10)

is needed. This evaluation takes about 30 min per one parallel only and requires several parallels.

7
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For separation in the thermostated capillary segment, the evaluation is made from the same runs
as for the calculation of mobility. As a result, the time consumption for both cases is comparable.

The separation was carried out in a long capillary (80.5 cm of total length) because even
for this capillary with an effective length of 72 cm, the thermostated capillary segment is about
57-58 cm. But when the compounds studied and DMSO are separated, this distance is the
migration of the DMSO zone, while DSB passes about 24 cm. For a shorter capillary, this
distance will be smaller, and the error of electrophoretic mobility measurements will be greater
[42].

3.2 Complexation of betulin derivatives with HP-p-CD

Electropherograms of water-soluble betulin derivatives were recorded at different
temperatures and using BGEs with different HP-B-CD content. Fig. 2 and 3 show examples of
the obtained electropherograms and dependencies of the viscosity corrected electrophoretic
mobility of DSB and ASB on the HP-B-CD concentration in BGEs, respectively. As can be seen
from Fig. 3, these dependencies for all the values of temperature under study do not have a
plateau after sharp decay, mobility decreases with increasing HP-B-CD concentration. For a
fixed temperature, the decrease in mobility in the range of 2-10 mmol-kg™ HP-B-CD equals to
3.4 - 10 % with respect to the adjacent value. This is significantly higher than the error of the
effective mobilities measurements (0.2-0.7 %) and indicates that besides the 1:1 interaction
between betulin derivatives and HP-B-CD, 1:2 complexes are formed [36].

The stability constants and ionic mobilities of the complexes calculated form Eq. (13), as
well as the values of pp determined experimentally using BGE without the HP-B-CD addition,
are shown in Table 1 and 2. As can be seen from Fig. 3, the theoretical dependencies, based on
Eq. (13), the calculated values of stability constants and ionic mobilities, are in good agreement
with the experimental points. The stability constants decrease with increasing temperature (Table
1). This is typical behavior for the CD complexes [7]. It should be noted that the values obtained
concern with the complexation of ionic forms of betulin derivatives with HP-B-CD. The stability
constants for ASB complexes are slightly higher as compared with the constants for DSB
complexes. This is logical because DSB is a doubly charged ion in solution, while ASB is a
singly charged ion (Fig. 1), and an increase in the analyte charge usually leads to a decrease of
the CD complex stability [43]. Figure 4 shows fraction diagrams for the HP-B-CD complexes of
DSB and ASB as a function of HP-3-CD concentration.

Since HP-B-CD is a neutral molecule, and the charge of the complexes is equal to the
charge of the anions studied, assuming the activity coefficients of the studied anions and their
complexes are equal, the obtained values of stability constants can be equated to the
thermodynamic stability constants, and the thermodynamic parameters of the complexation can
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be calculated. Fig. 5 shows van’t Hoff plots of In K versus T* (Eq. 14). The thermodynamic
parameters of the complexation are given in Table 3. As seen from Table 3, the calculated values
of enthalpy changes and Gibbs free energies for the 1:1 complexes have close values; the
complexation is controlled by the enthalpy change. For the 1:2 complexes, the complexation is
also controlled by the change in enthalpy because the entropy change is negative.

Table 4 shows the values of stability constants for the f-CD complexes of the compounds
under study at 298 K, along with the obtained values for the HP-B-CD complexes, as well as
stability constants for such complexes of water-insoluble betulin derivatives (betulonic and
betulinic acids). As can be seen from Table 4, the HP-B-CD complexes are more stable than the
B-CD complexes. The obtained values of stability constants for the 1:1 complexes are
sufficiently large. Generally, the logarithms of stability constants for the CD complexes are in
the range from 1 to 4 [7, 44]. This phenomenon is possibly caused by the presence of broad
hydrophobic regions in the molecules of the compounds studied and the additional stabilization
of the HP-B-CD inclusion complexes due to the hydrophobic interactions of the compounds with
the alkyl chains of 2-hydroxypropyl groups. The water-soluble betulin derivatives form more
stable complexes with CDs compared to the water-insoluble derivatives (betulonic and betulinic
acids). For the B-CD complexes, this can be explained by the additional stabilization of the
complexes due to the formation of hydrogen bonds between sulfonate and acetate groups of
betulin derivatives and hydroxyl groups of CD. In HP-B-CD, the hydroxypropyl groups possibly
create the steric hindrances for the complex formation with water-insoluble betulin derivatives
because the complexes of the compounds with B-CD are formed. The fact that the equilibrium
between betulin derivatives and HP-y-CD was reached after 3 days of agitation, irrespective of
HP-y-CD concentration, while for B-CD, the equilibrium was reached after 2 hour, is an
argument in favor of the steric hindrances [4, 5].

4. Conclusions

In this paper, using affinity capillary electrophoresis, the complexation between (2-
hydroxypropyl)-B-cyclodextrin and water-soluble betulin derivatives (betulin 3,28-disulfate
betulin 3-acetate-28-sulfate) was studied. It was found that borate background electrolyte (10
mM borax, pH 9.18) allows recording the compounds studied with the largest sensitivity. It was
shown that electrophoretic separation should be carried out using the thermostated capillary
segment in order to obtain accurate values of electrophoretic mobility. Besides 1:1 interaction
between betulin derivatives and HP-B-CD, the 1:2 complexes were found to form. Based on the
calculated values of electrophoretic mobilities and ligand concentration in BGE, the stability
constants in the temperature range of 293-318 K and thermodynamic parameters of
complexation were determined. The complexation was found to be controlled by the enthalpy
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change. The obtained values of stability constants at 298 K were compared with values for the -

CD complexes of the compounds under study and for the HP-B-CD and B-CD complexes of

water-insoluble betulin derivatives. It was found that water-soluble betulin derivatives form

more stable complexes with CDs as compared to water-insoluble derivatives (betulonic and
betulinic acids). The HP-B-CD complexes are more stable than the B-CD complexes.
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Fig. 1. Structural formulas of betulin (a), sodium salts of betulin 3,28-disulfate (b) and betulin 3-

acetate-28-sulfate (c).

Josmau A B
] N, DSB N, N
{ ™ N
_ A A_ 293.15K Dsg 2

| AL omm

M\*JL Ao 1 2815k

] -\,I\W.—/\M’.‘-/L“ 0.05 mM
W 303.15K -

. 0.1 mM

M 310.15K \»A_~.~__JL__~\,,-A~—— 25mM

/L

! v ! v ! ' T T T T u/a T

0 10 20 30 8 12 16 30 3
t, min t, min
Fig. 2. Examples of electropherograms of DSB recorded at 293.15-318.15 K using BGE without
the HP-B-CD addition (A) and at 293.15 K using BGEs with different HP-B-CD concentration
(B). N; and N, are DMSO from 1% (together with DSB) and 2" sample injections, respectively

(see Section 2.3).
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451  Fig. 3. Experimental points and theoretical curves of the viscosity corrected electrophoretic
452  mobility of DSB (A) and ASB (B) on HP-B-CD concentration for the capillary temperatures of
453  293.15-318.15 K.
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458  Fig. 4. Fraction diagrams as a function of HP-B-CD concentration for the HP-B-CD complexes of
459 DSB (A) and ASB (B) at 293.15 and 318.15 K (solid and dash lines, respectively).
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Fig. 5. van’t Hoff plots of In K versus T for the formation of the HP-B-CD complexes of betulin

derivatives. Lines 1 and 3 are In K for the 1:1 and 1:2 HP-B-CD complexes of DSB, respectively;

lines 2 and 4 are In K for the 1:1 and 1:2 HP-B-CD complexes of ASB, respectively.
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Tables

Table 1

Logarithm of stability constants for the complexes between betulin derivatives and HP-3-CD (1

molar substitution) at different temperatures (with 95 % confidence interval).

Compound T, K
293.15 298.15 303.15 310.15 318.15
log K11
DSB 4.65 4.56 4.47 4.38 4.25
(x0.02) (x0.01) (£0.02) (£0.02) (x0.01)
ASB 5.02 4.96 4.85 4,75 4.64
(x0.07) (£0.04) (£0.06) (£0.04) (£0.02)
log Ki2
DSB 6.99 6.75 6.71 6.64 6.08
(x0.09) (£0.23) (£0.36) (£0.31) (x0.31)
ASB 7.57 7.40 7.59 7.19 6.63
(0.15) (0.15) (£0.18) (£0.22) (£0.10)
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482

Table 2

lonic mobilities (10° m? V' s) of betulin derivatives and their 1:1 and 1:2 HP-B-CD complexes

at different temperatures (with 95 % confidence interval).

Mobility T, K
293.15 298.15 303.15 310.15 318.15
DSB
‘Mo 25.62 28.0 30.72 34.7 40.0
(0.07) (£0.2) (+0.05) (£0.1) (£0.1)
i 13.47 1451 16.4 19.0 21.1
(+0.08) (+0.07) (+0.4) (£0.3) (+0.1)
M2 10.4 11.2 12.6 14.6 14.4
(£0.2) (£1.1) (£0.9) (£1.4) (£3.1)
ASB
“Uo 13.49 14.8 16.09 18.4 20.9
(+0.03) (£0.1) (+0.05) (£0.1) (£0.1)
m 7.17 7.91 8.9 9.8 11.1
(+0.07) (+0.08) (£0.1) (£0.2) (+0.1)
M2 5.4 5.9 7.0 7.6 7.1
(£0.2) (£0.1) (£0.1) (£0.2) (£0.4)

Table 3

Thermodynamic parameters for the complexation between betulin derivatives and HP-B-CD (1

molar substitution) (with 95 % confidence interval).

Compound  AH? (kJ-mol™)  AS® (3-mol™-K™) re AG g (kJ-mol™)
1:1 complexes
DSB -285+0.6 -8.1+1.9 0.997 -26.04 + 0.08
ASB -27.5+0.7 25+24 0.996 -28.2+0.2
1:2 complexes
DSB -56 = 10 -59 + 32 0.86 -38+1
ASB -63+ 15 -67 £49 0.77 -42.3+0.9
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483 Table4
484  Comparison of the obtained stability constants with the data available in the literature for the CD
485  complexes of betulin derivatives at 298 K.

Compound Solubility log K11

B-CD HP-B-CD
DSB soluble 3.87 +0.01 [4] 4.56 +0.01
ASB 4.00 + 0.02 [4] 4.96 + 0.04
Betulinic acid insoluble 2.40 + 0.04 [4] * [5]
Betulonic acid 2.48 +0.03 [4] * 5]

486  * The complexes are not enough stable or they are formed very slowly
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