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Abstract 

Drug delivery systems are the most researched pharmaceutical formulation, representing promising tools in the treatment of 

cancer. Doxorubicin is an anti-tumour drug, widely used in malignant diseases, but with serious adverse effects. The aim of 

this study was to develop an analytical strategy for the evaluation of the encapsulation and release of this drug from delivery 

systems. The electrochemical oxidation process of doxorubicin has been studied using pencil graphite electrode by a fully 

optimized differential pulse voltammetry procedure. This electro-analytical method was successfully applied for the evaluation 

of the encapsulation and release profile of doxorubicin from biocompatible and biodegradable microcapsules, UV-Vis spectroscopy 

being applied as control method. 

 

Rezumat 

Sistemele de transport la țintă sunt cele mai cercetate formulări farmaceutice fiind promițătoare pentru tratamentul cancerului. 

Doxorubicina este un antitumoral utilizat pe scară largă în afecțiunile maligne, dar care produce reacții adverse serioase. Scopul 

acestui studiu a fost de a dezvolta o strategie analitică pentru evaluarea încapsulării și eliberării acestui medicament din sisteme 

de transport la țintă. Procesul de oxidare electrochimică a doxorubicinei a fost studiat utilizând mina de creion și o procedură 

optimizată de voltametrie puls diferențială. Această metodă electro-analitică a fost aplicată cu succes pentru evaluarea procesului de 

încărcare și eliberare a doxorubicinei din microcapsule biocompatibile, spectroscopia UV-Vis fiind utilizată ca metodă de control. 
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Introduction 

Doxorubicin (Dox) is the most common anti-tumour 

drug from the class of anthracyclines, together with 

daunorubicin, epirubicin, idarubicin and valrubicin, 

all these molecules being structurally related. Dox 

manifests its antineoplastic activity through a double 

mechanism of action. Firstly, the drug intercalates 

between the pairs of nitrogenous bases from DNA 

structure, preventing DNA replication, and secondly, 

Dox works as a topoisomerase II inhibitor, stabilizing 

the DNA-enzyme complex and preventing thus re-

legation of DNA double helix, the second reaction 

being catalysed by topoisomerase II. Moreover, free 

radicals are generated by Dox and they produce damage 

of the cell membranes, DNA and proteins, leading 

to apoptosis [7, 19]. 

Dox has proved its efficacy in various malignancies, 

such as lymphoblastic and acute myeloblastic leukaemia, 

Hodgkin’s disease, malignant lymphoma, soft tissue 

and bone sarcoma, neuroblastoma, breast, ovarian, 

thyroid and gastric carcinoma. Even though this drug 

is indicated in the treatment of numerous diseases and 

it has a relatively low cost, its side effects are major 

drawbacks. It has been shown that Dox produces 

myocardial damage, the risk of cardiomyopathy being 

proportional to the exposure and increased by concomitant 

cardiotoxic medication. Another unwanted effect of 

this drug is the hematologic toxicity manifested through 

severe myelosuppression, resulting in anaemia, thrombo-

cytopaenia, neutropenia and most important leukopenia. 
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On this background, severe infections can occur, with 

possibility of developing septic shock that could 

bring death. Local tissue injury and necrosis can also 

happen because of the extravasation of Dox [19]. 

In 1995, FDA approved the first drug delivery system 

containing Dox, which was a PEGylated liposome 

for human use in metastatic ovarian cancer and in 

Kaposi sarcoma related to acquired immune deficiency 

syndrome. This pharmaceutical formula brought the 

advantage of diminishing side effects severity. After 

this, other liposomal doxorubicin products were 

developed and approved, including Thermodox®, 

whose release is heat dependent [24]. Thus, in the 

last decades, an impressive number of various drug 

delivery systems encapsulating Dox were described, 

most of them being still at the stage of pre-clinical 

research. Among them, the following should be 

mentioned: polymeric nanoparticles having in composition 

chitosan, pullulan or arabinogalactan, micelles, exosomes, 

magnetic carriers and DNA intercalated Dox nano-

particles or gold nanoparticles [1, 36]. Regarding 

the release mechanism and the targeted transport, 

there are also different types of drug delivery 

systems among which could be reminded the ones 

with pH dependent or thermal release, with surface 

ligands for specific receptors of tutor cells or the 

ones guided at the tumour site using a magnetic field 

[16, 32, 34, 36]. 

According to the European Pharmacopoeia (EP), the 

identification of Dox is performed by using infrared 

absorption spectrophotometry, while the quantitative 

analysis requires a HPLC-UV method [9]. Therefore, 

in the majority of studies, HPLC-UV, HPLC-MS or 

UV-Vis spectrophotometry are used to evaluate the 

encapsulation efficiency and the release profile of 

Dox from drug delivery systems. Even though the 

selectivity of the electrochemical method is not as good 

as the one offered by HPLC hyphenated techniques, 

considering the purpose of the study, the nature of the 

samples analysed, this method brings other important 

advantages, such as high sensitivity and efficiency, 

coupled with low cost and simplicity. An electro-

chemical method for the evaluation of the encapsulation 

and release of Dox from drug delivery systems was 

developed and, for the first time, reported within the 

present study, using Differential Pulse Voltammetry 

(DPV) on pencil graphite electrode (PGE). Core-shell 

microcapsules (MCPs) based on bovine serum albumin 

(BSA), hyaluronic acid (HA) and chitosan (Chi) were 

used for the evaluation of the encapsulation and release 

processes [21]. The results obtained using the new 

electrochemical method was compared with the ones 

obtained by using the UV-Vis detection method. 

 

Materials and Methods 

Doxorubicin hydrochloride > 95.0% bought from 

Tokyo Chemical Industry Company was used as loading 

anti-tumour medicine on polymeric MCPs which were 

prepared based on a protocol described in another 

study [21, 30]. Details regarding the synthesis and 

characterization of MCPs can be found there [21]. 

Sodium acetate, sodium citrate, sodium phosphate 

dibasic, sodium phosphate monobasic, hydrochloric 

acid, potassium chloride and dimethylsulfoxide (DMSO) 

bought from Sigma Aldrich were used to prepare the 

encapsulation media. Also, sulphuric acid and acetone 

acquired from Sigma Aldrich were used in the cleaning 

process of the electrodes which was afterwards checked 

by testing the electrodes in a [Fe(CN)6]3-/4– solution 

prepared from potassium hexacyanoferrite/hexacyano-

ferrate bought from Merck in 0.1 M potassium chloride. 

For the interference studies, gemcitabine hydrochloride 

> 98% achieved from Sigma Aldrich and simvastatin 

provided by Biocon Limited, India were used. 

The electrochemical behaviour of Dox was investigated 

on different types of screen-printed electrodes (SPEs) 

produced by DropSens Metrohm, Spain, as well as on 

PGE bought from Rotring®, Germany. Therefore, 

SPEs of Au, Pt, graphite and graphite modified with 

single-walled carbon nanotubes (SWCNT) or gold 

nanoparticles (AuNPs), B hardness and 1 mm diameter 

PGE and HB hardness 0.5 mm, 0.75 mm, 1 mm PGE 

were used to evaluate the influence of the electrode 

material on the detection of Dox. The measurements 

regarding the MCPs loading and the release process 

were performed on PGE, HB hardness and 1 mm 

diameter. 

UV-Vis absorption spectroscopy tests were performed 

using a SPECORD 250 PLUS spectrophotometer 

operated with WinAspect specific software. After the 

appropriate absorption spectra were drawn, the specific 

wavelengths were chosen for all solvents used. Thus, 

the maximum absorbance for Dox was found at a 

wavelength of 484 nm in DMSO, at 255 nm in acetate 

buffer solution of pH 4.5 and in phosphate buffer 

solution of pH 6.8, at 234 nm in citrate buffer solution 

of pH 5. Dox solutions of different concentrations 

were prepared and their absorbance was measured. 

A calibration curve was drawn in each situation in 

order to find the correlation between the absorbance 

and Dox concentration. The obtained equations were 

further used to determine the Dox concentration in 

the loading and release samples. The results were 

compared with the ones obtained with the optimized 

DPV method, after scanning the potential at the 

electrode between 0.1 V and 0.9 V, with a scan rate 

of 0.005 V/s, using a multi-channel potentiostat/ 

galvanostat Autolab MAC80100 (Metrohm, The 

Netherlands). The same equipment was used for the 

electrochemical cleaning of the PGE by cyclic 

voltammetry (CV). This cleaning procedure involved 

5 cycles between 1.4 V and - 1.0 V, with a scan rate 

of 0.1 V/s, in 0.5 M sulphuric acid. Just before the 

CV cleaning, the PGE were immersed in acetone for 
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1 minute in order to remove the organic impurities 

that may be present on the surface. 

The pH of all buffer solution was established using 

a pH-meter HI208 (Hanna Instruments). 

The characterization of the MCPs and Dox encapsulated 

MCPs (MCPs-Dox) was achieved with FTIR (Fourier 

transform infrared) spectroscopy, using an ATR FT-

IR spectrometer (Jasco FT-IR 4100) equipped with a 

ZnSe ATR crystal. The spectra were collected using 

the attenuated total reflection technique in the 4000 - 

500 cm-1 spectral range with a resolution of 4 cm-1 

and averaged over 32 scans, and Jasco Manager 2 

software for the interpretation of the results, as well 

as with scanning electron microscopy (SEM), using a 

Hitachi SU8230 device, at 30 kV, 10 μA, and 8 mm 

working distance. The microcapsules were imaged 

under an Olympus FLUOVIEW FV1200 laser scanning 

fluorescence confocal microscope. Image acquisition 

was performed using the UAPON100xOTIRF (1.49 

NA) objective. The images were obtained using the 

channel mode: one channel for the visualization of 

Dox at 488 nm excitation and one for Differential 

interference contrast (DIC) microscopy. Images 

were processed using ImageJ. 

Encapsulation process 

A quantity of approximately 0.3 g of MCPs was 

weighted in three Eppendorf tubes using an analytical 

microbalance. Solutions of 2 mg/mL, 5 mg/mL and 

10 mg/mL of Dox in DMSO were prepared and 2.6 

mL of each were poured over the weighted micro-

capsules. The samples were mixed at room temperature 

for 24 hours using an Invitrogen Hula mixer in the 

following condition: orbital movement of 3 rpm for 

90 s, reciprocal movement of 1⁰ for 5 s and vibration 

movement of 1⁰ for 1 s. 

The encapsulation was made using the same experimental 

parameters and conditions also from Dox solutions 

prepared in three types of aqueous buffers. Thus, 

approximately 0.5 g of MCPs were weighted in three 

tubes over which were poured the following solutions: 

2 mg/mL Dox in 0.1 M acetate buffer solution of 

pH 4.5, 2 mg/mL Dox in 0.002 M citrate buffer 

solution of pH 5 and 2 mg/mL Dox in 0.002 M 

citrate buffer solution of pH 5.5. 

After 24 h, 500 μL were sampled from each tube 

and diluted to 4 mL with the same solvent. The 

concentration of Dox was determined using the 

appropriate calibration curve. Considering the dilution 

and the initial concentration of the sample, the 

quantity of Dox encapsulated was calculated. The 

encapsulation efficiency (EE (%)) and loading capacity 

(LC (%)) were also calculated, using the following 

formulas [22]: 

EE = ((VxCi-VxCf)/(VxCi) x 100) (%); 

LC = ((VxCi-VxCf)/mMCPs-Dox x100) (%); 

where V is the volume of the release medium, Ci is 

the initial concentration of Dox, Cf  is the final 

concentration of Dox (after encapsulation) and 

mMCPs-Dox is the weight of the loaded MCPs. 

Release conditions 

A quantity of approximately 0.15 g of MCPs-Dox was 

weighted in three dialysis bags (MWCO: 3.5 kDa, 

ThermoFisher Scientific, USA) using an analytical 

microbalance, and the bags were introduced in three 

glass vials. Different buffer solutions were prepared: 

0.1 M acetate buffer solution of pH 4.5, 0.002 M citrate 

buffer solution of pH 5 and 0.1 M phosphate buffer 

solution of pH 6.8. 1.5 mL of each buffer solution 

was poured over the loaded MCPs. The tubes were 

closed and stirred at constant temperature of 37°C 

with an Eppendorf Termomixer® C. 

From each tube, 500 μL were sampled after each 15 

minutes in the first hour, after each hour in the first 

6 hours and after each 24 hours in the next three 

days. The samples were diluted to 4 mL with the 

specific buffer solution and Dox concentration was 

determined using the optimized DPV procedure and 

the results were compared with the ones obtained 

with the UV-Vis spectrophotometric technique. The 

precision of the results obtained with both mentioned 

above methods were statistically analysed with the 

Student's t-test, which indicates whether there are 

significant differences between these two methods 

at a confidence level of 95%. 

Considering the dilutions made at each time of 

sampling, the concentration of Dox at each time 

was calculated. Using the following equations, the 

cumulative mass and the cumulative release of Dox 

(%) were also determined: 

mn = (CnxV) + Vs(C1 + C2 + C3 + ... + Cn-1); 

Crn = (mn/mload x 100), 

where mn is cumulative mass at a specific time (n), 

Crn is the concentration of Dox from the release 

medium at that time (n), V is the volume of the 

release medium, Vs is the volume sampled at each 

time tested, C1, C2 ... Cn-1 are the concentrations of 

Dox at all the other times tested before, and mload is the 

mass of Dox loaded in the quantity of MCPs used for 

this study. All the release experiments were performed 

in triplicate and all samples were analysed 3 times 

with each of the methods used in this study. 

 

Results and Discussion 

Electrochemical characterization of doxorubicin 

CV tests of Dox in 0.1 M acetate buffer solution of 

pH 3.2 were operated on different types of SPE: Au, 

Pt or graphite-based, graphite modified with SWCNT 

and with AuNPs, respectively. In the case of Au and 

Pt electrodes, several signals of oxidation and reduction 

were observed also in the absence of Dox. These signals 

can be related with the redox processes that can occur 

in acidic aqueous solution at the surface of this type 

of electrodes [29]. Thus, the next studies were done 
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using graphite-based electrodes, an electrochemically 

inactive material. It was observed that the best results 

regarding the peak intensity were obtained on graphite 

SPE and graphite SPE modified with SWCNT (data 

not shown). Considering the high costs of using SPE 

for encapsulation-release tests, an alternative more 

accessible, versatile and cheaper are PGEs, due to their 

small dimensions that could allow a flow analysis and 

a semi-automatic method for drug release investigation. 

Therefore, different types of pencil graphite were 

tested, including HB and B hardness, as well as 0.5 

mm, 0.75 mm and 1 mm diameter, all of them having 

1 cm length PGE isolated with polymeric polish 

(0.605 cm2). The results showed that the signal is 

higher with the percent of graphite (higher for B than 

for HB) and with the increasing of the diameter and 

consequently of the electrochemically active surface. 

In all cases, the signal had a better intensity than the 

one obtained on a glassy carbon electrode with a 

stable active surface of 0.126 cm2, in the presence 

of 10 mM [Fe(CN)6]4-/3-. However, PGE with higher 

percent of graphite are more fragile and easy to break, 

thus the PGE chosen to work with were HB hardness 

and 1 mm diameter. 

An optimization of the cleaning process of PGE was 

performed. For this purpose, the analytical signals 

obtained on the potential domain of interest were 

compared before cleaning the PGE, after cleaning 

through immersion in acetone, after using CV and after 

both immersion in acetone and CV. The last method 

was proved to be the most efficient, thus this type of 

cleaning was used in further studies (Figure 1(A)). 

 

 
Figure 1. 

(A) CVs of a [Fe(CN)6]3-/4- solution for: clean GCE (d = 3 mm, BASi) (a), 1 cm PGE HB (d = 1 mm) unclean (b), 

1 cm PGE HB after acetone cleaning (c), 1 cm PGE HB after electrochemical cleaning with 0.5 M H2SO4, 5 cycles 

(d), 1 cm PGE HB after 1 min acetone and electrochemical cleaning with 0.5 M H2SO4, 5 cycles (e). (B) LSVs of 

10 μg/mL Dox in different electrolyte solutions (0.1 M acetate buffer pH 3.2 (a), 0.002 M citrate buffer pH 6.8 (b), 

0.1 M sulphuric acid (c), using 1 cm PGE HB; (C) LSVs of 10 μg/mL Dox in acetate buffer solutions of different 

pH (3.2 (a), 4.5 (b), 5 (c), 5.5 (d) and 6.9 (e), using 1 cm  PGE HB. (D) CVs of 10 μg/mL Dox in 0.1 M acetate 

buffer solution of pH 5.5 using 1 cm PGE HB and different scan rate (5 - 200 mV/s). 

 

Electrolytes of different pH values were also tested 

by using Linear Sweep Voltammetry (LSV). For this 

purpose, 0.1 M acetate buffer of pH 3.2, 4.5, 5, 5.5 

and 6.8; 0.002 M citrate buffer of pH 6.8; and 0.1 

M sulphuric acid were used. As it can be observed 

in Figure 1(C), in the oxidation range of potential, 

an oxidation peak is well represented for Dox in 

acetate buffer solutions, due to the oxidation of the 

hydroquinone moiety in quinone, followed by the 

reduction of quinone moiety in its aglycone, produced 

at the electrode surface via two electrons and two 

proton processes [10, 12]. With the increase of pH, 

the analytical signal corresponding to Dox 

oxidation is shifted towards lower values of 

potential and its intensity is decreasing. These 

results indicated that the protons are involved in the 

electrode reaction processes related with Dox. At 

pH 6.8, in citrate buffer solution, this signal was 
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significantly smaller, probably due to the fact that 

Dox is easily degraded in solutions of more basic pH 

as it was already reported in other studies (Figure 

1(B)) [2, 13]. Considering this, solutions of more 

basic pH values were avoided and 0.1 M acetate 

buffer solutions of pH less than 6 were chosen for 

further experiments. According to the experimental 

results, the proposed mechanism for 

electrochemical transformation of Dox involved 

also two electrons, this being consistent with the 

known electrochemical oxidation reported in other 

studies for Dox [10, 12]. 

The scan rate brings useful information about the 

mechanism of the electrochemical process, especially 

from kinetic point of view. The influence of scan 

rate values between 0.005 and 0.200 V/s on Ip was 

studied and the results are presented in Figure 1(D). 

In Figure 1(D) it can be observed that the reduction 

peak is shifted toward more negative values of potential 

with the increasing of scan rate, while the oxidation 

peak is shifted toward more positive values of potential. 

Even though this fact usually indicates an irreversibility 

of the process, in this case, the peak-to-peak potential 

is still in the range of a reversible process. The shifting 

of the redox potentials suggest also that the electro-

chemical process is controlled by the adsorption of 

the molecules at the electrode’s surface. 

The analytical parameters for the electrochemical 

detection of Dox 

The variation of the intensity of the oxidation current 

(I) with Dox concentration was graphically represented 

based on DPV graphs achieved using PGE (Figure 

2), obtaining the equation of the calibration curve. 

Therefore, the correlation between the two parameters 

mentioned above is expressed through the equation: 

I = 0.17 [Dox] + 1.579; R2 = 0.952; dynamic range: 

1 - 25 μg/mL; RSD = 6.28%. It should be mentioned 

that a large dynamic range was considered, but two 

different equations were needed in this case. Thus, 

for lower Dox concentration (0.05 - 0.75 μg/mL) 

the equation is: I = 0.62 [Dox] - 0.08; R2 = 0.983; 

LOD = 16 ng/mL; RSD = 4.26%. Commercially 

available screen-printed electrodes based on graphite 

modified with SWCNTs were also tested. Analysing 

the results presented in Table I, it can be concluded 

that the best sensitivity for Dox detection was obtained 

on PGE for lower concentration range, followed by 

Dox detection on PGE for higher concentration range, 

while for Dox detection on SWCNT modified SPE 

the sensitivity was poor. It should be mentioned that 

minimum three tests were done for each concentration 

and, in case of PGE, all the concentrations were tested 

on minimum three different PGE. 

Table I 

Analytical parameters of the electrochemical technique developed, using PGE and SWCNT modified SPE as 

working electrodes 

Analytical parameter PGE SWCNT modified SPE 

LOD 16 ng/mL 1 μg/mL 

Sensitivity 
0.62 (μA x mL)/μg for lower concentration range 

0.17 (μA x mL)/μg for higher concentration range 
0.02 (μA x mL)/μg 

RSD intra-assay 2.29% (5 tests) - 

RSD inter-assay (precision) 5.71% (3 tests) 3.64% (3 tests) 

RSD between consecutive tests on the same 

PGE (Electrode surface regeneration) 
6.30% (3 tests) 

- 

 

Considering these results and the costs differences 

between the two types of electrodes (SWCNT modified 

SPE and PGE), Dox encapsulation and release, electro-

chemical tests were done on PGE. 

Intra-assay stability was determined for PGE, thus 

the same concentration was tested minimum 5 times 

on the same PGE, while for inter-assay stability tests 

three different PGE were tested in the same condition. 

The RSD values for the intra- and inter-assay are 

2.29% and 5.71%, respectively as presented in Table I. 

In the same time, minimum 3 successive tests were 

done on the same electrode with just washing between 

testing, to prove the regeneration of the electrode 

surface as well as the absence of adsorption phenomenon 

on the surface. The RSD of 6.30% obtained from the 

results collected after consecutive tests performed 

on the same Dox solution and with the same PGE, 

suggested a successful regeneration of the electrode 

surface, after washing it with Milli-Q water and dry it. 

There are several studies in which is presented the 

development of an electrochemical sensor for Dox, 

situations in which it is necessary to carry out 

interference studies, especially when the purpose is 

to determine Dox from biological samples (blood, 

urine, tissue). Usually glucose, ascorbic acid, uric 

acid and cysteine amino acid have been tested as 

possible interferences [10, 11, 26]. The present 

study aims to optimize an electrochemical method for 

rapid, simple and low cost testing of the 

encapsulation of Dox and its release process in the 

early development stages of a new formulation, 

when simple and basic release media like buffer 

solutions are used and there are no interferences. 

However, some tests were done in the same 

conditions for gemcitabine, another anti-tumour 

drug, and simvastatin, which is a statin drug used 

for lowering the blood lipids levels and it was 

proved to potentiate the anti-tumour activity of Dox 
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[4, 31]. Any analytical signal was observed by using 

the described electroanalytical method, for both drugs 

mentioned before. 

The analytical parameters for the spectrophotometric 

detection of Dox 

According to the monograph of doxorubicin hydro-

chloride from the European Pharmacopoeia 9th edition 

from 2019 (9.8), the recommended method for Dox 

quantification is HPLC-UV-Vis [9]. Therefore, UV-

Vis spectrophotometry tests were performed to check 

the results obtained by the optimized electrochemical 

procedure proposed in this study. The maximum 

absorption wavelength was experimentally determined 

from UV-Vis spectra recorded in all solvents used 

and for all pH values (data not shown). 

 

 
Figure 2. 

DPVs of different concentrations of Dox in 0.1 M 

acetate buffer solution of pH 4.5 on PGE 

 

Evaluation of the encapsulation process 

The encapsulation of MCPs was achieved with Dox 

solutions of known concentration prepared in buffer 

solutions of different pH, as well as from Dox solutions 

prepared in DMSO. This solvent was used because 

of the low solubility of Dox in aqueous solutions of 

less acid or basic pH, as a consequence of the 

substitution of Dox molecules from its hydrochloride 

salt. As it can be seen in Table II, the results showed 

that EE (%) and LC (%) are improved when using 

DMSO as solvent of the feeding solution. Therefore, 

different concentrations of Dox in DMSO were further 

studied as feeding solutions and the results are also 

presented in Table II. Even though the EE, representing 

the percent of drug encapsulated or adsorbed at the 

surface of the MCPs from the initial quantity of the 

solution, is similar in all cases, the LC, representing 

the quantity of Dox from 100 mg of MCPs, has higher 

values when more concentrated Dox solutions were 

used as feeding solutions. Thus, in the next studies the 

encapsulation of the anti-tumour drug in MCPs was 

performed from 10 mg/mL Dox solution prepared in 

DMSO. The encapsulation tests of Dox from buffer 

solutions of different pH were followed using the 

electrochemical optimized method, as well as through 

UV-Vis spectrophotometry. In Table II it can be 

observed that in the case of the encapsulation from 

Dox solution prepared in buffer solution of pH 4.5, 

LC values obtained by UV-Vis spectrophotometry 

procedure and by electrochemical method were very 

similar. 

The optimized electrochemical method could not be 

applied for the detection and quantification of Dox 

from the loading solution prepared in DMSO since 

the surface of PGE seems to be degraded by this 

solvent and no oxidation peak for Dox was observed 

when using CV or DPV. Thus, the control of the 

encapsulation in this particular case was done only 

by UV-Vis spectrophotometry. 

Table II 

EE and LC of Dox in the MCPs from different feeding solutions, calculated after UV-Vis or electrochemical 

Dox detection 

Feeding solution Method for Dox quantification EE (%) LC (%) 

2 mg/mL Dox in 0.1 AB (pH 4.5) 
UV-Vis tests 21.0 0.07 

DPV tests 43.0 0.08 

2 mg/mL Dox in DMSO UV-Vis tests 37.3 0.35 

5 mg/mL Dox in DMSO UV-Vis tests 32.6 0.75 

10 mg/mL Dox in DMSO UV-Vis tests 32.4 2.10 

 

FT-IR study of the encapsulation process 

FT-IR analysis was used to better understand the 

characteristics of the intermolecular interactions between 

different components of the MCPs and the drug, after 

its encapsulation. Figure 3(A) depicts the FT-IR 

spectra of: MCPs (black), Dox (red), MCPs-Dox after 

encapsulation from solution of 10 mg/mL prepared in 

DMSO (blue). The spectra of MCPs (Figure 3(A); 

black) present some characteristic bands of all three 

components: BSA, Chi and HA used for their synthesis. 

Therefore, the peaks from 1646 cm−1  and 3273 cm−1 

could be attributed to amide I -C=O stretching and 

-N-H stretching vibration that can be observed in 

the FT-IR spectra of BSA [3, 20], the peak from 

1528 cm−1 correspond to amide II -NH2 bending that 

can be observed in the FT-IR spectra of Chi [14, 15, 

25], while peaks from 2881 cm-1 and 2941 cm-1 can 

be correlated with the vibration bands of C-H bonds, 

characteristic for both HA and Chi [8, 20]. The strong 

interaction between chitosan, hyaluronic acid and 

BSA in MCPs lead to a new peak at 1397 cm−1 that 

can be attributed to -C-H bending, information that 

has been already reported [25]. Hydrogen bonds and 

electrostatic crosslinking interactions among the 
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functional groups of these components are also involved 

in the formation of MCPs, as it is evidenced by the 

shift of the corresponding peaks due to -OH stretching 

from 3285 cm−1 for chitosan and 3300 cm−1 for 

hyaluronic acid to 3273 cm−1 and those due to -C=O 

stretching from 1687 cm−1 for chitosan and 1699 cm−1 

for hyaluronic acid to 1646 cm−1 [15], where is 

probably overlapped by the amide II specific bands 

of BSA, especially the stretching vibration band of 

the C=O bond at 1646 cm-1 that can be observed in 

FT-IR spectra of MCPs, confirming the BSA core 

formation [20]. 

The FT-IR specific peaks of Dox, meaning the peak 

from 3321 cm-1 attributed to -O-H vibration, the peak 

from 2905 cm-1 related with the -C-H vibration, the 

peak from 1623 cm-1 generated by -NH2 vibration, 

as well as the strong peak of cyclic ether observed at 

1017 cm-1 can be observed in the spectra presented 

in Figure 3(A); (red). 

As it can be observed and according to the literature 

data [5, 20], the specific bands of Dox appear at wave 

number situated closed to the above mentioned 

components used for the fabrication of MCPs which 

justifies their overlap in the spectrum recorded for 

MCPs-Dox (Figure 3(A); blue). Thus, by comparison 

with the spectra of unloaded MCPs and of Dox, the 

main characteristic peaks of the MCPs-Dox could be 

assigned. The most important modifications observed 

in the FT-IR spectra of MCPs-Dox featured an obvious 

new peak and a strong increase of another one. Thus, 

the new peak observed at 1516 cm-1 can be due to a 

new amide bond formation which proves the conjugation 

between the drug and the carrier [33]. Furthermore, 

the strong increase of the peak from 1623 cm-1 can be 

related with the new amide bond formation, this being 

probably the result of the condensation reaction 

between -COOH group provided by hyaluronic acid 

from MCPs and the free amino group -NH2 from Dox, 

as it was already reported [20]. The infrared spectra 

of MCPs-Dox confirm the chemical stability of the 

drug in the carriers as well as the interaction between 

the components of the MCPs and Dox. 

SEM study of the encapsulation process 

SEM images of MCPs obtained before and after 

encapsulation of Dox using aqueous solutions of 

different pH as well as DMSO solution, are presented 

in Figure 3(B-D). It can be observed that the aspect 

and dimensions of the MCPs-Dox vary depending of 

the loading media: pH 4.5 (Figure 3(C)) and DMSO 

(Figure 3(D)). A homogenous distribution of Dox in 

the MCPs can be observed in the SEM image of MCPs-

Dox from DMSO solution (Figure 3(D)), but compared 

with the ones loaded from buffer solution of pH 4.5, 

these present a halo which can be associated to the 

accumulation of Dox in the shell of the MCPs. 

 

 
Figure 3. 

(A) FTIR analysis of MCPs (black); Dox (red) and MCPs-Dox (blue). SEM images of: (B) MCPs; (C) MCPs-Dox 

encapsulated from 2 mg/mL Dox solution in 0.1 acetate buffer of pH 4.5; and (D) MCPs-Dox encapsulated from 

10 mg/mL Dox solution in DMSO. 
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Confocal laser scanning microscopy study of the 

encapsulation process 

CLSM images of MCPs-Dox after their loading in 

different experimental conditions are presented in 

Figure 4. 

Thus, the details of each type of MCPs-Dox can be 

highlighted with this technique. Dox has intrinsic 

fluorescence which serves as a valuable tool in research 

and imaging, having an emission signal at 595 nm 

that can be registered upon excitation with a laser at 

470 nm [6, 18, 27]. It was observed that by loading 

the MCPs from buffer solutions of different pH (Figure 

4(A, B, C)), Dox gets into the core of the MCPs at a 

higher concentration than in the case of MCPs in 

DMSO, where the shell of the MCPs is the preferred 

region by Dox molecules (Figure 4(D)), as it was 

supposed also from the SEM images. 

 

 
Figure 4. 

Confocal laser scanning microscopy (CLSM) of MCPs-Dox encapsulated from Dox solution prepared in: 

(A) acetate buffer of pH 4.5, (B) acetate buffer of pH 5, (C) acetate buffer of pH 5.5, (D) DMSO. 

 

Characterization of the release profile 

After analysing the samples resulted from the process 

of Dox release in buffered media of different pH, it 

appears that cumulative release is better in buffer 

solution of pH 5, followed by buffer solution of pH 

4.5, while in buffer solution of pH 6.8 the release 

rate was inappropriate (Figure 5(A)). This phenomenon 

is probably related with the crystallization of Dox 

molecules observed in the SEM images at less acidic 

pH. The fact that the release is better at more acidic 

pH is an advantage of using these MCPs, being known 

that the pH of the extracellular media of the tumour 

is more acidic than the physiological one, sometimes 

reaching values under 6 [28, 35]. This property of 

the studied MCPs is an additional argument for the 

targeted delivery of the drug, following the affinity of 

HA for CD44 receptors overexpressed at the surface 

of tumour cells [17]. 

The release tests were achieved in different dynamic 

conditions, aliquoting 20 μL from some samples and 

500 μL from others at each release time tested. As it 

can be observed in Figure 5(B), the results showed 

that the release profile is better in more dynamic 

condition, when 500 μL were sampled and replaced 

with the same volume of pure solvent. This could be 

explained by the shifting of the balance towards Dox 

release process due to decrease of drug concentration 

in the release media. 
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Figure 5. 

(A) Cumulative release of Dox at pH 5 (black), pH 4.5 (blue) and pH 6.8 (red). (B) Cumulative release of Dox at pH 5 

under different dynamic condition: with 500 μL (black) and 20 μL (blue, red, green and cyan) sampled from the release 

media at each time tested. (C) Cumulative release of Dox at pH 5 on the first set of data (black) and on the second 

set of data (blue). (D) Cumulative release of Dox at pH 5 obtained with DPV (black) and UV-Vis (blue) detection. 

 

Considering this, some tests were repeated in the 

best release condition and the results obtained represent 

the average of three independent release experiments 

and are presented in Figure 5(C) confirmed the previous 

outcomes. 

UV-Vis spectrophotometry was used as control method 

for our optimized electrochemical DPV procedure. 

The comparative results in terms of cumulative release 

(%) are presented in Figure 5(D). An acceptable average 

correlation was calculated based on the value of this 

parameter obtained after 6 days. The relatively small 

difference between the cumulative releases calculated 

may be due to the different sensitivity between the 

2 analytical methods, this being better for the DPV 

technique. Also, HPLC-MS studies performed on freshly 

prepared and old Dox solutions respectively (data not 

presented), have shown that the degradation of this 

compound, from molecular absorption point of view, 

occurs without the fragmentation of the molecule, 

but rather via their agglomeration/crowding. This 

phenomenon can cause the decrease of the molecular 

absorption signal registered in UV-Vis without affecting 

the electrochemical oxidation signal followed in the 

DPV detection which is based on the functional groups 

that can suffer oxidation processes. 

The experimental results obtained with the optimized 

electrochemical method and with UV-Vis spectro-

photometry were statistically analysed using Student's 

t-test and the values showed a good accordance and 

indicated that there was no significant difference 

between the method performances regarding the 

precision, with the calculated values of t at α = 0.05 

(tcalculated = 1.525 < ttheoretical = 2.132, p = 0.202). The 

test was performed on 3 random values of cumulative 

release (%) obtained using each method, each value 

representing the average result of three individual 

tests. 

SEM study of the release process 

The SEM images of MCPs-Dox after the release process 

(Figure 6) confirm the results obtained by detection 

of Dox from the release samples. The efficient release 

of Dox at pH 5 is supported by the porous dilated 

structure of the MCPs-Dox when immersed in this 

solution. At pH 4.5, Dox crystals could be noticed 

in the core of the MCPs-Dox, this explaining the 

slower release of the substance, while at pH 6.8 the 

presence of conglomerates probably made from Dox 

crystals can be seen at the surface of the MCPs-Dox, 

this sustaining the poor release of the medicine in 

this media observed by UV-Vis and DPV tests. 
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Figure 6. 

SEM images of BSA/HA/Chi/HA MCPs-Dox after release in acetate buffer solution of pH 4.5 (I., IV., VII., X.), 

citrate buffer solution of pH 5 (II., V., VIII., XI.) and phosphate buffer solution of pH 6.8 (III., VI., IX., XII.). 

 

Conclusions 

An innovative, rapid, sensitive and low-cost electro-

chemical procedure was applied for the first time in 

this study for establishing the in vitro release profile 

of the Dox anti-tumour drug. The optimized electro-

chemical technique and UV-Vis spectroscopy were 

used for the quantification of Dox after encapsulation 

and during the release experiments. It was observed 

that MCPs-Dox gave better loading characteristics in 

DMSO compared with aqueous solutions of different 

pH and the best release profile was observed at pH 

5. These results lead us believe that these MCPs are 

promising tools for targeted drug delivery systems 

development, being known that the tumour tissue pH 

is more acidic. The results obtained with the proposed 

method were confirmed by UV-Vis tests. Several 

techniques such as FT-IR, CLSM and SEM were 

successfully applied to highlight the presence of Dox 

in MCPs-Dox. 
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