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Abstract 
Complexation plays an important role in many biological phenomena, the analysis of 

different samples, optimization of separation processes, and increasing the pharmacological 

activity of drugs. This paper discusses the features of using mobility shift affinity capillary 

electrophoresis for studying the strong complexation. Electrophoretic peaks for this case are 

often triangular. It was shown that the use of electrophoretic mobility obtained from the peak 

apex time in calculation of binding constants leads to significant systematic and random errors, 

and the parameter a1 of the Haarhoff-Van der Linde function should be used instead of the apex 

time. Distorted triangular peaks with dips were shown to be observed at too high a ratio of 

analyte concentration in the sample to ligand concentration in the background electrolyte, and 

the peaks and parameter a1 significantly shifted. It was found that the permissible excess of 

analyte concentration over ligand concentration is approximately 10-35, provided that the 

parameter a1 is used, but the peak shape should be used as a landmark, and only triangular peaks 

without dips should be fitted with the function. The lowest possible analyte concentration should 

be utilized, which allows to use a wider range of ligand concentration leading to higher precision 

of determining the binding constants values. Kinetically labile 1:1 complexes between (2-

hydroxypropyl)-γ-cyclodextrin (HP-γ-CD) and betulin 3,28-diphthalate (DPhB) and betulin 

3,28-disuccinate (DScB) were studied as an example. The binding constants logarithms at 25 °C 

are 7.23 ± 0.03 and 7.13 ± 0.10 for the HP-γ-CD complexes of DPhB and DScB, respectively. 

Keywords Betulin derivatives; Stability constants; Haarhoff-Van der Linde function; 

High-affinity interaction; Inclusion complexes; Electromigration dispersion 

Introduction 
Complexation is fundamental for understanding many biological phenomena. It is widely 

used in the analysis of different samples, optimization of separation processes, and increasing the 

pharmacological activity of drugs. For the latter purpose, inclusion or guest-host complexes, with 

cyclodextrins (CDs), natural macrocyclic molecules formed from residues of α-1,4-bonded D-

glucopyranose [1, 2], are often used. Analytical methods to study CD complexes in aqueous 

solutions can be classified into separation techniques, such as affinity capillary electrophoresis 

(ACE) and high performance liquid chromatography (HPLC), and non-separation techniques 

(spectroscopic and electroanalytical techniques, polarimetry, isothermal titration calorimetry, 

etc) [3]. To determine binding constants, solutions with a fixed guest concentration and varying 

the concentration of the CD host are usually used in non-separation techniques. For strong 

complexation, it is necessary to use very low concentrations both for guest and host compounds 

in order to obtain the mole fractions of complexes significantly different from 1. For example, if 
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the binding constant is equal to 107 M-1, then these concentrations are 0.1-10 µM, for more 

details see Electronic Supplementary Material, section S1. But a measured property, such as UV 

adsorption, conductivity, heat of chemical reactions, etc, in non-separation techniques is almost 

directly proportional to the guest and host concentrations, and sensitivity and precision of the 

techniques in this case fall greatly, if their usage is still possible. Whereas in ACE, which is a 

modern and rapid method with low reagent consumption [4-6], the measured effective 

electrophoretic mobility of a guest is almost independent of how small the guest concentration is 

used provided that guest is detectable at this concentration. HPLC, unlike to ACE, is not very 

convenient for studying CD complexes; CDs are chemically bound to the stationary phase, 

which is laborious, or CDs are added to the mobile phase [3], which leads to large CDs 

consumption. For hydrophobic guests, an organic solvent should be added to the mobile phase, 

and the values of binding constants obtained from HPLC are not directly comparable to those for 

aqueous solutions [3]. 

Mobility shift affinity capillary electrophoresis (ms ACE) is the most commonly used 

mode of ACE [7-27]. In this method, several electropherograms of the analyte injected as a 

sample are recorded using background electrolytes (BGE) with varying ligand content. For 

kinetically labile complexes, the analyte electrophoretic mobility depends on the mole fractions 

and ionic mobilities of all species into which the analyte can transform. The dependence of the 

effective electrophoretic mobility of the analyte for the case of 1:1 complexation on the ligand 

concentration in BGE is as follows:  

𝑣𝑣𝑖𝑖 ∙ 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 ,   𝑖𝑖 = 𝜇𝜇𝐷𝐷+𝜇𝜇11𝐾𝐾11 [𝐶𝐶𝐷𝐷]𝑖𝑖
1+𝐾𝐾11 [𝐶𝐶𝐷𝐷]𝑖𝑖

      (1) 

where 𝑣𝑣𝑖𝑖   is the coefficient allowing the corrections for the viscosity change, 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 ,   𝑖𝑖  is the 

effective electrophoretic mobility, µD and µ11 are the ionic mobilities of D and the complex 

D/CD, respectively, K11 is the binding (stability) constant of the complex D/CD, [CD]i is the CD 

concentration in BGE. To calculate the binding constant on the base of Eq. (1), a number of 

linearized equations can be used as well as a nonlinear regression fitting that is more accurate 

[28]. Dubský et al. suggested the CEval software that allows, besides evaluation of some peak 

parameters, to calculate binding constants using Eq. (1) by applying a nonlinear regression fitting 

[29] and that can be downloaded for free from http://echmet.natur.cuni.cz/. A number of 

parameters are of great importance to accurately determine the binding constants, among which 

one of the principal parameters for the CD complexes is data point range (DPR) [10]: 

𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐷𝐷𝐶𝐶𝑛𝑛−𝐷𝐷𝐶𝐶1      (2) 

𝐷𝐷𝑖𝑖 = 𝐾𝐾11 [𝐶𝐶𝐷𝐷]𝑖𝑖
1+𝐾𝐾11 [𝐶𝐶𝐷𝐷]𝑖𝑖

     (3) 
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where 𝐷𝐷𝐶𝐶𝑛𝑛  and 𝐷𝐷𝐶𝐶1  are the mole fractions of the complexed analyte at the highest and 

lowest (nonzero) ligand concentration, respectively, Ri is the mole fraction of the complexed 

analyte at the ligand concentration in BGE equaled to [CD]i. The accuracy and precision of ms 

ACE binding studies can be greatly improved by using at least five data points located at the 

upper part of the binding hyperbola with DPR > 0.4.  

In ms ACE, the ligand concentration in BGE should be 10–100 times higher than the 

analyte concentration in the sample in order to the assumption that the ligand concentration in 

the sample zone is equal to the ligand concentration in BGE would be correct [25, 28]. However, 

for strong complexation, it can be impossible to record the electrophoretic peaks of analytes at 

such a low concentration, because the product 𝐾𝐾11[𝐶𝐶𝐷𝐷]𝑖𝑖  is important. For example, in order to 

obtain mole fractions Ri from 0.5 to 0.95 (DPR > 0.4) for a system with log K = 6, as follows 

from Eq. (3), the ligand concentration range in BGE should be from 1 to 19 µM, and the analyte 

concentration in sample should be less than 0.1 µM. In addition, a narrow sample zone should be 

injected into capillary and the sample should be diluted with BGE to eliminate the stacking effect 

resulting to systematic errors due to a shift in the migration time [30]. This leads to the fact that 

ms ACE with the use of electrophoretic mobility calculated from the peak apex, as a rule, is 

applied to determine binding constants lower than 10000; the application of ms ACE for the 

determination of greater constants values is limited by the relatively low concentration 

sensitivity of detection [16, 31]. 

If the analyte concentration in the sample is higher than the ligand concentration in BGE, 

then triangular peaks are observed in electropherograms due to electromigration dispersion 

(EMD) [32-34]. For this case, EMD is a result of ligand deficiency in the sample zone in the 

initial time of electrophoretic separation. Though, ligand is being supplied into the sample zone 

during electrophoretic separation and is being consumed on the complex formation until the 

equilibrium ratio of complex concentration to analyte concentration has been achieved. Since 

this process is not instant and a ligand concentration gradient along the sample length is present, 

the sample zone broadens with shifting the concentration maximum toward one of the zone 

boundaries. The electrophoretic mobility of such zone shifts because in the initial time the zone 

moves with rate corresponding to a lower ligand concentration. The more the ligand deficiency 

and the lower the ligand concentration in BGE, the more time needed to achieve the equilibrium 

(the state when the ligand consumption in the sample zone stops) and the more extended peaks 

and the greater time shift. 

Different approaches was suggested to take into account the effect of this phenomenon in 

the sample zone on the electrophoretic mobility, but the approaches are very complicated [5, 35]. 

In 2005, Le Saux et al. showed that if the electrophoretic mobility is calculated using the 
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parameter a1 of the Haarhoff-Van der Linde (HVL) function instead of the migration time 

measured at the peak apex, then the effect of ligand deficiency on effective electrophoretic 

mobility can be eliminated [36, 37]: 

𝑒𝑒(𝑡𝑡) =
𝑎𝑎0𝑎𝑎2

𝑎𝑎1𝑎𝑎3√2𝜋𝜋
 exp �−1

2�
𝑡𝑡−𝑎𝑎1
𝑎𝑎2

�
2
�

1

exp �𝑎𝑎1𝑎𝑎3
𝑎𝑎2

2 �−1
+1

2�1+erf�𝑡𝑡−𝑎𝑎1
√2𝑎𝑎2

��
     (4) 

where a0 is the peak area, a1 and a2 are the peak center and standard deviation of the 

Gaussian part, respectively, a3 is a measure of the peak distortion, t is the time, erf(𝑥𝑥) =
2
√𝜋𝜋
∫ 𝑒𝑒−𝑡𝑡2𝑑𝑑𝑡𝑡𝑥𝑥

0  is the error function. The HVL function was taken from gas chromatography, and it 

is used in CE to calculate the true values of electrophoretic mobility at a high analyte 

concentration for triangular peaks due to electromigration dispersion [38, 39]. To fit peaks with 

the HVL function, the CEval software can be used [29]. 

Usually, the logarithms of binding constants for the CD complexes, log K, are in the 

range from 1 to 4 [40, 41]. The values of log K in the range of 4-7 are rare, including those 

obtained using ACE [8, 9, 17-20, 42-44]. Meanwhile, for log K > 3-4, fitting the electrophoretic 

peaks with the HVL function and calculating the electrophoretic mobility by the application of 

the a1 parameter of this function were used only in studies [9, 18, 34]. The peaks in studies [8, 

17, 20] seem symmetrical, which is possibly caused by the low analyte concentration and 

separation conditions applied. The peak shape is not discussed in paper [44], as well as in studies 

[19, 42, 43] in which electropherograms of the compounds under study are not shown.  

In addition, it is interesting to know to what extent the analyte concentration in the 

sample (Can) can be higher than the ligand concentration (CL) in BGE (r = Can/CL) if the 

electrophoretic peaks is fitted with the HVL function and the electrophoretic mobility is 

calculated by application of the a1 parameter of this function instead of the migration time from 

the peak apex. Little attention has been devoted to this problem. In paper [36], it was shown that 

for moderately strong complexation with log K ~ 2.6-2.8, a tenfold excess of analyte 

concentration over ligand concentration is allowed. However, for a strong complexation with log 

K ~ 4.4, this conclusion is not obvious due to the interference of the stacking effects [36]. 

Moreover, the peak shape at r > 10 has not been discussed. In short communication [9], it was 

mentioned that a large excess of analyte concentration in samples over ligand concentration in 

BGE leads to a strong distortion of the sample zone and the impossibility of the HVL function 

application, but this problem has not been studied in details. 

It is also interesting to evaluate how significant errors in binding constants are obtained 

from the mobility calculated from the peak apex time relative to the binding constants obtained 

from the mobility calculated from the a1 parameter. In paper [36], binding constants calculated in 
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two ways are compared, but precision in terms of the confidence interval (CI) or standard 

deviation for binding constants isn't given so that it is difficult to evaluate significance of the 

difference in these values. To our knowledge, there are no other comparisons for such cases in 

the literature. 

The aim of this paper was to consider the features of using ms ACE for studying the 

strong complexation and, in particular, to investigate the effect of excess of the analyte 

concentration in samples over the ligand concentration in BGE on the peaks shape and position, 

and possibility of using the HVL function for fitting such peaks. The complexation of ester 

betulin derivatives, betulin 3,28-diphthalate (DPhB) and betulin 3,28-disuccinate (DScB) (Fig. 

1), with (2-hydroxypropyl)-γ-cyclodextrin was used as an example. Pentacyclic lupane 

triterpenoids, such as betulin and its derivatives, exhibit antitumor and other types of biological 

activities [45]. Previously, the interaction of a number of betulin derivatives (betulinic and 

betulonic acids, and sulphated betulin derivatives) with β-CD, (2-hydroxypropyl)-β-cyclodextrin 

and (2-hydroxypropyl)-γ-cyclodextrin (HP-β-CD, HP-γ-CD) has been studied [7-9, 46-48]. 

Experimental 
Instrumentation 

The CE measurements were performed using a diode-array detector Agilent 7100 

(Agilent Technologies, Waldbronn, Germany) of the Krasnoyarsk Regional Center of Research 

Equipment of Federal Research Center “Krasnoyarsk Science Center SB RAS”. A fused silica 

capillary with 50 µm id and the total/effective lengths of 80.5/72 cm was obtained from Agilent 

Technologies. The capillary was thermostated at 25.00 ± 0.04 °C. The computer program 

OpenLab CDS ChemStation Edition C.01.08 was employed for data acquisition and processing. 

The separation was carried out by applying a voltage of + 30 kV to the capillary inlet. The 

wavelength for direct detection was 200 nm with a bandwidth of 10 nm, unless otherwise stated. 

The sample injections were performed hydrodynamically at a pressure of 50 mbar for 5 sec. For 

each sample and BGE composition, 3 to 5 replicate injections were made. 

A new capillary was first rinsed 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 rinsed with 0.1 M NaOH for 5 

min, twice with ultra pure water for 10 min and with running BGE for 15 min. Between runs the 

capillary was rinsed with BGE for 5 min.  

pH measurements were performed using a calibrated pH instrument «Expert-001-1» 

(Econix-Expert, Moscow, Russia).  

Chemicals 

The reagents of analytical grade purity were used. HP-γ-CD (a extent of labeling and an 

average relative molecular mass were 0.6 molar substitution and 1580, respectively) was 
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obtained from Sigma-Aldrich (Moscow, Russia). Dimethyl sulfoxide (DMSO) dissolved in 

samples with a concentration of 0.001 % was used as an electroosmotic flow (EOF) marker. 

Solutions were prepared using deionized water with electrical conductivity less than 0.1 µS·cm-1 

obtained from a water purification system Direct-Q3 (Millipore, France). All solutions were 

filtered through 0.45 µm filters.  

The ester betulin derivatives were synthesized in Institute of Chemistry and Chemical 

Technology SB RAS, Federal Research Center “Krasnoyarsk Science Center SB RAS” [49-51]. 

Stock compounds solutions with a concentration of 1 g/L were obtained by dissolution of 

accurate weights in BGE without the HP-γ-CD addition. Solutions of 10 mM disodium 

tetraborate decahydrate with pH 9.18 with the addition of 0 - 5000 µM HP-γ-CD were utilized as 

BGEs. For each electrophoretic separation on the base of a specific BGE containing HP-γ-CD, 

samples were prepared by dilution of the stock compounds solutions with this BGE.  

Separation conditions and calculation 

The effective electrophoretic mobility from experimental data was calculated using the 

following equations: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 ,   𝑖𝑖 = 𝑙𝑙·𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒
𝑈𝑈

� 1
𝑎𝑎1,𝑖𝑖−𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

− 1
𝑡𝑡𝑒𝑒𝑐𝑐𝑒𝑒 −𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�    (5) 

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (𝑡𝑡𝑒𝑒𝑖𝑖𝑛𝑛𝑖𝑖𝑓𝑓 ℎ − 𝑡𝑡𝑓𝑓𝑡𝑡𝑎𝑎𝑐𝑐𝑡𝑡 )/2 + 𝑡𝑡𝑓𝑓𝑡𝑡𝑎𝑎𝑐𝑐𝑡𝑡      (6) 

where l and leff  are the total and effective capillary lengths, respectively, U is the voltage, 

tcorr is the correction time taking into account the fact that the voltage is not applied instantly and 

not from zero time, tEOF is the migration time of the EOF marker (neutral compound, dimethyl 

sulfoxide, DMSO); tstart is the time, starting from which the voltage is applied, tfinish is the time at 

which the voltage achieves the setting value (in our study, this times were 0.01 and 0.18 min, 

respectively).  

The coefficient allowing the correction for the change in viscosity for each BGE, υ, was 

calculated as follows [7]: 

𝜐𝜐 = 𝑡𝑡 ′/𝑡𝑡0        (7) 

where t' and t0
 are the times for the DMSO peaks obtained at a voltage of 0 kV and a 

pressure of 100 mbar in the BGEs with the HP-γ-CD addition and without it, respectively. 

The binding constants for the 1:1 complexes with HP-γ-CD and ionic mobilities were 

calculated from the nonlinear regression fitting by minimizing the differences in viscosity 

corrected experimental and theoretical electrophoretic mobilities (Eqs. (1), (5) or Eq. (S3.1)). 

The fitting [9] was carried out using the CEval software (v.5.6.3, Prague, Czech Republic, 

http://echmet.natur.cuni.cz/ [29]) and OriginPro 8.1 (OriginLab Corporation, Northampton, 
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USA). Fitting the electrophoretic peaks with the HVL function was carried out using CEval and 

MS Excel.  

Results and discussion 
Determining binding constants 

Electropherograms of ester betulin derivatives were recorded using BGEs with different 

HP-γ-CD content. It was found that the complexation is a high-affinity interaction and a mobility 

change occurs at a sufficiently low HP-γ-CD concentration (µM). The complexes studied are 

kinetically labile because no peaks of the complexes were observed in the electropherograms 

recorded using BGE without the HP-γ-CD addition (to obtain the complexes, HP-γ-CD was 

added to the samples as described in [47]). For this case, it is important to choose the lowest 

possible analyte concentration. Because triangular peaks are lower than the peaks recorded in 

BGE without the HP-γ-CD addition or with a high HP-γ-CD concentration, it was found that the 

signal-to-noise ratio (S/N) should be about 10 for BGE without HP-γ-CD. Peaks with S/N ~ 10 

under sample injection at 50 mbar and 5 sec were found to be observed at DPhB and DScB 

concentrations equal to 2 and 70 µM, respectively, because of the lower molar absorbance of 

succinate compared to the one corresponding to phthalate. Electropherograms of the ester betulin 

derivatives at these concentrations were recorded using BGEs with different HP-γ-CD content. 

Fig. 2 shows examples of the obtained electropherograms. In the rectangles in Fig. 2, examples 

of peaks fitted with the HVL function are presented; the vertical dotted lines indicate the 

migration time corresponding to the parameter a1 of the HVL function. 

Peaks obtained with BGEs containing 0.05 µM HP-γ-CD and lower for DPhB and lower 

than 2.0 µM HP-γ-CD for DScB had a corrupted triangular shape (Fig. 3) and were not fitted 

with the HVL function. Such data were not used in further calculations. It follows that the 

permissible excess of analyte concentration over ligand concentration is approximately 30 times 

on condition that the parameter a1 of the HVL function is used to calculate the effective 

electrophoretic mobility. But this conclusion concerns samples obtained by dilution using BGE 

with the ligand addition, that is, for samples for which the stacking effects are eliminated. Since, 

at present time, there is no true correction of the stacking effects on the effective electrophoretic 

mobility for ms ACE data.  

Electrophoretic mobilities of DPhB and DScB (Fig. 4a, b) were calculated using the 

parameter a1 of the HVL function (Eq. (5)), and binding constants were calculated. The binding 

constant logarithms, designated as log K11(a1), and the 95 % confidence intervals at 25 °C 

obtained from the CEval software and OriginPro8.1 are shown in Table 1. As can be seen from 

Table 1, the results obtained by the two software are in good agreement, and the constants values 

are equal within error. The electrophoretic mobilities µD and µ11 are -21.1 ± 0.1 and -13.77 ± 
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0.05 10−9 m2 V−1 s−1 for DPhB and -22.99 ± 0.07 and -14.20 ± 0.03 10−9 m2 V−1 s−1 for DScB, 

respectively. As can be seen from Fig. 4a, b and Electronic Supplementary Material, section S2, 

the obtained experimental data on electrophoretic mobilities well agree with the theoretical 

curves for 1:1 complexes and don't match the theoretical curves for 1:2 complexes. 

Comparison of Fig. 4а with Fig. 4b shows that there are considerably fewer points for 

DScB than for DPhB. As mentioned above, this is caused by the fact that the peaks had a 

corrupted triangular shape when the ratio of analyte concentration in samples to ligand 

concentration in BGE was higher than 30-35 times and the fact that the peaks with S/N ~ 10 

were observed for 2 µM DPhB and 70 µM DScB. That is, we cannot decrease the DScB 

concentration to obtain more experimental points. The DPR values calculated from Eq. (2) are 

0.44 for DPhB and only 0.04 for DScB; this results in a more than 3 times larger error for DScB 

in the binding constants value. 

Errors in binding constants obtained from the mobility calculated from the peak 

apex time 

Table 1 shows a comparison of binding constant logarithms obtained from the mobilities 

calculated using the parameter a1 of the HVL function and using the migration time measured at 

the peak apex, designated as log K11(a1) and log K11(tmax), respectively. Calculation details are 

described in Electronic Supplementary Material, section S3. As can be seen from Table 1, the 

values of log K11(tmax) are understated by 0.4-0.5 logarithmic units relative to log K11(a1), and 95 

% CIs don't overlap. For non-logarithmic units, the underestimation relative to K11(a1) is 50-70 

%. In addition, for DPhB, besides the significant systematic error, a significant random error is 

observed, CI is almost 5 times wider. Fig. 4c, d shows the experimental points calculated from 

the peak apex time and theoretical curves drawn using Eq. (1) with K11(tmax) and ionic mobilities 

found by the nonlinear regression fitting for this case. It is worth noting that the experimental 

random error in determining the mobility (0.3-0.7 %) is comparable to the size of the 

experimental points in Fig. 4c, d or lower than the size. Thus, Fig. 4c, d shows that Eq. (1) is 

unable to describe the position of experimental points for DPhB; for DScB, this is not so obvious 

due to fewer points. 

The difference in situations for DPhB and DScB is also associated with fewer points for 

DScB. In connection with this fact, it is interesting how the calculated values of log K11(tmax) 

changes if the HP-γ-CD concentration range in BGE is narrowed due to removal of the lowest 

(nonzero) concentrations. Table 2 shows these values along with 95 % CIs and its width. For 

cases 4-6, as seen from Table 2 and Fig. S3.1, 95 % CIs overlap with CIs for log K11(a1), and the 

discrepancy between the experimental points and theoretical curves is almost within error. While 

for cases 1-3, this discrepancy is still significant (Fig. S3.1). But for cases 4-6, CIs are 2-4 times 
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wider than those for log K11(a1). Firstly, this is due to the fact that the peaks at a HP-γ-CD 

concentration of 0.5 µM and higher are still slightly triangular; secondly, a narrow range of 

changing the mobility from the value for the lowest (nonzero) concentration HP-γ-CD 

concentration to the complex mobility (narrow DPR) results in wider CI widths because of an 

significant effect of the experimental random error of determining mobility near the plateau of 

the biding curve (as for log K11(a1) of DScB). The decrease in peak triangularity with an increase 

HP-γ-CD concentration in BGE (Fig. 2A) causes a decrease in the CI width in the sequence of 

cases 1-4 in Table 2. While narrowing the HP-γ-CD concentration range leads to broadening the 

CI width in the sequence of cases 4-6. Table S3.2 shows that the results from OriginPro 8.1 is 

comparable within error to the results from CEval software. It is worth noting that the 95 % CI 

values for log K11(a1) for cases 1-6 overlap each other (Table S3.3); for cases 1-3, the CI widths 

are practically the same, while in the sequence of cases 4-6, this width increases for the same 

reason as the width for log K11(tmax). For all cases 1-6 for log K11(a1), the theoretical curves and 

experimental points agree within error (Fig. S3.2). 

Thus, using the peak apex time for triangular peaks in mobility calculation and the 

subsequent calculation of binding constants results in systematic and random errors, whose 

values are determined by how wide the triangular peaks are (this, in turn, depends on the ligand 

concentration range in BGE and analyte concentration in samples).  

Effect of analyte concentration 

Then the effect of increasing the analyte concentration in samples on the peak position, 

peak shape and value of the parameter a1 of the HVL function was studied at a fixed ligand 

concentration in BGE. DPhB is well suited for this study due to the presence of two benzene 

rings having good absorption in UV region and the fact that this compound can be recorded in 

electropherograms at a concentration of µM level. A BGE with 1 µM HP-γ-CD content was 

chosen. For this BGE, 94 % analyte, as follows from Eq. (3), should be in the complexed form at 

an infinite dilution concentration of the analyte. Electropherograms of DPhB with different 

concentration were recorded using this BGE (Fig. 5). Here, additional detection was performed 

at 230 nm to obtain peaks with a lower S/N ratio because the analyte is injected with a 

concentration as small as possible when the strong complexation is studied and the S/N ratio is 

usually low for such case. As can be seen from Fig. 5, the decrease of peak symmetry is 

observed with increasing analyte concentration. For r = 20 and 30 (r = Can/CL), dips on the 

stretched side of the peaks appear and this peak side consists of two nonparallel lines. The 

obtained peaks were fitted with the HVL function by CEval software. In Fig. 5, the migration 

times corresponding to the parameter a1 of the HVL function are shown by the vertical dotted 

lines. The parameter a1 shifts toward higher migration times with increasing analyte 
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concentration, while the DMSO peak position is constant. The deviation of the effective 

electrophoretic mobility obtained using the parameter a1 for r = 10 from the values for r = 2 is 

0.7 %. This is comparable to the experimental random error in determining the mobility (0.3-0.7 

%). But the deviation of the effective electrophoretic mobility obtained using the parameter a1 

for r = 20 from those for r = 2 is already 2.7 %, which is considerably higher than the 

experimental error in determining the mobility. In addition, the peaks with the dips fit to the 

HVL function with a deviation exceeding the baseline fluctuations as this function is not 

intended for peaks with such disturbances. For the peaks at r = 30, CEval software draws 

incorrectly the baseline using automatically set-up parameters, and only about half of the peaks 

is fitted with HVL function. In addition, as can be seen from Fig. 5, the peak at r = 30 is located 

beyond the time borders of the peak at r = 2. Thus, as follows from these experiments, it is 

permissible to use no more than 10-fold excess of the analyte concentration in samples over the 

ligand concentration in BGE, provided that the peaks are fitted with the HVL function. 

However, the obtained results pertain to a particular compound (DPhB) at a concentration 

of 2 µM in BGE with 1 µM HP-γ-CD. In practice, as can be seen from Fig. 3a, the DPhB peak is 

still triangular without distortion at a HP-γ-CD concentration of 0.075 µM (r = 27), which is 

probably related to the fact that only 56 % analyte is in a complexed form at this HP-γ-CD 

concentration. The DScB peak (Fig. 3b) is still triangular without distortion at a HP-γ-CD 

concentration of 2.0 µM (r = 35, R = 0.96), which is probably due to higher concentrations of 

DScB and HP-γ-CD. If mobilities obtained from the disturbed triangular peaks with dips are 

used in calculation of binding constants (via the parameter a1 at HP-γ-CD concentrations of 0.01, 

0.025 and 0.05 µM for DPhB and 0.5, 1 and 2 µM for DscB), then the calculated values of these 

constants are biased, and the deviation of theoretical values from experimental ones reaches 2.9 

% for DPhB and 2.5 % for DScB; this exceeds the experimental random error in determining 

mobility, 0.3-0.7 %. Therefore, the disturbed triangular peaks should not be used in the 

calculations. Thus, a 10-35 fold excess of the analyte concentration in the samples over the 

ligand concentration in BGE can be considered as a tentative limit, but the peak shape should 

ultimately be a landmark. The lower the analyte concentration, the lower the ligand 

concentration in BGE that can be used. In connection with this and the fact that a narrow range 

of mole fractions of the complexed analyte (narrow DPR) due to a narrow range of HP-γ-CD 

concentration leads to low precision of the calculated values of binding constants (Tables 2, 

S3.2, and S3.3), the lowest possible analyte concentration should be used.  

The appearance of the dip in the peaks can be explained as follows. In the sample zone 

for which the equilibrium ratio of the complex concentration to the analyte concentration has not 

yet been achieved, the ligand is being consumed on the complex formation during the ligand 
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movement through the sample zone. If the ligand concentration in BGE is too low, then it may 

be that the ligand is sufficient only for part of the zone in the initial time after voltage 

application. This leads to the formation of the dip in the peak. The dip formed in the beginning 

remains during subsequent electrophoretic separation. The presence of the dip probably depends 

on the value of binding constant, ligand concentration in BGE, sample length, electrophoretic 

and ionic mobilities, and some other parameters. The observed mobility of such distorted peaks 

deviates from the theoretical mobility. As examples, Fig. 2a (curve for 0.025 µM HP-γ-CD) and 

Fig. 2b (curves for 0.5 and 1 µM HP-γ-CD) illustrate that the position of the peaks is remote 

from the expected migration times indicated by solid lines. 

Comparing binding constants for the CD complexes of betulin derivatives 

Table 3 shows a comparison of the obtained binding constants with the data available in 

the literature for the CD complexes of betulin derivatives in aqueous solutions at 25 °C. As can 

be seen from Table 3, the highest binding constants are observed for the HP-γ-CD complexes. 

The values of the logarithms are 2-3 units higher compared to those for the β-CD and HP-β-CD 

complexes. This is possibly due to the larger size of the molecule (γ-CD and β-CD consist of 8 

and 7 glucose residues, respectively). In addition, stabilization of the HP-β-CD and HP-γ-CD 

inclusion complexes can occur due to hydrophobic interactions of the compounds with alkyl 

chains of 2-hydroxypropyl groups. This is, the alkyl chains increase the hydrophobic cavity in 

the host molecule. The water-insoluble betulin derivatives (BIA and BOA) form less stable 

complexes with CDs as compared to other derivatives. This is possibly caused by a larger 

number of hydrogen bonds between sulfonate, carboxylic and acetate groups of other betulin 

derivatives and hydroxyl or hydroxypropyl groups of CDs. Table 3 also shows that the values of 

binding constants of the HP-γ-CD complexes for DPhB, DScB and ASB are almost equal within 

error, while those for DSB is slightly lower. This is probably due to the fact that DPhB and 

DScB contain two phthalate and succinate groups at opposite ends of the molecule (Fig. 1a), 

respectively. The groups are known to have an affinity to the hydrophobic cavity of CDs [21, 

40], this creates light steric hindrances for the complex dissociation and leads to higher binding 

constants. ASB containing relatively compact acetic and sulfonate groups is a singly charged ion 

in solution, while DPhB, DScB and DSB are doubly charged ions, and a decrease in the guest 

charge usually leads to increasing binding constants [8]. 

Conclusions 
The features of using mobility shift affinity capillary electrophoresis for studying the 

strong complexation were discussed. Complexes between (2-hydroxypropyl)-γ-cyclodextrin and 

betulin 3,28-diphthalate and betulin 3,28-disuccinate were used as an example. Since the 

complexation is strong, a very low amount of HP-γ-CD was added to the BGE, and the triangular 
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peaks appeared. It was shown that, in order to minimize the systematic and random errors, the 

effective electrophoretic mobility for such peaks should be calculated using the parameter a1 of 

the HVL function instead of the migration time measured at the peak apex. The effect of analyte 

concentration in samples as compared to ligand concentration in BGE on the peaks shape and the 

parameter a1 of the HVL function was studied. The permissible excess of analyte concentration 

over ligand concentration was found to be about 10-35-fold, provided that the parameter a1 of 

the HVL function is used and the samples are obtained by dilution using BGEs. It was shown 

that disturbed triangular peaks with dips were observed with a greater excess of analyte 

concentration over ligand concentration and these peaks should not be used in calculations 

because of significant shifting. It follows that the lowest possible analyte concentration (with 

S/N ~ 10) should be used. This allows using a wider range of ligand concentration providing a 

wider range of mole fractions of the complexed analyte (wider DPR) and it leads to higher 

precision in determining the values of binding constants. The observed features were found at the 

first time for guest-host type interactions and were not reported for other types of intermolecular 

interactions with fast on-off kinetics such as drug-protein, drug-nucleic acid, protein-nucleic 

acid, etc. 

The calculated values of the binding constants logarithms at 25 °C are 7.23 ± 0.03 and 

7.13 ± 0.10 for the 1:1 complexes of DPhB and DScB with HP-γ-CD, respectively. The obtained 

values of binding constants were compared with the values for the CD complexes of different 

betulin derivatives. The binding constants of the HP-γ-CD complexes were shown to be higher 

by a factor of 100-1000 than to the binding constants of the β-CD and HP-β-CD complexes.  
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Tables 

Table 1 Binding constants obtained from the mobilities calculated using the parameter a1 of the 

HVL function and using the migration time measured at the peak apex, tmax. In brackets, the 95 

% CI is shown 

Name Log K11(a1) Log K11(tmax) 

CEval software 

DPhB 7.23 ± 0.03* 

(7.20-7.26) 

6.86* 

(6.72-6.99) 

DScB 7.13* 

(7.05-7.24) 

6.63* 

(6.55-6.72) 

OriginPro 8.1 

DPhB 7.23 ± 0.03 

(7.20-7.26) 

6.86* 

(6.67-6.99) 

DScB 7.13 ± 0.10 

(7.03-7.23) 

6.63 ± 0.08 

(6.54-6.70) 

* CI isn't shown after "±" because the interval are asymmetric relative to the mean 
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Table 2 Comparison of the binding constants, 95 % CIs (calculated by CEval software) and 

widths of the 95 % CI obtained from mobilities calculated using the migration time measured at 

the peak apex for different ranges of HP-γ-CD concentration (different DPR ranges). The 95 % 

CI for log K11(a1) for 0.075-5000 µM concentration range of HP-γ-CD is 7.20-7.26 

№ Sign in 

Fig. 

S3.1 

HP-γ-CD concentration, 

µM 

DPRa Log K11(tmax) 95 % CI w(95 % CI)b 

1 a 0.075-5000 0.44 6.86 6.72-6.99 0.27 

2 b 0.1-5000 0.37 6.90 6.77-7.03 0.26 

3 c 0.25-5000 0.19 7.03 6.94-7.12 0.18 

4 d 0.5-5000 0.11 7.17 7.11-7.25 0.14 

5 e 0.75-5000 0.07 7.23 7.15-7.33 0.18 

6 f 1-5000 0.06 7.28 7.18-7.43 0.25 
a DPR was calculated using Eqs. (2), (3) and log K11(a1) = 7.23 

b The width of the 95 % CI was calculated as the difference between the upper and lower CI 

limits, Eq. (S3.3) 
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Table 3 Comparison of the obtained binding constants with the data available in the literature for 

CD complexes of betulin derivatives in aqueous solutions at 25 °C. The 95% CI is shown after 

«±». DSB, betulin 3,28-disulfate; ASB, betulin 3-acetate-28-sulfate; BIA, betulinic acid; BOA, 

betulonic acid 

 

Name Log K11 

β-CD HP-β-CD HP-γ-CD 

DPhB -a - 7.23 ± 0.03 

DScB - - 7.13 ± 0.10 

DSB 3.87 ± 0.01 [7] 4.56 ± 0.01 [8] 6.70 ± 0.05 [9] 

ASB 4.00 ± 0.02 [7] 4.96 ± 0.04 [8] 7.03 ± 0.10 [9] 

BIA 2.40 ± 0.04 [7] - b[47] 3.82 ± 0.12 [47] 

BOA 2.48 ± 0.03 [7] - b[47] 3.88 ± 0.14 [47] 
a The complexes binding constants are not determined 
b The complexes are not stable enough or they are formed very slowly  
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Figures 

 
Fig. 1 (a) Structural formulas of ester betulin derivatives studied, (b) HP-γ-CD, and (c) possible 

scheme of inclusion complexes of betulin derivatives with HP-γ-CD. R1, R2 = -COC6H4COOH 

for betulin 3,28-di-ortho-phthalate, R1, R2 = -COCH2CH2COOH for betulin 3,28-disuccinate, R3 

= H or –CH2CHOHCH3 (average degree of substitution is 0.6) 
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Fig. 2 Effect of the HP-γ-CD concentration in BGE on the shape and position of the (a) DPhB 

and (b) DScB electrophoretic peaks. The DPhB and DScB concentrations were 2 and 70 µM, 

respectively. In rectangles, the peaks fitted with the HVL function are shown. The vertical dotted 

lines indicate the migration time corresponding to the parameter a1 of the HVL function. The 

vertical solid lines for 0.025 µM (a) and 0.5 and 1 µM (b) concentrations indicate the theoretical 

migration time for the DPhB and DScB peaks, respectively 
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Fig. 3 Electrophoretic peaks of (a) DPhB and (b) DScB obtained using BGEs with such HP-γ-

CD concentrations at which the peaks cannot yet be fitted with the HVL function and can 

already be fitted with the HVL function (the upper and bottom signals, respectively). The 

vertical dotted lines indicate the migration time corresponding to the parameter a1 of the HVL 

function. Crossing dashed lines indicate a disturbed form of the peaks. The DPhB and DScB 

concentrations were 2 and 70 µM, respectively 
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Fig. 4 Dependences of the viscosity corrected electrophoretic mobility of (a, c) DPhB and (b, d) 

DScB on the HP-γ-CD concentration in BGE. The mobility was calculated using (a, b) the 

parameter a1 of the HVL function for asymmetrical peaks and (c, d) the migration time 

measured at the peak apex. The points are experimental values and the curves are theoretically 

drawn using Eq. (1) on the base of binding constants and ionic mobilities calculated from the 

nonlinear regression fitting by minimizing the differences in viscosity corrected experimental 

and theoretical electrophoretic mobilities 
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Fig. 5 Effect of the ratio of the DPhB concentration in the sample to the HP-γ-CD concentration 

in BGE (r) on the shape and position of the DPhB peak. The HP-γ-CD concentration in BGE was 

1 µM, the DPhB concentration was 2-30 µM. The direct detection was made at 230 nm. The 

mole fraction of DPhB bound in complex was 94 %. The vertical dotted lines indicate the 

migration time corresponding to the parameter a1 of the HVL function (obtained by CEval). 

Crossing dashed lines indicate a disturbed form of the peaks 
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