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Abstract
Lipoic acid derivative of cyclodextrin, βCDLip, was used as the drug carrier for doxorubicin (DOX) and the stability constants 
of the DOX–βCDLip were determined in the environment of the cell medium. The experiments were performed in neutral 
(pH 7.6) and acidified (pH 6.3) cell media containing more than forty interferences including: amino acids, vitamins, lipids 
and proteins. We proved that the pH of the medium has a noticeable impact on the affinity of the drug towards the carrier. 
At neutral pH, the formation constants of the complex are higher than at pH 6.3, what is characteristic for the cancer cells 
microenvironment. Furthermore, the values obtained in both cell media are twice smaller than the values obtained previously 
for the same complex but in the absence of common cell media components indicating that there is a competition between 
DOX and some hydrophobic medium components for the complex formation with βCDLip. On the other hand at pH 7.6, 
the amount of free DOX is highly limited due to the fact that most of DOX is still in the complexed form, while at pH 6.3 
the cell media ingredients become strong interferences in the formation of the complex between DOX and the drug carrier. 
The observed behaviour is due to partial protonation of DOX and to competition between the drug and the lipoic side arm 
of cyclodextrin for the cyclodextrin cavity. The stability constants of the DOX–βCDLip complex in acidic pH are similar to 
the values for DOX with native β-cyclodextrin, demonstrating that the strengthening effect of DOX–CD complex resulting 
from the presence of cyclodextrin’s aromatic substituent (Lip) occurs only in the case of neutral pH. The high value of the 
stability constant of the DOX–βCDLip complex in cell medium at pH 7.6 indicates high selectivity of βCDLip ligand which 
would be of importance both for the effective drug delivery and for its application in DOX sensing devices.
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Introduction

Cyclodextrins (CDs) are cyclic organic compounds obtained 
by the enzymatic transformation of starch. They possess a 
hydrophilic exterior and a hydrophobic cavity able to host 
various guest compounds bound via noncovalent bonds to 
form inclusion complexes [1–3]. The inclusion ability of 
CDs has attracted considerable attention due to its multiple 
applications in sensing devices, molecular machines and 
drug delivery of aromatic drugs such as anthracyclines [4]. 
Doxorubicin (DOX, Adriamycin®), antibiotic isolated from 

Streptomyces peucetius var. caesius [5], is one of the most 
effective drugs in this group. Thanks to the wide spectrum 
of action in both experimental cancer models and human 
malignancies, this drug has been used clinically for over 50 
years. DOX molecule contains a weakly basic amino sugar, 
daunosamine, linked via a glycosidic bond to the red-pig-
mented tetracyclic moiety, adriamycinone. It is used for the 
treatment of several types of cancers, such as lung [6], breast 
[7], cervix [8], ovarian [9], prostate [10] and brain cancers 
[11]. The drug effect primarily consists in the modifica-
tion of the DNA structure as a result of intercalation com-
plex formation assisted with covalent binding. In addition, 
DOX inhibits topoisomerase II, increasing the stability of 
the drug-enzyme-DNA complex, and prevents DNA repair 
[12–14]. The clinical application of DOX has been limited 
by serious adverse effects [15, 16]. The specific toxicity 
of the drug is due to reactive oxygen species (ROS) pro-
duced by redox reactions of anthracyclines creating radical 
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oxygen species. ROS can interact with cellular components 
such as proteins, lipids, carbohydrates or nucleic acids [17, 
18]. All of these reactions can cause damage and, in case 
of DNA, mutations. Cardiotoxicity is the most disturbing 
and dangerous effect of anthracyclines [19]. It is believed 
that the anthracyclines induce cardiotoxicity through differ-
ent mechanisms from those responsible for their anti-cancer 
activity, and research has shown that a decreased amount of 
reactive oxygen species leads to the reduction of the car-
diotoxic effects of anthracyclines [20]. Due to the fact, that 
the quinone group of anthracycline is responsible for ROS 
production, the protection of this group until the drug is 
delivered to the cancer cell gives the opportunity to mini-
mize the cardiotoxic effect of DOX. This protective effect 
can be achieved by placing the anthracycline molecule in the 
hydrophobic cavity of cyclodextrin (CD).

Previous studies have shown that DOX molecule fits 
into the cavity of CD from the quinone side, however the 
stability constant of the anthracycline-CD complex is 
rather low [21]. We have shown in our previous reports 
that this difficulty can be eliminated by the modification 
of cyclodextrin with an appropriate functional group, 
such as aromatic substituent or triazole moiety and lipoic 
acid [22–25]. Aromatic triazole linker can significantly 
increase the stability of the DOX–CD complex through 
π–π interactions occurring between triazole linker of CD 
and the aglicone group of the drug. Additionally, cyclo-
dextrin containing a triazole linker is sensitive towards 
pH and supports binding of the drug to DNA [22, 26]. In 
a recent study, we described the synthesis and complexing 
abilities of a new derivative of cyclodextrin possessing 
lipoic acid connected via triazole linker (βCDLip). The 
lipoic acid is a naturally occurring antioxidant compound, 
whose protective properties are ascribed to the ability of 
sulphur atoms to scavenge reactive oxygen species. It was 
found to break the chain reaction of the biomolecule oxi-
dation [27]. The derivative of cyclodextrin described here 
could be employed for pH-controlled binding of anthra-
cycline drugs. While at pH 7.4 the new derivative formed 
strong complex with DOX, at pH 5.5 the stability constant 
was orders of magnitude smaller. Molecular modelling of 
the lipoic acid-cyclodextrin conjugate (βCDLip) alone and 
in the presence of DOX allowed to prove that at pH 5.5, a 
self-inclusion complex is formed with the lipoic acid sub-
stituent located inside the cavity of cyclodextrin [22]. The 
competition between the formation of the DOX–βCDLip 
inclusion complex and the βCDLip self-inclusion complex 
is the reason why at pH 5.5, the drug is easily released 
from cyclodextrin cavity, whereas at pH 7.4, it remains 
inside the cavity - self-inclusion of the lipoic acid substitu-
ent is not favored at this pH. In addition, the protonation 
of the anthracycline molecule facilitates the drug release 
at lower pH. The influence of pH is confirmed by a more 

negative value of the interaction energy of the βCDLip 
self-inclusion complex at pH 5.5. Therefore, this ligand 
can be useful as potential drug carrier in cancer treatment 
since it allows for the release of the drug in more acidic 
environment, corresponding to that of the cancer cell while 
holding it firmly at neutral pH corresponding to healthy 
cells. Unfortunately, the physicochemical parameters of 
this and similar drug-cyclodextrin complexes were usu-
ally evaluated in simple electrolyte solutions. The data 
obtained in this manner cannot be, however, a reliable 
basis for any predictions concerning the utility of respec-
tive cyclodextrins as drug carriers. The composition of 
the biological matrix, which can obviously influence the 
physicochemical data, has to be taken into account. The 
components of the biological media employed for the 
cytotoxicity assays will affect the composition and sta-
bility of the drug-CD complexes. Amino acids especially 
those with aromatic side chains [28, 29], lipids [30] or 
cholesterol [31] and vitamins [32, 33], have also affinity 
to the cyclodextrin cavity and can displace the drug from 
the inclusion complex, changing the ratio of the free drug 
to its complexed form. Reaction with cholesterol can e.g. 
affect the integrity of membranes and introduce additional 
negative effects when using cyclodextrins as the complex-
ing agents [34]. It is, therefore, important to evaluate the 
stability of the drug-CD complex in the multicomponent 
environment of the biological media.

In the present study, our aim is to describe the influence 
of the cell medium on the stability of DOX complex with 
lipoic acid derivative of cyclodextrin and to determine the 
formation constants of these complexes at the pH values of 
normal and cancer affected cells.

Experimental

Chemicals and reagents

Doxorubicin hydrochloride salt was purchased from LC 
Laboratories (Woburn, USA). Other compounds used in 
this work were purchased from Aldrich, Fluka and Thermo 
Fisher Scientific. The pH was measured using a pH-Meter 
E2 (Mettler Toledo). Lipoic acid derivatives of cyclodextrin 
(βCDLip), Scheme 1, were synthesized as described in our 
recent report, [22].

All measurements were performed in a mixture of RPMI 
1640 medium (Thermo Fisher Scientific) supplemented with 
10% fetal bovine serum (Thermo Fisher Scientific), peni-
cillin (100 u/ml; Thermo Fisher Scientific), streptomycin 
(100 µg/ml; Thermo Fisher Scientific) and 25 mM HEPES 
(Thermo Fisher Scientific), pH 7.6 or 25 mM HEPES and 
25 mM HCl (PPH Standard), pH 6.3.
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Methods

Electrochemical measurements

Linear sweep voltammetry (LSV) experiments were per-
formed using an OGF500 potentiostat (OrigaFlex). All 
electrochemical experiments were performed in a three-
electrode arrangement with a silver/silver chloride (Ag/
AgCl/saturated KCl) reference electrode (BASi), platinum 
foil as the counter electrode, and a glassy carbon electrode 
(GCE, BASi, 3 mm diameter) as the working electrode. The 
working electrode was polished mechanically with 1.0-, 0.3-, 
and 0.05-µm alumina powder on a Buehler polishing cloth, 
washed with 0.5M sulphuric acid  (H2SO4) several times 
and polished again with 0.05 µm alumina powder. Next, 
the working electrode was rinsed with water and used in 
LSV experiments. The cell medium components strongly 
adsorb on GC electrode, therefore, the cleaning procedure 
was repeated before each LSV scan. The concentration of 
DOX was 5 × 10− 5 M, whereas the concentration of βCDLip 
was varied from 2.50 × 10− 4 to 1.75 × 10− 3 M.

Due to the presence of hydroquinone and quinone groups 
in DOX molecule, the drug can be either electrooxidized or 
reduced, as shown in Scheme 2.

The reduction process takes place at negative potentials 
and is affected by the presence of oxygen, hence the meas-
urements have to be carried out under anaerobic condi-
tions. The electrooxidation process takes place at positive 
potentials, thus does not require prior deoxygenation of the 
solution, what significantly simplifies the measurements, 
especially in media of such complex composition and high 
viscosity as those reported here.

To calculate the formation constants of the DOX–CDLip 
complexes, the modification of Osa Eq. (1) for diffusion-
controlled processes were used: [35]

 where Iobs is the oxidation peak current and IDOX and 
IDOX−CD are the oxidation peak currents for the free DOX 
and the inclusion complex, respectively. Ks is the com-
plex formation constant, and CCD is the concentration of 
cyclodextrin.

The value of  Ks was calculated from the slope of the lin-
ear plot of  Iobs

2 vs.  (IDOX
2 −  Iobs

2)/  CCD.

Results and discussion

Electrochemical measurements

Reproducible quantitative electrochemical analysis of the 
drug/drug-carrier complex in a natural multi-component 
matrix, such as cell medium, is complicated because of 
adsorption of the components and drug itself on the elec-
trode surface, causing partial blocking of the electrode and 
decrease of the analytical peak. Therefore, a cleaning proce-
dure of the working electrode before each measurement with 
0.5 M sulphuric acid (as described above) has to be used to 
obtain reproducible results with a low standard deviation and 
linearity of the calibration plot (Fig. 1b).

Linear sweep voltammograms showed well-developed 
DOX oxidation peaks recorded in solutions at pH 7.6 and 6.3 
(Fig. 1a). Linear dependence of the oxidation peak current 
on the square root of scan rate confirmed diffusion-control 
of the electrode process (Fig. 1c).

As shown in our previous study on DOX–CDLip complex 
in pure electrolyte solutions, there is a clear competition 

(1)I
2

obs
=

(I2
Dox

− I
2

obs
)

K
s
× C

CD

+ I
2

CD−DOX

Scheme 1  Structure of lipoic acid derivative of cyclodextrin Scheme  2  Doxorubicin (DOX) and its  2e−/2H+ a electrooxidation 
and b electroreduction processes
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between the formation of the DOX–βCDLip inclusion com-
plex and the βCDLip self-inclusion complex. At acidic pH, 
self-inclusion of the lipoic acid side arm in the cyclodextrin 
cavity dominates. The complex is stronger than that with 

protonated, hence charged DOX. However, at neutral pH, 
self-inclusion of the lipoic acid substituent is not favoured, 
and the complexation of DOX by the cyclodextrin takes 
place (Scheme 3). This behaviour is observed also in the 
cell medium.

Addition of βCDLip to DOX in the cell medium solu-
tion resulted in the decrease of the voltammetric peak 
currents due to the decrease of diffusion coefficient of the 
DOX–βCDLip complex compared with that of the free guest 
(Fig. 2).

The dependencies of DOX oxidation peak current on 
βCDLip concentration recorded in cell medium at pH 7.6 
and 6.3 are shown in Fig. 3a, b). The formation constants 
of the DOX–βCDLip complex were calculated using Eq. 1. 
The dependencies of  I2

obs on  (I2
DOX -  I2

obs)/CCD for βCDLip 
at pH 7.6 and pH 6.3 obtained using LSV method are shown 
in Fig. 3c, d.

Fig. 1  a Voltammetric oxidation curves for 5.0 × 10− 5 M DOX in cell 
medium, at pH 7.6 (1) and 6.3 (2). b Calibration curve for DOX in 
cell medium at pH 7.6. All potentials reported vs. silver/silver chlo-
ride (Ag/AgCl) electrode. Scan rate 100 mV/s. c Dependence of the 
peak current on the square root of scan rate

Scheme 3  Scheme of DOX–βCDLip complex formation

Fig. 2  Linear Sweep Voltammograms of 5.0 × 10− 5 DOX recorded 
in cell medium at pH 7.6 without (1) and with addition of increasing 
concentration of βCDLip from 5.0 × 10− 4 M to 1.5 × 10− 3 M (2–5). 
Scan rate 100 mV/s. All potentials reported vs. (Ag/AgCl) reference 
electrode
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Formation of the inclusion complex between DOX and 
βCDLip in the cell medium is also confirmed by the shift of 
peak potentials towards more positive values as a result of 
the change in the drug environment to a more hydrophobic 
one (cyclodextrin cavity), Fig. 4.

The values of formation constants determined for the 
DOX–βCDLip complex are 4.20 ± 0.45 × 103  M− 1 and 
0.70 ± 0.31 × 103  M− 1 in cell media of pH 7.6 and 6.3, 
respectively. At pH 7.6, corresponding to the pH of body 
fluids or neutral medium, the formation constants of the 
complex are higher than those at pH 6.3, which is character-
istic for cancer cells microenvironment. The values obtained 
in both cell media are ca. twice smaller at pH 7.6, and four 
times smaller at pH 6.3 than the values obtained previously 
for the same complex [22] in pure electrolyte solutions 
(7.80 ± 0.63 × 103  M− 1 at neutral pH, and 2.7 ± 0.4 × 103 

Fig. 3  The dependencies of DOX oxidation peak current on βCDLip 
concentration (a, b) and Osa plots (Eq. 1) for DOX in the presence of 
βCDLip (c, d), recorded in cell media at pH 7.6 (a, c) and 6.3 b, d. 

Scan rate 100 mV/s. All potentials reported vs. (Ag/AgCl) reference 
electrode

Fig. 4  Potential of 5.0 × 10− 5 M DOX oxidation peak vs. βCDLip 
concentration in cell medium at pH 6.3 and 7.6. Scan rate 100 mV/s. 
All potentials reported vs. (Ag/AgCl) reference electrode
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 M− 1 at acidic pH). This is expected, since the medium 
contains several compounds able to form inclusion com-
plexes with cyclodextrins e.g. aromatic amino acids (such as 
l-phenylalanine, l-tryptophan, l-tyrosine), vitamins (biotin, 
choline, folic acid, niacinamide, B12, riboflavin, thiamine, 
para-aminobenzoic acid, pyridoxine hydrochloride) and 
other minor components. The lower values of formation con-
stants determined for the DOX–βCDLip complex indicate 
that there is a competition between DOX and hydrophobic 
medium components for the βCDLip cavity. At pH 7.6, the 
amount of free DOX is lower than in pure electrolyte solu-
tion due to the fact that most of DOX is in the complexed 
form. At pH 6.3 the stability constants of the DOX–βCDLip 
complex are similar to the value obtained for DOX with 
non-modified (native) β-cyclodextrin. This result confirms 
that the effect of cyclodextrin aromatic substituent which 
strengthens the DOX–βCDLip complex is important in cell 
medium conditions only at neutral pH. Previous studies 
conducted in pure electrolyte solutions have shown that the 
lipoic acid substituent present in DOX–βCDLip strength-
ens the complexes with DOX both at lower and neutral pH 
as compared to those of pristine βCD. The high value of 
the stability constant of the DOX–βCDLip complex at pH 
7.6 observed in the cell medium indicates that the βCDLip 
ligand shows high affinity to the drug molecules even in 
the multicomponent biological environment. This is very 
important for the application of this ligand as the drug car-
rier and in addition it opens the possibilities of using it in 
cyclodextrin modified electrodes for monitoring drug levels 
in biological samples, environmental waste solutions con-
taining the antibiotic and, particularly, in biological fluids. 
The 1,2-dithiolane ring (-S-S-) group would allow binding 
of the ligand to the surface of both the metallic electrodes 
and nanoparticles. Research in this direction is carried out 
in our laboratory.

Conclusions

In this study we examined the influence of cell medium on 
the stability constants of DOX complex with a potential 
drug carrier-the lipoic acid derivative of βCD. The lipoic 
acid derivative of βCD was chosen since it was shown to 
increase the stability of the complex compared with that of 
pristine CD in synthetic solutions. This behaviour is due to 
capping effect of the substituent as shown in Scheme 3. The 
experiments in this work were carried out in the cell media 
at neutral (pH 7.6) and acidified (pH 6.3). The cell media 
contained more than forty compounds including: amino 
acids, vitamins, lipids and proteins which could interfere 
in the DOX–βCDLip complex formation. We showed that 
the pH of the medium has a noticeable impact on the bind-
ing strength of the drug by the hosting ligand leading to 

decreased values of conditional stability constants of the 
complexes. At pH 7.6, corresponding to the pH of body 
fluids as well as in pure neutral supporting electrolyte solu-
tions, the formation constants of the complex are higher 
than those at pH 6.3, which is characteristic for cancer cells 
microenvironment. At pH 7.6, the amount of free DOX 
exposed to the medium environment is limited since most of 
DOX is in the complexed form, while at pH 6.3 the stability 
constants of the DOX–βCDLip complex are lower and simi-
lar to those obtained for DOX with non-modified (native) 
β-cyclodextrin. This shows that in acidified solutions the 
drug is more exposed to the influence of other components 
of the biological medium and the protecting role of βCDLip 
ligand used in the present paper is weaker than in pure elec-
trolyte solutions.

The high value of the stability constant of the 
DOX–βCDLip complex at pH 7.6 retained in the cell 
medium indicates high selectivity of βCDLip for DOX 
pointing to its potential utility not only as the drug delivery 
system but also as the receptor molecule in new electroana-
lytical devices monitoring levels of DOX in biological flu-
ids and waste solutions of this toxic chemotherapeutic. The 
presence of the 1,2-dithiolane ring (-S-S-) in the βCDLip 
derivative will facilitate stable immobilization of the ligand 
on metallic e.g. gold electrodes and gold nanoparticles.
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