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Abstract
Studies on the interactions between cucurbituril Q7 and gemcitabine (Gem) hydrochloride in water were carried out using

isothermal titration calorimetry (ITC) and electrospray ionization–mass spectrometry (ESI-MS). According to ITC and

ESI-MS, the formation of this complex occurs in both the solution containing excess gemcitabine and the solution

containing excess cucurbituril Q7. ITC results confirm the formation of a thermodynamically stable supramolecular

complex with stoichiometry 1:1. The inclusion mechanism of Gem inside the cucurbituril macromolecule is spontaneous

(DG\0). This process is exothermic (DH\0) and is characterized by the loss of entropy (DS\0).

Keywords Cucurbituril Q7 � CB[7] � Gemcitabine hydrochloride � Isothermal titration calorimetry � Protonation constant of

gemcitabine

Introduction

Thermal analysis enables to study interactions occurring

inside supermolecular structures built from macromolecules

(hosts) and ions/small molecules (guest ligands) [1–6].

Many research centers have carried out studies on the use of

cucurbiturils as transporters of toxic medicines [7],

including oncological drugs [8–11]. Cucurbiturils (CB, Q)

are a relatively new group of macrocyclic compounds,

whose structures contain a repeatedly duplicated motif of

glycoluril [12]. Individual glycoluril fragments are com-

bined through methylene groups. The number of glycoluril

groups m built into the ring defines the size of macro-

molecules and is provided in a shortened name of the

compound as CB[m] or Qm. A characteristic feature of this

group of compounds is the shape of oblate sphere [13],

resembling pumpkin (cucurbitaceae). Inside cucurbituril

macromolecule is a passing-through cavity. The orifice

edges, so-called portals, consist of carbonyl oxygen atoms.

On account of the polar nitrogen groups present in the

cucurbituril macromolecule cavity and polarized carbonyl

groups of the portals [14], cucurbiturils can include smaller,

positively charged ligands [15, 16], forming supramolecular

guest–host complex, i.e., ligand molecule–cucurbituril

macromolecule. The seven-unit cucurbituril (Q7) can

include smaller molecules of nucleic bases, their deriva-

tives—nucleosides [17], making it possible to transfer the

compound included through the cell membrane [18].

As a model cationic ligand for our studies, we have

selected antitumor drug: gemcitabine hydrochloride (Fig. 1)

[19]. Gemcitabine or 20-deoxy-20,20-difluorocytidine is a

cytostatic drug from the group of pyridimine 20-deoxycy-

tidine antimetabolites. The gemcitabine molecule differs

from the molecule of 20-deoxycytidine in that it contains in

position 20 two atoms of fluorine instead of two hydrogen

atoms. Gemcitabine shows its therapeutic effect in the S

phase of cell division when it is built into the DNA thread

instead of 20-deoxycytidine, which makes it impossible to

replicate DNA and ultimately causes the tumor cell death.

Despite its two fluorine atoms, gemcitabine is a hydrophilic

molecule [20]. Protonated gemcitabine is much more sol-

uble in water than in oil and has a low partition coefficient

Kow = 0.05 [20]. Its cation does not insert also in the
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hydrophobic core of the phospholipid bilayers (at pH = 2.4)

[20]. Gemcitabine hydrochloride is well water-soluble: S

C 33 mM [21], 63.4 mM [22], 83 mM [23], 100 mM [24],

and 133 mM [20]. The drug shows an acidic character

pKa ¼ 3:6 [25], pKa ¼ 3:58 [20], and its solubility in

aqueous solutions decreases to 51.7 mM with increasing pH

to values between 5 and 9 [20].

Gemcitabine is administered in the form of infusion into

a vein in therapy of various cancer types, especially breast

cancer, ovarian cancer, non-small-cell lung cancer, pan-

creatic cancer, and bladder cancer. The gemcitabine therapy

is accompanied by numerous side effects including bone

marrow suppression, liver and kidney problems, nausea,

fever, rash, shortness of breath, and hair loss. The use of

nano-carriers well tolerated by organism (e.g., cucurbiturils)

can improve the drug stability (during storage) as well as its

biocompatibility after administration [26].

Potential applications of the complexes under discussion

are determined by the type and energetics of supramolec-

ular interactions [27]. Therefore, the stoichiometry and

thermodynamics of the interactions between cucurbituril

Q7 and gemcitabine hydrochloride were examined by the

dynamic technique of calorimetric titration under condi-

tions of forward system (cucurbituril titrated with the drug)

and reverse system (the drug titrated with cucurbituril) in

an aqueous medium. The stoichiometry of the cucurbituril–

gemcitabine complex in water was studied by means of the

electrospray ionization–mass spectroscopy method. More-

over, pH-metric determinations of gemcitabine aqueous

solutions were carried out to calculate the drug protonation

constant and the distribution curves of protonated and non-

protonated forms of the drug.

The aim of our study was to examine the complex for-

mation process of gemcitabine hydrochloride and cucur-

bituril Q7 in water, including the determination of the

following features: (1) stoichiometry of the cucurbituril

Q7–drug complex formed (from ITC and ESI-MS),

(2) type of functional groups that could make it possible to

combine drug molecules with Q7 (from pH measurements

of Gem solution and literature pKa value of Q7), and

(3) energetics of interactions between the drug molecules

and Q7 macromolecule (from ITC).

Materials and methods

Materials

Cucurbit[7]uril hydrate (Sigma-Aldrich, powder containing

80% Q7 and 20% water), gemcitabine hydrochloride

(Sigma-Aldrich, powder, C 98%), hydrochloric acid fix-

onal (POCh, 1 M), sodium hydroxide (POCh, C 99.8%),

sodium chloride (Sigma-Aldrich, C 99.5%) were pur-

chased from commercial sources. Water (for ITC and pH-

metric titration) was distilled three times and degassed .

pH-metric titration of aqueous gemcitabine
hydrochloride solution

Using a pH-METER N5172 with combined EuroSensor

ESAAgP301WM electrode, a 6 mM solution of gemc-

itabine hydrochloride was titrated with an aqueous 200 mM

solution of sodium hydroxide in an aqueous solution of

100 mM sodium chloride (basic electrolyte) at a tempera-

ture of 25 �C. The volume of titrated 6 mM solution of

gemcitabine hydrochloride was 2 mL and was prepared by

mixing 0.3 mL of 40 mM gemcitabine hydrochloride

solution, 0.2 mL of 1 M sodium chloride solution, and

1.5 mL of water. The sample of gemcitabine hydrochloride

solution prepared in this way was titrated using 2 lL each

time of 150 lL solution of 200 mM NaOH in 100 mM

NaCl. To determine the protonation constant pKa of gem-

citabine, the titration curve obtained was analyzed in the

HyperQuad2008 program [28]. The distribution curves of

protonated and non-protonated forms of the drug were

calculated using the HySS2009 program [29].

Forward isothermal titration calorimetry of Q7
titrated with gemcitabine hydrochloride in water

Using the calorimetric titration (VP-ITC MicroCal

calorimeter) under isothermal condition (t = 25 �C), we

measured the thermal effects accompanying the titration of

aqueous 0.5 mM solution of cucurbituril Q7 in a

1.4275 mL cell with an aqueous 5 mM solution of gemc-

itabine hydrochloride added in 50 rations, 5 lL each from

an automatic 287.37-lL syringe. The time between suc-

cessive injections amounted to 400 s. Each single injection

lasted 10 s. The mixing rate amounted to 416 rpm. During

titration, the molar ratio of gemcitabine to cucurbituril,

[Gem]/[Q7], increased from 0.07/1 to 1.9/1. Three inde-

pendent titrations of the cucurbituril Q7 solution were

carried out with the gemcitabine hydrochloride solution.

.HCI

NH2

OH

HO

F

N

N

F

O

O

Fig. 1 Semi-structural formula of gemcitabine hydrochloride
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Independently, the thermal effects of diluting cucurbi-

turil Q7 solution (in a cell) were determined, to which

water was added by portions (from a syringe) and also

those of diluting gemcitabine solution (in a syringe) that

was added to water by portions (in a cell). All the mea-

surements were carried out maintaining the same parameter

of the calorimeter operation. The thermal effects of direct

interactions between cucurbituril macromolecules and

gemcitabine hydrochloride were calculated by subtracting

from the thermal effect of titrating cucurbituril solution

with the drug solution the corresponding effects of diluting

the solutions of cucurbituril and drug.

Stoichiometric parameter n, equilibrium constant K,

enthalpy DH, and entropy DS of bonding gemcitabine with

the macromolecule of cucurbituril Q7, describing the for-

mation process of supramolecular complex, were calcu-

lated from the thermal effects Q of the direct interactions

between cucurbituril and gemcitabine, using the identical-

site model (1:n) by the method on non-linear multi-pa-

rameter regression [30]. The calculations were carried out

by means of the Origin MicroCal 7.0 program dedicated to

VP-ITC calorimeter.

Reverse isothermal titration calorimetry
of gemcitabine hydrochloride titrated with Q7
in water

In order to perform an additional verification of the stoi-

chiometry of the supramolecular gemcitabine–cucurbituril

Q7 complex, calorimetric titration was also carried out

(VP-ITC MicroCal calorimeter, t = 25 �C) in a reverse

system; i.e., the aqueous 120 lM solution of gemcitabine

hydrochloride was titrated (in a cell) with aqueous 2 mM

cucurbituril Q7 solution (in a syringe). Thirty-five portions,

8 ll each, of aqueous cucurbituril Q7 were added from a

syringe to 1.4275 mL of gemcitabine hydrochloride solu-

tion. The time between successive injections amounted to

1800 s. Each injection lasted 16 s. The mixing rate was

416 rpm. During titration, the molar ratio of cucurbituril to

gemcitabine, [Q]/[Gem], was increasing from 0.2/1 to 3.6/

1. Three independent titrations of gemcitabine hydrochlo-

ride with cucurbituril Q7 solution were carried out. Inde-

pendently, the effects of diluting the cucurbituril solution

were determined (in a syringe) that was added by portions

to water (in a cell). The thermal effects of diluting the

120 lM solution of gemcitabine hydrochloride (in a cell)

with water (in a syringe) were negligibly low. The effects

of direct interaction between gemcitabine hydrochloride

and cucurbituril, corrected by the diluting effects, were

analyzed in the program Origin MicroCal 7.0 by the

method of non-linear multi-parameter regression, using the

identical-site model (1:n) [30, 31].

Forward isothermal titration calorimetry of Q7
titrated with gemcitabine hydrochloride
in aqueous sodium hydroxide solution
and formic buffer solution

Using the ITC titration under isothermal condition

(t = 25 �C), we measured (VP-ITC, MicroCal) the thermal

effects accompanying the titration of 0.5 mM solution of

cucurbituril Q7 (in the cell) with 5 mM solution of gem-

citabine hydrochloride added from the syringe in two dif-

ferent solvents: (1) aqueous 20 mM sodium hydroxide

solution (pH = 12.3) and (2) aqueous 10 mM formic buffer

solution (pH = 3.8). Independently, the thermal effects of

diluting cucurbituril Q7 solution (in a cell) and gemcitabine

solution (in a syringe) were determined. All the measure-

ments were carried out, using the same working parameters

of calorimeter as in water. Results were analyzed in Origin

MicroCal 7.0, using the identical-site model (1:n) [30, 31].

Reverse isothermal titration calorimetry
of gemcitabine hydrochloride titrated with Q7
in formic buffer aqueous solutions

In order to verify the stoichiometry of the supramolecular

gemcitabine–cucurbituril Q7 complex in aqueous 10 mM

formic buffer solution (pH = 3.8), an additional calorimetric

titration (VP-ITC, MicroCal calorimeter, t = 25 �C) of

120 lM solution of gemcitabine hydrochloride (in a cell) with

2 mM cucurbituril Q7 solution (in a syringe) was also carried

out. Independently, the effects of diluting the cucurbituril

solution (in a syringe) were determined that was added by

portions to formic buffer (in a cell). All the measurements

were carried out, using the same working parameters of

calorimeter as in water. Results were analyzed in Origin

MicroCal 7.0, using the identical-site model (1:n) [30, 31].

Mass spectrometry of Q7–Gem solution

The bonding of gemcitabine hydrochloride by cucurbituril

Q7 in an aqueous solution of sodium acetate was examined

by the technique of mass spectrometry with the ionization

of the sample tested by electrospray method using a Varian

500-MS LC Ion Trap apparatus in a positive mode. Aqu-

eous mixture with molar ratio of gemcitabine hydrochlo-

ride to cucurbituril [Gem]/[Q7] equal about 2/1 was

prepared and diluted with aqueous solution of sodium

acetate. For measurements by mass spectrometry, sodium

acetate was selected as a strong electrolyte (a salt of weak

acid and strong base), often used in mass spectrometry as

sodium adding agent. The final sample was injected for MS

analysis via syringe pump (at a speed of 15 lL min-1)

directly connected to the ESI source. Data were collected
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and analyzed with the dedicated software (Varian MS

Workstation), and 16 scans were averaged for each spec-

trum. The spectrometer was operated at a capillary voltage

of 3000 V (300 �C) and a cone voltage of 30 V (80 �C).

Acquisition of data was adjusted at the standard (for this

apparatus) range m/z 699.5–1600.5, and the obtained mass

spectrum is presented as raw data with minimal smoothing

and without resolution enhancement.

Results

pH-metric titration of aqueous gemcitabine
hydrochloride solution

To calculate the deprotonation constant of gemcitabine in

aqueous solutions and the distribution curves of non-pro-

tonated (L-NH2) and protonated form (L-NHþ
3 ), the pH-

metric titration was carried out in 6 mM gemcitabine

hydrochloride solution with aqueous 200 mM sodium base

solution in aqueous 100 mM sodium chloride solution as

basic electrolyte (Fig. 2). The dissociation constant of the

gemcitabine cation, calculated in the HyperQuad2008

program, amounted to pKa ¼ 3:95. Small discrepancy

between the measured pKa value of gemcitabine and the

literature value 3.58 [20] may arise from different ionic

strength. Value of pKa ¼ 3:95 was used to calculate the

distribution curves of non-protonated form (L-NH2) and

protonated form (L-NHþ
3 ) of gemcitabine using the

HySS2009 program (Fig. 3).

Forward isothermal titration calorimetry of Q7
titrated with gemcitabine in water

To examine the stoichiometry and thermodynamics of the

cucurbituril–gemcitabine complex formation in mixtures

with a high drug content, the calorimetric titration was

carried out under isothermal conditions (t = 25 �C) in a

straightforward system; i.e., the cucurbituril macro-

molecule solution was titrated with the ligand (drug)

solution. The thermal effects of titrating the aqueous

0.5 mM cucurbituril Q7 solution (pH = 4.3) with the

aqueous 5 mM gemcitabine hydrochloride solution were

measured (Figs. 4a, 5a). Once the experiment was com-

pleted, the pH of the titrated solution amounted to 3.8. The

thermal effects of the direct interaction between cucurbi-

turil and the drug (Fig. 5b) were determined by subtracting

the independently measured thermal effects of diluting

gemcitabine (Figs. 4b, 5a) and cucurbituril (Figs. 4c, 5a)

from the thermal effects accompanying the titration

(Figs. 4a, 5a). Using the identical-site model, the thermal

effects of the direct interaction between cucurbituril and

gemcitabine were described, calculating (Origin MicroCal

7.0) the stoichiometric parameter n, indicating the number

of gemcitabine molecules bonded by the cucurbituril

macromolecule as well as the constant of complex forma-

tion K and the thermodynamic functions of bonding:

enthalpy DH, entropy DS, and free energy DG (Table 1,

line 1).

The results obtained indicate that in aqueous mixtures of

cucurbituril and gemcitabine hydrochloride with a high

content of the drug, a thermodynamically stable,
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Fig. 2 Curve of pH-metric titration of 6 mM solution of gemcitabine

hydrochloride with aqueous 200 mM solution of sodium base in a

medium of 100 mM sodium chloride (basic electrolyte) as a function

of the titration fraction a of the drug at a temperature of 25 �C
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pKa ¼ 3:95

598 A. Buczkowski et al.

123



supramolecular complex is formed (DG\0). The process

of cucurbituril saturation by gemcitabine is exothermic

(DH\0) and is accompanied by an increase in the degree

of reagent order (DS\0). Close to unity, the value of

stoichiometric parameters n ¼ 0:85 � 0:05 shows that the

complex with stoichiometry 1:1 predominates in the solu-

tion tested. The insignificantly lower than unity value of

stoichiometric parameter n ¼ 0:85 � 0:05 may result from

the following:

1. the uncertainties in the concentrations of reactants,

2. the hydrolysis of the gemcitabine cation in an aqueous

medium to a neutral molecule that is bonded by the

negatively polarized cavity and the cucurbituril portals

to a lesser extent than the gemcitabine cation. Both

presented in the solution gemcitabine species (cationic

and neutral) may bind with different affinity, because a

difference in a positive or neutral charge may not

hinder enough binding phenomenon. If so, the stoi-

chiometry should still be around 1:1, but the affinity

would be higher or lower depending on which species

predominates and which species shows higher/lower

affinity.

3. the lower stoichiometric parameter may also suggest

that apart from complex QL, a complex with stoi-

chiometry Q2L occurs in the solution to a lesser extent.

To verify that three possibilities, we performed the ITC

titration: (1) in a reverse system in water, (2) in forward

system in sodium hydroxide solution, and (3) in forward

and reverse systems in formic buffer.
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Reverse isothermal titration calorimetry
of gemcitabine titrated with Q7 in water

In order to verify the stoichiometry and thermodynamics of

cucurbituril–gemcitabine complex formation in mixtures

with a high content of cucurbituril, the calorimetric titra-

tion was carried out under isothermal conditions

(t = 25 �C) in a reverse system. The thermal effects of

titrating the aqueous 120 lM solution of gemcitabine

hydrochloride (pH = 4.1) with the aqueous 2 mM solution

of cucurbituril Q7 were measured (Figs. 6a, 7a). After

titration, the pH value of the solution amounted to 3.8. The

thermal effects of the direct interaction between the drug

and cucurbituril (Fig. 7b) were determined by subtracting

from the thermal effects accompanying titration (Figs. 6a,

7a) the independently measured thermal effects of diluting

cucurbituril Q7 (Figs. 6b, 7a). The effects of diluting the

120 lM solution of gemcitabine hydrochloride (in a cell)

with water (in a syringe) were negligibly low. Using the

identical-site model, the thermal effects of the direct

interaction between gemcitabine hydrochloride and

cucurbituril were described by calculating (Origin Micro-

Cal 7.0) the stoichiometric parameter n, indicating the

number of cucurbituril molecules bonded by the molecule

of the drug tested, as well as the constant of complex

formation K and the thermodynamic functions of bonding:

enthalpy DH, entropy DS, and free energy DG (Table 1,

line 2).

The results obtained indicate that in the aqueous mix-

tures of cucurbituril and gemcitabine with a high content of

the former reagent, a thermodynamically

stable supramolecular complex is formed (DG\0). The

bonding process of gemcitabine by cucurbituril is

exothermic (DH\0) and is accompanied by an increase in

the degree of reagent order (DS\0). Calculated according

to the identical-site model, the parameters of bonding

gemcitabine with cucurbituril (Table 1, line 2) are similar

within the limits of measurement uncertainty to the results

of the straightforward titration of cucurbituril with gemc-

itabine (Table 1, line 1). The stoichiometric parameter

value obtained n ¼ 1:05 � 0:06 confirms that in the mix-

ture of both components with a high content of cucurbi-

turil, a complex with stoichiometry 1:1 is formed in an

aqueous medium as in aqueous mixtures of both compo-

nents with a high content of gemcitabine.

Forward isothermal titration calorimetry of Q7
titrated with gemcitabine in aqueous sodium
hydroxide solution and formic buffer solution

To examine whether non-protonated gemcitabine mole-

cules bind with cucurbituril Q7 macromolecules forming

supramolecular complex in basic environment, the 0.5 mM

cucurbituril Q7 macromolecule solution was titrated with

gemcitabine solution in aqueous NaOH environment,

pH = 12.3, under isothermal condition (t = 25 �C)

(Figs. 8a, 9a). Independently, thermal effects of diluting

gemcitabine solution were measured (Figs. 8b, 9a). The

effects of diluting the 0.5 mM cucurbituril Q7 solution (in

a cell) with sodium hydroxide solution (in a syringe) were

negligibly low. Thermal effects of titration cucurbituril Q7

with gemcitabine in strong basic media (pH = 12.3) are

low and comprise mainly of the effects of ligand dilution.

Low values of thermal effects of direct interactions

Table 1 Thermodynamic parameters of the supramolecular cucurbituril–gemcitabine complex formation in an aqueous medium at 25 �C
determined by the ITC technique

Titration type n K/M-1 DH/kcal mol-1 TDS/kcal mol-1 DG/kcal mol-1

Q7 with Gem 0.85 ± 0.05 79 000 ± 30 000 - 9.6 ± 0.3 - 2.9 ± 0.5 - 6.7 ± 0.2

Gem with Q7 1.05 ± 0.06 38 000 ± 3 000 - 8.1 ± 0.6 - 1.8 ± 0.8 - 6.3 ± 0.2
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(Fig. 9b) indicate that cucurbituril Q7 macromolecules do

not bind non-protonated gemcitabine molecules in this

environment.

To examine the stoichiometry and thermodynamics of

the cucurbituril–gemcitabine complex formation in acidic

buffer environment with a high drug content, the calori-

metric titration was carried out under isothermal conditions

(t = 25 �C) in aqueous 10 mM formic buffer solution

(pH = 3.8). pH was stable during the titration. The thermal

effects of titrating 0.5 mM cucurbituril Q7 solution with

5 mM gemcitabine hydrochloride solution were measured

in 10 mM formic buffer environment (Figs. 10a, 11a). The

thermal effects of the direct interaction between cucurbi-

turil and the drug (Fig. 11b) were determined by sub-

tracting the independently measured thermal effects of

diluting gemcitabine (Figs. 10b, 11a) and cucurbituril

(Figs. 10c, 11a) from the thermal effects accompanying the

titration. Using the identical-site model, the thermal effects

of the direct interaction between cucurbituril and gemc-

itabine were described, calculating (Origin MicroCal 7.0)

the binding parameters (Table 2, line 1).

The results obtained indicate that in buffered mixtures of

cucurbituril and gemcitabine hydrochloride with a high

content of the drug, a thermodynamically stable,

supramolecular complex is formed (DG\0). The process

of cucurbituril saturation by gemcitabine in 10 mM formic

buffer solution (pH = 3.8) is exothermic (DH\0) and is

accompanied by an increase in the degree of reagent order

(DS\0). The value of stoichiometric parameters n ¼
0:95 � 0:05 shows that the complex with stoichiometry 1:1

is formed in the solution tested. Because pH values in this

buffer solution is comparable with the pH of studied non-

buffered mixtures in water, the lower binding constant K in

formic buffer solution reflects the hindering influence of

molecules and ions from buffer mixture on the binding

between gemcitabine and cucurbituril Q7.

Reverse isothermal titration calorimetry
of gemcitabine hydrochloride titrated with Q7
in formic buffer aqueous solutions

In order to verify the binding parameters of cucurbituril–

gemcitabine complex formation in buffered mixtures with

a high content of cucurbituril, the calorimetric titration was

carried out under isothermal conditions (t = 25 �C) in a
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reverse system in 10 mM formic buffer solution (pH =

3.8). The thermal effects of titrating the aqueous 120 lM

solution of gemcitabine hydrochloride with the aqueous

2 mM solution of cucurbituril Q7 were measured

(Figs. 12a, 13a). The thermal effects of the direct interac-

tion between the drug and cucurbituril (Fig. 13b) were

determined by subtracting from the thermal effects

accompanying titration (Figs. 12a, 13a) the independently

measured thermal effects of diluting cucurbituril Q7

(Figs. 12b, 13a). The effects of diluting the 120 lM solu-

tion of gemcitabine hydrochloride (in a cell) with buffer (in

a syringe) were negligibly low. Using the identical-site

model, the thermal effects of the direct interaction between

gemcitabine hydrochloride and cucurbituril were described

(Origin MicroCal 7.0) and binding parameters were cal-

culated (Table 2, line 2).

Calculated according to the identical-site model, the

parameters of bonding gemcitabine with cucurbituril in

10 mM formic buffer solution (pH = 3.8) (Table 2, line 2)

are similar within the limits of measurement uncertainties

to the results of the straightforward titration of cucurbituril

with gemcitabine (Table 2, line 1) in the same solvent. The

stoichiometric parameter value obtained n ¼ 1:02 � 0:07

confirms that in the 10 mM formic buffer environment

(pH = 3.8) with the mixture of both components (Q7 and

gemcitabine) with a high content of cucurbituril, a complex

with stoichiometry 1:1 is formed similar to the results

obtained in buffer mixtures of both components with a high

content of gemcitabine.

Mass spectrometry of Q7–gemcitabine solution

Spectrum ESI-MS was recorded in a positive mode for the

mixture of gemcitabine hydrochloride and cucurbituril Q7
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in an aqueous solution of sodium acetate (Fig. 14). The

molar ratio of gemcitabine to cucurbituril Q7 in the mix-

ture tested amounted to 2/1. Particular peaks in spectrum

ESI-MS can be interpreted as follows: m/z 725.0 as

[Q7 ? Gem ? H ? Na]21, m/z 845.6 as

[Q7 ? 2Gem ? 2H]2?, m/z 1427.0 as [Q7 ? Gem ? H]?,

and m/z 1448.8 as [Q7 ? Gem ? Na]?. The molecular

peaks recorded explicitly indicate the formation of not only

the supramolecular complex with stoichiometry 1:1, but

also another complex with stoichiometry 2:1 (L2Q), in

which the macromolecule of cucurbituril bonds two cations

of gemcitabine. The formation of complex with stoi-

chiometry 2:1 (L2Q) requires an excess of ligand L in the

mixture and is observed in the gaseous phase. A peak that

would correspond to a complex with stoichiometry 1:2

(LQ2) and a double charge was not observed. A hypo-

thetical peak corresponding to a complex with stoichiom-

etry 1:2 (LQ2) and a single charge would be beyond the

measurement range m/z 699.5–1600.5.

Discussion

The results of isothermal calorimetric titrations in the

straightforward system (excess drug after ending the

experiment) and reverse system (excess macrocycle after

ending the experiment) unanimously indicate that a ther-

modynamically stable supramolecular complex with stoi-

chiometry 1:1 is formed in water (Table 1). The

thermodynamic function values of complex formation,

calculated from both types of titration, indicate that the

process of bonding gemcitabine hydrochloride by cucur-

bituril Q7 is exothermic (DH\0). This indicates a pre-

dominance of the energetic effects of the direct interactions

between functional groups of gemcitabine and cucurbituril

molecules over the effects of their partial dehydration

preceding the complex formation. The bonding of gemc-

itabine by cucurbituril Q7 in water is, however, accompa-

nied by an increase in the degree of reagent order (DS\0),

which indicates that the driving force of the process is in

this case a favorable (exothermic) value of the enthalpy of

complex formation in an aqueous medium. Exothermic
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Fig. 11 a Thermal effects of the forward ITC titration of 0.5 mM

cucurbituril Q7 solution with 5 mM gemcitabine hydrochloride

solution in 10 mM formic buffer solution (pH = 3.8) (filled black

square) and corresponding effects of dilution of gemcitabine

hydrochloride (filled black circle) and cucurbituril Q7 (filled black

diamond) in 10 mM formic buffer solution (pH = 3.8) and b thermal

effects of direct interactions between cucurbituril Q7 and gemcitabine

hydrochloride (filled black square) in 10 mM formic buffer solution
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Table 2 Thermodynamic parameters of the supramolecular cucurbituril–gemcitabine complex formation in 10 mM formic buffer solution

(pH = 3.8) environment at 25 �C determined by the ITC technique

Titration type n K/M-1 DH/kcal mol-1 TDS/kcal mol-1 DG/kcal mol-1

Q7 with Gem 0.95 ± 0.05 13 900 ± 600 - 7.8 ± 0.3 - 2.1 ± 0.4 - 5.7 ± 0.1

Gem with Q7 1.02 ± 0.07 15 000 ± 2 000 - 6.9 ± 0.7 - 1.2 ± 0.9 - 5.7 ± 0.2
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effects of the direct interactions between cucurbituril Q7

and gemcitabine hydrochloride indicate that during titra-

tion, weaker electrostatic interactions and hydrogen bonds

of the system component molecules with water molecules

are replaced by comprehensively stronger electrostatic

interactions, hydrogen bonds, and hydrophobic interactions

between the functional groups of the ligand (drug) and the

macrocycle tested.

Gemcitabine hydrochloride dissolved in aqueous solu-

tions shows acidic character (pKa ¼ 3:95) due to

protonating the nitrogen atom of the pyridimine part in the

drug molecule [32]. Once the titration procedure is com-

pleted, the mixture tested shows acidity, pH 3.8, caused by

the presence of trace quantities of acidic impurities in the

cucurbituril tested (the macrocycles are synthesized in a

medium of strong mineral acid) and the acidic hydrolysis

of gemcitabine hydrochloride (cationic Brønsted acid). The

deprotonation constant of gemcitabine cation, pH-metri-

cally determined in aqueous solutions, pKa ¼ 3:95 allows

to determine distribution curves of the non-protonated (L-

NH2) and protonated (L-NHþ
3 ) form of gemcitabine.

According this distribution, at pH = 3.8, about 60% of

gemcitabine molecules occur in a cationic form. This

confirms the capability of cucurbiturils to bond cationic

low-molecular ligands, reported also in literature [33]. The

cationic center of the protonated gemcitabine molecules

seems to react during the complex formation with the

negatively charged fragments of cucurbituril Q7.

The results of isothermal calorimetric titrations in the

straightforward system (excess drug after ending the

experiment) in sodium hydroxide environment (pH = 12.3)

show that from both presented in the gemcitabine solu-

tions’ species (cationic and neutral), only cations of the

drug show high affinity toward macromolecule Q7, so for

this drug, a difference in a positive or neutral charge is

enough to hinder binding phenomenon. If so, the stoi-

chiometry may still be around 1:1, but could also be low-

ered depending on which species predominates in a given

environment.

Results of ITC titration of bonding gemcitabine with

cucurbituril in 10 mM formic buffer solution (pH = 3.8)

(Table 2) show similar directions of changes of the ther-

modynamic functions (DH\0 and DS\0), but the binding

constant K of supramolecular complex formation is lower
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in buffer environment in comparison with aqueous (non-

buffered) solution of both components. This reflects the

hindering influence of molecules (non-dissociated formic

acid) and ions (formic anions and sodium cations) from

buffer mixture on the binding between gemcitabine and

cucurbituril Q7. Counterions and other molecules which

constitute the (more complex) buffer environment may

shelter the active sites of gemcitabine cation and cucurbi-

turil macromolecule and inhibit the direct interactions

between nano-carrier and its ligand.

The observed molecular peaks in the spectrum of the

mixtures of gemcitabine hydrochloride, cucurbituril Q7,

and sodium acetate indicate that the presence of ions

derived from electrolyte dissociation, molar excess of

gemcitabine in relation to the macrocycle, and the gaseous

phase with dissipated component of the system tested

influence the stoichiometry of the complexes formed. The

mixtures with a high gemcitabine content tested by the

ESI-MS technique contain not only the supramolecular

complex with stoichiometry 1:1 but also that with stoi-

chiometry 2:1 (L2Q).

The examination of the interaction thermodynamics of

the supramolecular system components in pure water

allows one to indicate these nano-carrier-ligand pairs that

should be selected for further biochemical and biomedical

studies. However, in practice, we cannot administer a

therapeutic complex suspended in pure water to patients by

injection. Such a mixture is strongly hypotonic and would

cause a shock in the organism treated [34, 35].

Thus, to safely administer the drug bonded with cucur-

bituril nano-carrier by injection, it is a necessary condition

to stabilize its pH and provide the iso-osmosity of the

solvent used with the patient body fluids, especially his/her

blood. Therefore, to administer the supramolecular com-

plex containing the transported drug (gemcitabine cation)

to a patient, it is indispensable to suspend the complex in

an aqueous medium rich in counterions with properties that

would buffer and stabilize the ionic power and osmotic

pressure of the medium used. Cucurbituril Q7 shows,

however, strong complex-forming properties in relation to

the mixture of zwitterions of many Good’s buffers (e.g.,

HEPES, PIPES), used in biochemistry as media with a high

stability and biochemical inertia capability [36]. The direct

synthesis of cucurbituril–drug complex in a buffer medium

is made difficult on account of ‘‘overcoating’’ the func-

tional groups of the carrier and drug with the counterions of

buffer medium.

Thus, to load the nano-carrier with a useful ligand, it is

worth using an aqueous medium (poor in counterions) as

indirect solvent, stabilizing the stoichiometry and facili-

tating the interaction between the functional groups of

cucurbituril and drug molecules. Therefore, it is better to

load the carrier (cucurbituril) with the drug in water and

then to impart iso-osmosity and desirable pH value to the

obtained solution containing the therapeutic complex. Such

a two-stage procedure should allow one to efficiently and

reproducibly obtain the suspended in buffers’

supramolecular complexes with a defined stoichiometry

that could be then gently and without harm to the patient

organism administrated by injection.

The calorimetrically determined, a relatively high value

of the equilibrium constant of complex formation in a pure

water (logK[ 4:9) shows that the macrocycle of cucur-

bituril Q7 can be used in the future as non-toxic nano-

transporter of the highly toxic drug-gemcitabine

hydrochloride in biomedical applications, reducing the side

effects of the treatment and improving its comfort. In the

future, we are going to use the calorimetric titration tech-

nique to study the thermodynamic of the cucurbituril–

gemcitabine complexes (1) in an aqueous medium of

hydrochloric acid, as well as (2) in formic buffer at dif-

ferent pH values and electrolyte concentrations, which
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Fig. 14 Ion ESI mass spectrum of the gemcitabine hydrochloride and cucurbituril Q7 mixture in aqueous sodium acetate solution. Molar ratio of

gemcitabine to cucurbituril was 2/1
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should enable to study the influence of more complex

environment to the interactions between cationic species

and cucurbituril Q7. We also plan to use the technique of

mass spectrometry to examine the stoichiometry of com-

plexes in the mixtures containing an excess of gemcitabine

or cucurbituril.

Conclusions

The presented results of calorimetric titration under

isothermal conditions (25 �C) show that cucurbituril Q7

molecule bonds the cationic antitumor drug–gemcitabine

hydrochloride (Gem), forming both in pure water and in

formic buffer (10 mM, pH 3.8), a thermodynamically

stable supramolecular complex with stoichiometry 1:1

(LQ). MS results confirm the formation of complex 1:1 and

additionally show that in mixtures with a high content of

gemcitabine, complexes with higher stoichiometry can also

be formed.
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