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ABSTRACT 

Development of versatile and efficient multicomponent drug delivery nanocarriers in the range of 

hundreds of nanometers in size with tunable surface properties presents an interesting platform for 

biomedical applications. In this study, two approaches were evaluated for preparation of multi-

component drug delivery nanocarriers based on the assembly of drug loaded PEGylated poly(L-lactide-

co-glycolide) nanoparticles (PEGylated PLGA NPs) and superparamagnetic iron oxide nanoparticles (IO 

NPs). In the first approach, preparation of nanoclusters was performed by self-assembly of oppositely 

charged ibuprofen loaded PEGylated-PLGA and IO NPs, while in the second one IO NPs and a model 

drug (ibuprofen) were incorporated inside PEGylated PLGA NPs by single emulsion method. 

Nanoclusters as well as multi-component loaded PEGylated PLGA NPs with a size of 350 ± 71 nm and 

238 ± 88 nm, respectively, were produced. Interestingly, both delivery systems demonstrated 

comparable drug release behavior after 120 h. They exhibited also comparable magnetic properties 

before and after dissolution tests. Mechanistic insights into the effect of the morphology and chemical 

composition of the multicomponent delivery systems on the drug release mechanisms are proposed. 

Keywords: PEGylated-PLGA nanoparticles, iron oxide nanoparticles, multicomponent drug delivery, 

nanoclusters, drug release kinetics, magnetic properties 

 

1. Introduction 

Nanomaterial systems have become increasingly important in medicine due to their unique physical 

properties as they can act as drug vehicles, theragnostics and therapeutic systems [1]. In the last 

decades, polymeric and superparamagnetic nanoparticles have gained importance for the 

development of efficient drug delivery systems towards cancer treatment [2,3]. The incorporation of 

polymeric nanocarriers can enhance bioavailability of poorly water soluble drugs and organ or cell-

specific drug accumulation. This enables the design of drug delivery systems with controlled drug 

release to the targeted sites, e.g. cancer cells [2]. Various biocompatible materials exhibiting low 

toxicity have been employed to prepare particles with sizes ranging from 20 to 1000 nm such as 

chitosan, gelatin, alginate, poly (e-caprolactone) (PCL), poly (lactide) (PLA) and poly(lactide-co-



glycolide) (PLGA) [4,5]. The chemical structure, physico-chemical and rheological properties of the 

polymer determine also if it is suitable to carry hydrophobic or hydrophilic drugs and affect the rate 

and the profile of the drug release since this is controlled by polymer degradation kinetics, which can 

be induced either by hydrolysis or enzymatic degradation [6]. In spite of the afore-mentioned 

tremendous advances made in drug delivery using nanoparticles, the delivery of a single therapeutic 

agent can reach its limits in terms of prevention of disease relapsing [7]. With this respect, a strategy 

consisting of administration of multicomponent delivery system with multi-functionalities would be 

more beneficial as it is expected to substantially increase the efficiency of the treatment [8]. The 

association of multiple functionalities may include drug delivery, targeting, imaging, magnetic 

hyperthermia and radiotherapeutics. The benefits of employing a multicomponent system include the 

cytotoxicity decrease in the body, the possibility to reduce the chemotherapeutic drug dose and 

improvement of the pharmacokinetic profiles [9,10]. The most versatile way consists of combining 

various components with various functionalities within a single particle [8,9,11-13]. Although this 

approach offers numerous advantages, it often necessitates the utilization of unfriendly chemicals that 

may come in contact with the entrapped biomolecules, resulting in a loss of the bioactivity of the drug 

[14]. In this regard, we have recently developed a simple and versatile approach based on self-

assembly of oppositely charged polymeric and inorganic nanoparticles via electrostatic interactions to 

construct nanoclusters with a size in a range of hundreds of nanometers for controlled drug delivery 

[15]. The nanoclusters prepared by self-assembly of the oppositely charged drug loaded PLGA 

nanoparticles (PLGA NPs) and superparamagnetic iron oxide nanoparticles (IO NPs) displayed a faster 

drug release in comparison with PLGA NPs after 24 h. The faster degradation of PLGA matrix in the 

presence of magnetic nanoparticles was related to the catalytic activity of the latter. The preservation 

of the magnetic properties of the nanoclusters after the dissolution tests was shown. This gives the 

possibility to the nanoclusters to be used for magnetic hyperthermia [16], even after the drug release. 

Indeed, IO NPs possess high contrast and superparamagnetic properties that are used for diagnosis 

and targeted delivery using magnetic field and for inducing local heating of the tumor by magnetic 

hyperthermia [17,18]. In addition, IO NPs present in the clusters can act as a magnetic resonance 

contrast agent. Thereby, the conservation of their magnetic properties subsequently to the drug 

release is beneficial. PLGA used for the preparation of the nanoclusters exhibit attractive features for 

the delivery of proteins, drugs, and other macromolecules, as the degradation rate of the polymer in 

the body via hydrolysis can be well-controlled. It can be also triggered by change in pH or temperature 

[19]. The degradation rate of the matrix can be controlled by the adjustment of the molar ratio 

between lactide and glycolide and the molecular weight of the copolymer during the polymerization 

[20]. Nevertheless, PLGA NPs present some disadvantages as the nanoparticles partake in the 

recognition by the reticulo-endothelial system (RES) of the spleen and liver as well as the necessity to 

employ a non-compatible stabilizer to obtain a small diameter with uniform distribution [21]. In 

addition, their short circulation time limits their capacity to attain the targeted cells and their efficacy 

[22]. In this regard, introduction of poly(ethylene glycol) (PEG) on the surface of the PLGA NPs, or 

PEGylation, gives them stealth properties by forming a hydrophilic steric barrier that delays 

opsonization and fast recognition by the RES [23]. PEGylation of PLGA NPs also confers colloidal 

stability and thus reduces intermolecular aggregation through inter-particle steric repulsion [24,25]. 

By combining multiple components and functionalities into a single drug delivery system, in a form of 

either multicomponent single nanoparticle or nanocluster, a proper control of the surface 

functionalization of the polymeric nanoparticles should allow tailoring the performance of the system 

[26,27]. Hence, the goal of this study was to develop and compare the performance of two 

multicomponent drug delivery nanocarriers with multi-functionalities in the range of hundreds of 

nanometers in diameter. They were elaborated from PEGylated-PLGA NPs, model drug and 



superparamagnetic IO NPs. Assembly of the components composing the drug delivery nanocarriers 

was achieved using two main approaches. In one approach, preparation of nanoclusters was done by 

self-assembly of oppositely charged nanoparticles, i.e., drug loaded PEGylated-PLGA NPs and IO NPs 

[15] while in the second one, IO NPs and a model drug were incorporated inside PEGylated-PLGA NPs. 

For this, aqueous and organic IO NPs were synthesized by co-precipitation method. In addition, low 

molecular weight NH2-terminated PEG-PLGA copolymer was synthesized to prepare PEGylated PLGA 

NPs. Characterization of the IO NPs, PLGA-PEG-NH2 copolymer and its resulting nanoparticles, 

multicomponent drug delivery carriers (i.e. nanoclusters and multi-component loaded PEGylated-

PLGA NPs) was carried out by studying the chemical structure, physico-chemical properties, 

morphology, particle size, size distribution, zeta potential and the magnetic properties. Furthermore, 

drug release kinetics of the two types of multicomponent delivery carriers were investigated and 

compared. This study allowed to generate fundamental understanding of relationships between the 

process of material preparation and their delivery behavior. 

 

2. Materials and methods 

2.1. Materials 

Polyethyleneimine branched (PEI) (Mw = 25 kDa), iron (III) chloride hexahydrate (≥99%), iron (II) 

chloride tetrahydrate (98%), polyacrylic acid (PAA, Mw = 1800 kDa), oleic acid (≥90%), potassium 

dihydrogen phosphate (≥98%), N-hydroxysuccinimide (NHS) (98%), N,N'-dicyclo-hexylcarbodiimide 

(DCC) (≥99.0%), Poly(ethylene glycol diamine) (NH2-PEG-NH2, Mn = 3000), polyvinyl alcohol (PVA, 

Mowiol 4-88), deuterated chloroform (≥99%), and tetramethylsilane (≥99%) were purchased from 

Sigma-Aldrich. Dialysis bag (Spectra/Por, MWCO: 3.5 kDa) was purchased from ThermoFisher. 

Commercial PLGA Mn = 10 kDa (Purasorb PDLG 7502A, 70/30 LA/GA) was kindly donated by Corbion 

(Gorinchem, Netherlands). Ibuprofen (IBU) was kindly donated by Zentiva group (Prague, Czech 

Republic). Sodium hydroxide, acetone (p.a 99.5%), acetonitrile, ethyl ether, chloroform, ethanol, 

ammonia and dichloromethane (DCM) p. a. were purchased from Penta (Prague, Czech Republic). For 

all experiments, Millipore water was used. 

 

2.2. Synthesis of amine terminated PLGA-PEG-NH2 

The diblock copolymer was synthesized by reaction between the activated PLGA and NH2-PEG-NH2 

[28]. The PLGA carboxyl terminal end group was first activated using NHS and DCC. Briefly, 3 g (0.3 

mmol) of PLGA was dissolved in 12 ml of DCM followed by addition of 75 mg (0.65 mmol) of NHS and 

138 mg (0.66 mmol) of DCC. The reaction was left under magnetic stirring for 20 h at room 

temperature. Insoluble dicyclohexyl urea was filtered (Millipore 0.45 μm) and the resultant polymer 

solution was precipitated using ice-cold diethyl ether. The activated PLGA was completely dried under 

vacuum at room temperature. The PLGA-NHS ester was conjugated with NH2-PEG-NH2 via amide bond. 

The activated PLGA (2.5 g) was dissolved in 25 ml of DCM with an excess amount of NH2-PEG-NH2 (450 

mg, 0.15 mmol) and was left under magnetic stirring for 20 h at room temperature. Amine terminated 

block copolymer was precipitated and washed with ice-cold methanol. The final PLGA-PEG-NH2 

polymer was dried under vacuum at room temperature. 

 

 



2.3. Production of PEGylated PLGA nanoparticles 

Pristine (i.e. PEGylated PLGA) as well as drug loaded PEGylated PLGA (i.e. PEGylated PLGA_IBU) NPs 

were prepared by nanoprecipitation method described in Zumaya et al. [15], with minor modifications. 

The organic phase containing 100 mg of PLGA-PEG-NH2, 10 ml acetone and a desired amount of a 

model drug, i.e. ibuprofen, was stirred until complete dissolution. The ratio of model drug to polymer 

was set to 1:10 (w/w). Then, the formation of PEGylated PLGA NPs took place by dropwise injection of 

the organic phase with a flow rate 0.5 ml min-1 into 60 ml of the aqueous phase. The aqueous phase 

was solely pure water. The suspension was stirred overnight at room temperature to allow complete 

evaporation of acetone. The nanoparticles were purified by washing three times by centrifugation at 

14,000 rpm for 45 min at 4 ° C with water. For comparison, drug loaded PLGA NPs were prepared 

following the same procedure. The final concentration of pristine (i.e. PEGylated PLGA) as well as drug 

loaded PEGylated PLGA (i.e. PEGylated PLGA_IBU) was set to 1.6 mg/ml. 

 

2.4. Synthesis of iron oxide nanoparticles 

The synthesis of two kinds of superparamagnetic IO NPs was performed by the co-precipitation 

method [29,30], i.e. aqueous and organic IO NPs suspensions. PAA and oleic acid (OA) were used as 

surfactants to prepare IO NPs stabilized in the aqueous (i.e. IO-PAA), and in the organic (i.e. IO-OA) 

medium, respectively. 

The synthesis of IO-PAA was carried out using the protocol described in Zumaya et al. [15]. 

For the synthesis of IO-OA, similar method was used with slight modification. First, 0.98 g (3.70 mmol) 

of iron (II) chloride tetrahydrate and 2 g (7.40 mmol) of iron (III) chloride hexahydrate were 

incorporated into 20 ml of degassed Millipore water (30 min of degassing with nitrogen). To initiate 

the co-precipitation reaction, 8 ml of ammonium hydroxide were added to the mixture by dropwise 

injection leading to the formation of a dark suspension. Then, 1 g of oleic acid was added to the 

reaction system, then heated to 80 ° C and stirred for 1 h. Thereafter, the IO suspension was washed 

by decantation using a strong magnet, followed by washing with water and acetone to remove the 

excess of oleic acid. The washing step was repeated six times. Finally, the resulting IO-OA NPs were 

dried in the oven at 40 °C for 24 h and dispersed in chloroform. The final concentration of IO-OA in the 

suspension was set to 10 mg ml-1. 

 

2.5. Production of drug and iron oxide loaded PEGylated PLGA nanoparticles 

The multicomponent loaded PEGylated-PLGA NPs i.e. drug and IO loaded PEGylated PLGA NPs (i.e. 

PEGylated PLGA_IO-OA_IBU) were produced by single emulsion. The organic phase containing 10 ml 

of chloroform, 100 mg of PLGA-PEG-NH2, desired amounts of a model drug (i.e. ibuprofen) and IO-OA 

NPs suspension, was stirred until complete dissolution of the copolymer and the model drug. The ratio 

of ibuprofen to PLGA-PEG-NH2 was set to 1:10 (w/w). Various ratios of IO-OA NPs to polymer were 

tested. The organic phase was then poured into 20 ml aqueous solution containing 3% (w/w) PVA and 

emulsified using a sonication probe (Hielscher UP400St) with output power of 40W in pulse mode for 

45 min, with on mode for 5 min, followed by off mode for 10 s in an ice bath. The emulsion was then 

diluted to a final concentration of 1% (w/v) PVA. Finally, the suspension was left under magnetic 

stirring for 24 h to remove the organic solvent. To wash the NPs, the suspension was centrifuged six 

times at 14,000 rpm for 45 min at 4 ° C with ultrapure water. The production yield of PEGylated 



PLGA_IO-OA_IBU was about 90%. For comparison drug and iron oxide loaded PLGA NPs were prepared 

under the same conditions. The final concentration of all prepared NPs was set to 2 mg/ml. 

 

2.6. Production of nanoclusters 

The production of nanoclusters (i.e. IO-PAA:PEGylated PLGA_IBU) was carried out following the 

methodology we have developed recently, which is based on self-assembly via electrostatic 

interactions of oppositely charged polymeric and IO NPs [15]. Briefly, each suspension, i.e. 25 ml (2 

mg/ml) of drug loaded PEGylated PLGA NPs (i.e. PEGylated PLGA_IBU) and 25 ml (0.68 mg/ml) IO-PAA 

NPs was dropwise injected at a flow rate of 0.5 ml min-1 into a magnetically stirred flask at 100 rpm. 

The ratio of IO-PAA NPs to drug loaded PEGylated PLGA NPs was set to 1:3 (w/w). The production yield 

of IO-PAA: PEGylated PLGA_IBU was about 88%. 

 

2.7. Drug loading and dissolution tests 

The drug loading was determined by means of UV-Visible spectrophotometer (Agilent Technology, 

Cary 60). To carry out the measurements, an aliquot of ibuprofen loaded PEGylated PLGA or PLGA 

suspension was freeze-dried (Freeze Dryer, model Freezone 2,5, Lab-conco (USA)). The resulting 

powder was dissolved in DMSO to carry out UV-Visible analysis. In the case of the multicomponent 

PEGylated PLGA NPs, the freeze-dried powder was dissolved in acetonitrile. The concentration of 

ibuprofen in the polymeric nanoparticles was measured using a calibration curve constructed from 

absorbance values of known concentrations of ibuprofen solutions in DMSO or in acetonitrile at a 

wavelength of 264 nm (Figure S1). It is worth mentioning that none of PLGA, PEGylated PLGA and IO-

OA NPs interfere with ibuprofen absorbance at this wavelength. 

The encapsulation efficiency was calculated as follows: 

 

In order to carry out the dissolution tests, the suspensions were placed in a dialysis bag (molecular 

weight cutoff 3.5 kDa) by suspending a weighed amount of nanoparticles in phosphate buffered saline 

(PBS 0.1 M, pH 7.4). Exactly 20 mg of ibuprofen loaded PEGylated or PLGA NPs was suspended in 2 ml 

of PBS. The suspensions were then incubated in 50 ml of PBS at 37 °C under magnetic stirring at 100 

rpm for 120 h. At specific intervals, 2 ml of sample was withdrawn from the PBS bath and refilled with 

2 ml of fresh PBS. The concentration of released ibuprofen as a function of time was monitored using 

UV-Visible at a wavelength of 264 nm. 

 

2.8. Statistical analysis 

All results were expressed as means with standard deviation (n = 3). The statistical analysis of the drug 

release for all the systems was performed using a one-way ANOVA. Differences between the groups 

were tested using Student’s t-test. All the tests were done with a level of significance as p ≤ 0.05. 

 

 



2.9. Characterization 

2.9.1. Dynamic light scattering 

All drug delivery suspensions (nanoparticles and nanocluster) were analysed using the Zetasizer Nano 

ZS (Malvern Instruments) to measure their particle size distribution. For each measurement, 1 ml of 

the suspension in ultrapure water was pipetted into a cuvette without further dilution. DLS 

measurements were carried out in autocorrelation mode with single illuminating beam and single 

detector. Each measurement was carried out in triplicate at a scattering angle of 90° at room 

temperature. Size measurement of the IO-OA NPs was measured using a square glass cuvette in the 

chloroform media. 

 

2.9.2. Zetasizer potential 

Zetasizer Nano ZS (Malvern Instruments) was used to measure the zeta potential of the nanoparticles 

through the Smoluchowski model. The measurements were performed on 800 μl of ten times diluted 

aqueous mother suspension. Measurement of zeta potential for the IO-OA NPs was performed by 

dispersing 28 μL of IO-OA NPs in 1 ml of ultrapure water. The solvent was removed by evaporation and 

the measurements were performed. It is worth mentioning that IO-OA NPs remained stable in aqueous 

solution during the measurement. 

 

2.9.3. Transmission Electron Microscopy 

The morphology of the IO NPs and nanoclusters was characterized by means of Transmission Electron 

Microscopy by 100 kV TEM, model JEM-1010 (JEOL, Ltd) equipped with CCD camera MegaView III 

(Olympus Soft Imaging Systems, Germany). 10 μl of the sample was deposited on a carbon coated 

electron microscopic grid. The contrasting of the sample was done by water solution of 1% uranyl 

acetate. The grid was left to dry and then was inserted into the electron microscope column for 

analysis. Measurements were achieved under 80 kV of accelerating voltage. 

 

2.9.4. Nuclear magnetic resonance 

1H NMR analysis were performed on a Bruker Avance III 500-MHz spectrometer. Deuterated 

chloroform (CDCl3) was used as solvent and tetramethylsilane (TMS) as an internal reference. The 1H 

NMR spectra were used to determine the ratio of the monomers in the analysed copolymers. 

 

2.9.5. Size Exclusion Chromatography 

The mass average molar mass (Mw) and dispersity (D) of the prepared PEGylated PLGA NPs in the drug 

delivery systems before and after dissolution tests was followed using Size Exclusion Chromatography 

(SEC) from Agilent liquid chromatograph equipped with an Agilent degasser and differential refractive 

index detector. The molar mass distributions of the samples were performed in chloroform (CHCl3) at 

30 °C at an elution rate of 1 ml min-1. Polystyrene standards were used for calibration. 

 

 



2.9.6. Vibrating sample magnetometer 

The magnetic properties of the drug delivery systems containing IO NPs were assessed using a vibrating 

sample magnetometer (VSM 7407, Lake Shore, USA) in the presence of the applied magnetic field from 

—10 kOe to +10 kOe at room temperature. 

 

2.9.7. Fourier-transform infrared spectroscopy 

The chemical structure of the multi-component drug delivery systems was examined using a Thermo 

Scientific Nicolet iS50 FTIR Spectrometer in transmission mode before and after dissolution tests. 

Pellets containing the freeze-dried samples were prepared with KBr. The spectrum was collected on a 

128-scan mode and a resolution of 4 cm-1. 

 

2.9.8. Thermogravimetric analysis 

Thermogravimetric analyses (TGA) were carried out to determine the content of iron oxide present in 

the multi-component drug delivery systems using Stanton-Redcroft TG 750 under air atmosphere (20 

ml min-1) from room temperature to 700 °C at a rate of 10 °C min-1. 

 

2.9.9. Differential scanning calorimetry 

The Differential Scanning Calorimetry (DSC) analysis were carried out to determine the solid state form 

(i.e. amorphous or crystalline) of the model drug. The measurements were performed using a Q1000 

DSC from TA Instruments, Inc., in the range from — 90 to 100 °C and 50 ml min-1 nitrogen gas purge 

with a heating rate of 10 °C min-1. 

 

3. Results and discussion 

3.1. Iron oxide nanoparticles: mean size, surface properties and morphology 

IO NPs with narrow particle size distribution (PSD) were obtained by co-precipitation method using 

two coating agents, i.e. OA and PAA [29-31]. Following this procedure, IO-OA NPs dispersed in organic 

phase and IO-PAA NPs dispersed in aqueous phase were obtained. 

The adsorption of the coating agents on the surface of IO NPs was confirmed by FTIR analysis (Figure 

S2). Indeed, typical peaks of OA in IO-OA NPs at 2923 cm-1, 2852 cm-1 and 1710 cm-1 corresponding to 

the asymmetric and symmetric stretching of the methylene groups, and the C=O stretching, 

respectively, can be noticed [32]. Alike, characteristic peaks of PAA in IO-PAA NPs are observed at 1698 

cm-1 attributed to the C=O stretching and 2855 and 2945 cm-1 assigned to sp3 C-H stretching [33]. 

The size and zeta potential distribution of IO-OA and IO-PAA NPs are shown in Figure S3 and S4 and 

the mean values are summarized in Table 1. As can be seen, the formed IO-OA and IO-PAA NPs exhibit 

a mean hydrodynamic diameter of 20 ± 4 and 17 ± 5 nm, respectively and a zeta potential of — 36 ± 4 

mV and — 35 ± 4 mV, respectively. The zeta potential values indicate that OA as well as PAA adsorbed 

at the surface of IO NPs acted as effective stabilizers by preventing them from agglomeration. The 

superparamagnetic magnetite structure, i.e. Fe3O4, of both iron oxide nanoparticles was confirmed by 

XRD analysis (Figure S5 and Table S1), where the distinct peaks at 2θ = 30.1°, 35.5°, 43.2°, 53.5°, 57° 



and 62.6°, which is consistent with the conditions of synthesis [34]. The average grain size was 

calculated using Scherrer’s equation: τ = kλ/β cosθ where t is the average grain diameter, 𝜅 is the grain 

shape factor (𝜅 = 0.8), λ is the incident X-ray wavelength, β is the full width at half-maximum angle of 

the highest intensity and θ is the corresponding diffraction angle [35]. 

 

Table 1 Mean particle diameter and zeta potential of the primary nanoparticles and nanoclusters. 

 

 

 

 

 

 

 

 

 

 

 aMean diameters determined by DLS. 

 

The average grain size obtained using this equation is about 22 nm for IO-OA NPs and 11 nm for IO-

PAA NPs and are comparable to the mean size values obtained by DLS [15, 36]. TEM images of both 

types of IO NPs depicted in Fig. 1 show their spherical morphology. 

It is worth noting that the colloidal stability overtime of the IO NPs evaluated by DLS (Figure S6) 

indicated that the size of the nanoparticles did not change after a period of two weeks in cold storage 

conditions. Therefore, owing to their excellent colloidal stability in organic solvents, IO-OA NPs can be 

encapsulated in a polymeric matrix, i.e. PEGylated PLGA NPs (i.e. PEGylated PLGA_IO-OA). Alike, the 

excellent stability in water of IO-PAA NPs and their high ionic charge density confer them the potential 

to be used as a building block to construct drug delivery nanoclusters via electrostatic interactions of 

oppositely charged nanoparticles. 

 

3.2. Synthesis of PLGA-PEG-NH2 

The formation of PEGylated drug delivery nanoparticles has shown to increase particle stability, 

prolong their circulation time and reduce intermolecular aggregation when administered in the body 

[24,25]. Therefore, first the copolymer PLGA-PEG-NH2 was synthesized by activation of PLGA carboxylic 

end groups with DCC, followed by covalent attachment of NH2-PEG-NH2 by conjugation. The reaction 

procedure is shown in Scheme 1. 

 



The chemical structure of PLGA-PEG-NH2 copolymer was characterized by 1H NMR and 2D NMR 

(HMQC). The characteristic peaks for the copolymer based on 1H NMR are shown in Fig. 2. The 

following signals were assigned as follows: 5.30-5.17 ppm to the -CH- of the lac-tide, 4.90-4.5 ppm to 

the -CH2- of the glycolide, 3.61-3.55 ppm to the -CH2- of the ethylene glycol and at 1.65 ppm to the -

CH3 of lactide, thus confirming the conjugation of PLGA chains with NH2-PEG-NH2 [37]. The HMQC 

spectrum (Figure S7) can further confirm the amide bond formed after the conjugation step. The cross 

peaks falling at 3.67/70.62 ppm (1H/13C) were attributed to the presence of the -CH2- of the ethylene 

glycol that provide correlation through the linkage with the carbon at the bond between PLGA and 

NH2-PEG-NH2. A signal at 6.5 ppm (Fig. 2 inset) showed the presence of amide group between the PLGA 

and PEG [37,38]. Further confirmation of the conjugation with NH2-PEG-NH2 was made by FTIR (Figure 

S2), highlighted by the appearance of a peak at 2881 cm-1 (C-H stretching vibration associated to the 

methylene groups in the PEG chains) [39,40]. 

 

Fig. 1. TEM pictures of A) IO-PAA NPs, and B) IO-OA NPs. 

 

 

Scheme 1. Synthesis of PLGA-PEG-NH2 copolymer. 

 



 

 

 

 

 

 

 

 

 

 

Fig. 2. 1H NMR spectra of PLGA, PLGA-NHS and PLGA-PEG-NH2. 

 

3.3. Formation of nanoclusters by self-assembly 

3.3.1. Mean size and surface properties of the primary PEGylated PLGA NPs 

The production of the PEGylated PLGA NPs was achieved by nanoprecipitation method [15] following 

the biomedical recommendations [4,41,42]. The size and zeta potential distribution of the 

nanoparticles measured by DLS are depicted in Figure S3 and S4 and the average values are 

summarized in Table 1. PEGylated PLGA NPs display a mean diameter of 207 ± 87 nm and zeta potential 

of 20 ± 5 mV. The loading of PEGylated PLGA NPs with ibuprofen, used as a model drug, (i.e. PEGylated 

PLGA_IBU NPs) with an encapsulation efficiency of 76 ± 3% does not affect the size and the zeta 

potential of the nanoparticles as a mean diameter of 224 ± 87 nm and zeta potential 17 ± 5 mV were 

recorded. The free end amine groups of the PEG confer to the surface of the PEGylated PLGA NPs and 

PEGylated PLGA_IBU NPs with a positive charge at a physiological pH, and introduced ionic charge 

density to the nanoparticles, needed to construct the drug delivery nanoclusters via electrostatic 

interactions. In addition, PEG acts as an efficient stabilizer of the nanoparticles. 

 

3.3.2. Formation of nanoclusters 

Formation of the nanoclusters by self-assembly of the nanoparticles is usually accomplished by inter-

particle interactions such as van der Waals, electrostatic and magnetic interactions. These interactions 

are intimately dependent on the characteristics of the material composing the nanoparticles, 

temperature, dielectric constant of solvent, pH and the presence of external stimuli [43,44]. The 

unique attributes of the electrostatic interactions owing to their long-ranging and their attractive or 

repulsive behavior [44], make them suitable for self-assembly of oppositely charged nanoparticles [45], 

with a possibility to tailor their interaction strength and range by changing the charge on the 

nanoparticles and ionic strength. In our recent work, we have developed a new procedure of 

preparation of nanoclusters for controlled drug delivery systems in a nanometer size. This approach is 

based on self-assembly of oppositely charged IO-PAA and PLGA NPs. The nanoclusters were generated 

by adsorption of IO-PAA NPs at the surface of PLGA NPs through the electrostatic interactions 

established between the oppositely charged NPs. In particular, it was found out that at a ratio IO-PAA 



to PLGA NPs 1:3, a greater control of the assembly kinetics was attained, hence leading to an optimal 

coverage of PLGA NPs surface by IO-PAA NPs [15]. Building on these findings, nanoclusters were 

prepared by self-assembly of the primary nanoparticles, i.e. positively charged free or drug loaded 

PEGylated PLGA NPs described above (ζ PEGylated PLGA NPs = 20 ± 5 mV. 𝜁 PEGylated PLGAJBU NPs = 17 ± 5 mV) and 

the negatively charged IO-PAA NPs (𝜁 = — 35 ± 4 mV). The formation of nanoclusters, namely, IO-

PAA:PEGylated PLGA and IO-PAA:PEGylated PLGA_IBU in nanometer size of about 230 ± 100 and 350 

± 71 nm, respectively, is attested by the negative values of the zeta potential of —17 ± 4 and —18 ± 4 

mV, respectively (Table 1), which correspond to the absorption of the IO-PAA NPs on the surface of 

polymeric nanoparticles via establishment of inter-particle electrostatic interactions [15] (Fig. 3). The 

size of the nanoclusters did not evolve after two weeks of cold-storage (~8 oC) (Fig. 4), indicating that 

an equilibrium was reached between the repulsive and attractive forces of the primary nanoparticles, 

hence reducing their aptitude to agglomeration. In addition, this size, as mentioned above, is 

correlated with the size of the primary nanoparticles and the ionic strength in the medium [15]. 

 

3.4. Formation of multicomponent loaded PEGylated PLGA nanoparticles 

Besides the nanoclusters, another type of a multicomponent drug delivery system consisting of 

encapsulation of both model drug (i.e. ibuprofen) and IO NPs into PEGylated PLGA NPs (namely 

multicomponent loaded PEGylated PLGA NPs) was produced by single emulsion [46]. For a sake of 

understanding of such complex multi-component system, first IO-OA loaded PLGA NPs and IO-OA 

loaded PEGylated PLGA NPs free of drug were produced by single emulsion. The effect of the ratio IO-

OA NPs to polymer (w/w) on the particle size, zeta-potential and encapsulation efficiency was 

examined on IO-OA loaded PLGA NPs. As depicted in Fig. 5, compared to pristine PLGA NPs having an 

average diameter of 143 ± 43 nm and a zeta potential of — 21 ± 6 mV, IO-OA loaded PLGA NPs prepared 

with the ratios ranging from 1:10 to 1:100 exhibited comparable average diameter in the range of 146 

± 41 nm as measured by DLS and a comparable zeta potential value of about — 21 ± 5 mV. Hence, the 

hydrodynamic size of the IO-OA loaded PLGA NPs was not affected by the ratio of IO-OA NPs to 

polymer. TEM images confirmed this behavior (Fig. 6) and image analysis using ImageJ software 

measured an average diameter size around 99 ± 10 nm, which is in good agreement with DLS 

measurements. This is in accordance with the literature work, where it was reported that incorporation 

of magnetite into the polymeric matrix does not affect significantly the final particle size [47]. It is 

worth noting that TEM images highlight also clearly the increase of the IO NPs loading as a function of 

the ratio IO-OA NPs to polymer from 1:100 to 1:10. At higher IO NPs contents (e.g. ratio IO-OA NPs to 

polymer 1:5, 1:1) microparticles were formed. Based on these findings, IO-OA loaded PEGylated PLGA 

NPs were produced from the ratio IO-OA NPs to PLGA-PEG-NH2 1:10. The IO-OA loaded PEGylated 

PLGA NPs are characterized by an average diameter of 236 ± 85 nm and a zeta potential of —14 ± 7 

mV (Fig. 5), which are comparable to those of pristine PEGylated PLGA NPs (i.e. free of IO-OA NPs). 

When compared to the IO-OA loaded PLGA NPs, IO-OA loaded PEGylated PLGA NPs display higher 

average diameter, which is associated with the higher molecular weight of the copolymer PLGA-PEG 

after the conjugation of PLGA chains with NH2-PEG-NH2 [48]. TEM images further confirmed the 

formation of IO-OA loaded PEGylated PLGA NPs (Fig. 6). Interestingly, the IO-OA loaded PEGylated 

PLGA NPs show a higher clustering of IO-OA NPs within the polymeric matrix than in the case of IO-OA 

loaded PLGA NPs. This can be explained by the presence of amide and amine groups on PLGA-PEG-NH2 

chains that can establish strong physical interactions via hydrogen bonding with the carboxylic groups 

from oleic acid [49]. 

  



 

Fig. 3. TEM pictures of the nanoclusters (A) IO-PAA:PEGylated PLGA, and (B) IO-PAA:PEGylated PLGA_IBU. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Size and zeta potential over time of the nanoclusters. 

 

Following the same strategy, IO-OA and ibuprofen loaded PEGylated-PLGA NPs were produced (namely 

PEGylated PLGA _IO-OA_IBU NPs). The encapsulation of IO-OA NPs into the polymeric matrix was 

visualized by TEM (Fig. 6) and a total content of 6 wt% of iron was determined by TGA (Figure S7), and 

according to UV-measurements, the PEGylated PLGA NPs possessed a high ibuprofen encapsulation 

efficiency of about 72 ± 5%. The nanoparticles exhibited an average size of 238 ± 88 nm and a zeta 

potential of —10 ± 6 mV, (Figure S3 and S4), thus indicating that the size distribution and the surface 

charge of PEGylated PLGA NPs are not impacted by the loading of ibuprofen and/or IO-OA NPs (Fig. 5). 

The average size distribution depends rather on the sonication power and time, and on the amount of 

the surfactant [50]. 

For comparison and fundamental understanding of the structure-properties relationships, IO-OA and 

ibuprofen loaded PLGA NPs were also formulated (namely PLGA_IO-OA_IBU NPs). PLGA_IO-OA_IBU 

NPs exhibited ibuprofen encapsulation efficiency of 78 ± 6 (Table 2) and iron content of 6% (Figure S8), 

comparable to those PEGylated PLGA_IO-OA_IBU NPs, hence indicating that both ibuprofen and IO-

OA NPs are encapsulated at the core of the NPs, namely within PLGA chains. 



 

Fig. 5. Mean size and zeta potential of A) PLGA_IO-OA NPs at different ratios IO-OA:PLGA and PLGA_IO-OA_IBU at ratio IO-

OA:PLGA equal to 1:10, B) PEGylated PLGA based NPs, C) PLGA based NPs overtime, and D) PEGylated PLGA based NPs 

overtime. Ratio IO-OA:polymer equal to 1:10 in B), C) and D). 

 

 

Fig. 6. TEM pictures of A) PLGAJO-OA (Ratio IO-OA:polymer 1:10), B) PLGAJO-OA (Ratio IO-OA:polymer 1:50), C) PLGAJO-OA 

(Ratio IO-OA:polymer 1:100), D) PEGylated PLGAJO-OA, E) PLGAJO-OAJBU and F) PEGylated PLGAJO-OAJBU NPs. Ratio IO-

OA:polymer equal to 1:10 in D), E) and F). 



In addition, similarly to PEGylated PLGA_IO-OA_IBU NPs, encapsulation of ibuprofen and IO-OA NPs 

did not affect the size and the surface charge of PLGA NPs (i.e., average diameter of 148 ± 72 nm and 

a zeta potential of — 20 ± 6 mV). The formation of PLGA_IO-OA_IBU NPs was further corroborated by 

TEM (Fig. 6). It is important to note the good colloidal stability of the multicomponent loaded PLGA 

NPs and PEGylated PLGA NPs after two weeks of cold-storage (~8 °C) (Fig. 5). 

Overall, PEGylation of the PLGA NPs did not have an impact on the encapsulation efficiency of 

ibuprofen and IO-OA NPs. However, it did affect the size and the zeta potential of the nanoparticles 

and it is expected to influence the drug release profiles [6,51,52]. 

 

Table 2 Encapsulation efficiency of ibuprofen in PLGA and PEGylated PLGA NPs 

 

 

 

 aRatio IO-OA:polymer equal to 1:10. 

 

3.5. Dissolution performance and magnetic properties 

The performance of the multicomponent drug delivery systems was assessed by the evaluation of their 

dissolution release profiles and compared to those of their drug loaded polymeric nanoparticles 

analogs free of IO NPs. 

It is worth noting that according to DSC thermograms (Figure S9), ibuprofen encapsulated in both 

multicomponent drug delivery systems is in an amorphous state as no melting peak corresponding to 

the drug at 78 °C was detected. Amorphisation of ibuprofen during the particle formation should 

enhance the bioavailability and thus the dissolution performance of this poorly water soluble drug 

(class II of Biopharmaceutics Classification System) [50,53]. 

Release profiles of the PLGA_IBU and PLGA_IO-OA_IBU NPs are depicted in Fig. 7, where after 3h, an 

initial burst release of 35 ± 1% and 42 ± 7% is observed, respectively. This is followed by a slower 

release after 24 h, where the incorporation of IO-OA NPs into the PLGA matrix led to a slightly faster 

drug release with a cumulative value of 89 ± 6% (i.e. PLGA_IO-OA_IBU) after 120 h while for PLGA_IBU, 

it reached 79 ± 3%. This result highlights the catalytic effect of IO-OA NPs on the degradation of PLGA 

matrix (p ≤ 0.05). As the buffer media comes into contact with PLGA, the hydrolysis of ester bonds 

takes place leading to lactic and glycolic acid production. The acidic environment is further enhanced 

by the IO-OA NPs within the matrix thus leading to an autocatalytic process of the hydrolysis [6,54]. A 

similar behavior is observed for the multicomponent loaded PEGylated PLGA_IO-OA NPs, where the 

incorporation of IO-OA NPs, i.e., PEGylated PLGA_IO-OA_IBU NPs, led to a drug release of 47 ± 6% just 

after 3 h as compared to the 23 ± 7% of the PEGylated PLGA_IBU NPs. Interestingly, the incorporation 

of PEG chains into the PLGA matrix also showed an effect on the cumulative drug release as compared 

to the non-PEGylated PLGA NPs. For instance, the drug loaded PLGA_IBU NPs reached a drug release 

of 80 ± 3% while the PEGylated PLGA_IBU NPs displayed a cumulative drug release of 94 ± 4% after 

120 h. The effect of the hydrophilicity brought by PEG chains facilitated the water uptake and produced 

a faster drug release [55]. 

 



 

 

 

 

 

 

 

 

 

 

Fig. 7. Drug release profiles of the nanoclusters and the multicomponent loaded PEGylated PLGA nanoparticles over the 

course of 120 h in PBS at 37 °C, pH 7.4. The IO-PAA:PLGA_IBU was described in our previous work where it was named as 

IO-PAA:PLGA-PEI_IBU [15]. 

 

Regarding the nanoclusters, the release profile of IO-PAA:PEGylated PLGA_IBU was examined and 

compared to that of non-PEGylated PLGA analogs (IO-PAA:PLGA_IBU) [15]. According to Fig. 7, the 

non-PEGylated PLGA nanoclusters, namely IO-PAA:PLGA_IBU, exhibited a slower drug release profile 

(85 ± 3%) in comparison to the IO: PAA-PEGylated PLGA_IBU (94 ± 4%) counterpart after 120 h which 

can be correlated to the hydrophilic nature of the PEG chains (p ≤ 0.05). Besides this, interestingly the 

drug release profile of the PEGylated nanoclusters is quasi-superimposable to that of PEGylated 

PLGA_IO-OA_IBU NPs, which implies that both multi-component drug delivery systems exhibit similar 

drug release behavior (p ≥ 0.05). 

A more insightful analysis of the nanoclusters and multicomponent loaded PEGylated PLGA 

nanoparticles was carried out by means of SEC, TGA and FTIR before and after dissolutions tests in 

order to understand their drug release mechanisms. 

SEC analysis was used to determine the apparent molar mass of the remaining polymer after the 

dissolution in PBS. According to SEC results summarized in Table 3, while the dispersity index (D) 

remained interestingly quasi-constant in both multicomponent loaded PEGylated PLGA NPs and 

nanoclusters before and after dissolution experiments, the molar mass (Mn) of the polymeric part of 

the delivery systems dropped down sharply and drastically after 120 h, i.e., from 12 to 2 and from 12 

to 3 kg mol-1 for PEGylated PLGA_IO-OA_IBU NPs and IO-PAA: PEGylated PLGA_IBU, respectively. These 

interesting findings are in agreement with the dissolution tests and confirm that both types of drug 

delivery systems undergo similar drug release mechanism. 

To get insights into the mechanism of degradation of both multicomponent drug delivery systems, FTIR 

analysis was carried out before and after dissolution tests on the solid fractions. 

FTIR spectrum of the nanoclusters IO-PAA:PEGylated PLGA_IBU depicted in Fig. 8A, shows prominent 

narrow characteristic peaks of PLGA-PEG-NH2 chains (i.e., 1758 cm-1, 1132 cm-1 and 1091 cm-1). 

Besides, a broad band from 3043 cm-1 to 3720 cm-1 confirms the presence of -OH groups belonging to 

PLGA-PEG-NH2 and PAA chains adsorbed on the surface of IO NPs (Figure S2) [56]. After dissolution 

tests, FTIR analysis indicates substantial chemical modifications in the remaining nanoclusters, 



highlighted by the appearance of new intense peak at 1600 cm-1, attributed to carboxylate group 

generated during the hydrolysis process from the formation of acid-amine salt [57]. This peak did not 

appear after dissolution test of the non-PEGylated PLGA nanoclusters reported in our previous work, 

i.e. IO-PAA:PLGA_IBU [15]. This further confirms that the incorporation of a PEG moiety with a primary 

amine end-groups (-NH2) in the nanoclusters participates in the formation of amine-acid salt via ionic 

interactions during the dissolution tests [58,59]. The multicomponent loaded PEGylated PLGA_IO-

OA_IBU NPs (Fig. 8B) has spectral features similar to those of the nanoclusters before as well as after 

dissolution tests. They suggest that both delivery systems undergo the same mechanism of drug 

release, which is mainly governed by degradation via hydrolysis of PLGA-PEG-NH2 chains. Acceleration 

of the hydrolysis process is caused by hydrophilic nature of PEG and the catalytic effect of the IO NPs 

[54,60,61]. 

To complete the analysis, TGA measurements were carried out on PEGylated PLGAJO-OAJBU NPs and 

IO-PAA:PEGylated PLGA_IBU before and after dissolution tests (Fig. 9 and Figure S8). 

 

Table 3 SEC results for the nanoclusters and multicomponent loaded PEGylated PLGA NPs before and after dissolution 

performance. 

 

  

 

 aMolar mass value at peak maximum. 

 

Fig. 8. FTIR spectra of the multicomponent drug delivery systems. (A) IO-PAA:PEGylated PLGA_IBU before, IO-

PAA:PEGylated PLGA_IBU after, PLGA-PEG-NH2; (B) PLGAJO-OAJBU before, PLGAJO-OAJBU after, PEGylated PLGAJO-OAJBU 

before and PEGylated PLGAJO-OAJBU after. 

 

As can be seen in Fig. 9, the curve corresponding to the freshly prepared PEGylated PLGAJO-OAJBU 

NPs reveals a first weight loss of 89% starting at the decomposition onset temperature of 223 °C and 

ranges to 500 °C and represents the thermal decomposition of the polymeric and organic parts of the 

nanoparticles (PLGA-PEG-NH2, PVA and oleic acid surfactants (Figure S8)). The remaining solid content 

of about 6% after thermal decomposition of PEGylated PLGAJO-OAJBU NPs up to 800 °C corresponds 



to the iron fraction (without coating) [20,62]. In contrast, due to the highly hygroscopic nature of the 

IO-PAA NPs (Figure S8) [15] adsorbed on the surface of PEGylated PLGA NPs in the nanoclusters IO-

PAA:PEGylated PLGA_IBU, the latter showed ~10% weight loss from 23 to 150 °C ascribed to moisture 

evaporation, followed by a significant weight loss of 66% caused by the thermal decomposition of the 

polymeric part and IO NPs surface coating (i.e., PLGA-PEG-NH2, PAA) in the temperature range 150-

544 °C. The remaining weight fraction of 17% recorded at the maximum applied temperature 

corresponds to the iron content present in the nanoclusters. Unlike in the fresh materials, after 

dissolution tests both PEGylated PLGAJO-OAJBU NPs and IO-PAA: PEGylated PLGA_IBU exhibited 

similar thermal behavior [15]. The total weight loss of PEGylated PLGAJO-OAJBU NPs and IO-PAA: 

PEGylated PLGA_IBU up to 800 °C attains 94 and 83%, respectively, before dissolution tests, and 56 

and 48%, respectively, after dissolution tests. This clearly demonstrates the presence of higher content 

of iron in both delivery systems at the end of the dissolution tests (after 120 h) as a result of the 

degradation of PLGA-PEG-NH2 chains in PBS at pH 7.4 by hydrolysis (during the dissolution tests). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. TG curves for the nanoclusters and multicomponent loaded PEGylated PLGA based nanoparticles before and after 

dissolution tests. 

 

Hence, based on drug release kinetics, SEC, FTIR and TGA, one can conclude that the location of IO NPs 

in the drug delivery system, the nature of its coating agent (e.g. PAA, OA) and the method of 

preparation of the multicomponent delivery system do not affect drug release performance of the 

material. The drug release mechanism is rather dictated by the chemical composition and the molar 

mass of the polymeric part of the delivery system. 

The magnetic properties of the multicomponent loaded PEGylated PLGA_IO-OA NPs and the 

nanoclusters assessed before and after dissolution tests are depicted in Fig. 10. The nanoclusters 

exhibited zero remanence on the magnetization and zero coercivity on the magnetization curves. The 

saturation magnetization values for the freshly prepared IO-PAA:PEGylated PLGA_IBU reach 0.024 

emu/g with the coercivity 3.22 Oe. After dissolution test, this value decreased to 0.007 emu/g 

(coercivity 1.26 Oe). A similar behavior was observed for multicomponent loaded PEGylated PLGAJO-

OAJBU NPs (Fig. 10), the saturation magnetization values were of 0.022 emu/g and 0.007 emu/g before 

and after dissolution, respectively. This decrease could be attributed to a partial oxidation of the 



magnetite form of IO NPs when exposed for a long period (i.e., 120 h) to PBS buffer [63]. The 

nanoclusters and multicomponent loaded PEGylated PLGA systems exhibit superparamagnetic 

properties without magnetic hysteresis which makes them suitable for treatment with magnetically 

mediated hyperthermia, even after drug release [15]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Magnetization curves for the multicomponent loaded PEGylated PLGA NPs and nanoclusters before and after 

dissolution tests. 

 

Overall, despite the differences observed between PEGylated PLGA_IO-OA_IBU NPs and IO-

PAA:PEGylated PLGA_IBU in terms of size, morphology (localization of IO NPs), zeta potential and the 

type of coating agent adsorbed on the surface of IO NPs, they exhibited comparable magnetic 

properties and drug release kinetics, attesting that the mechanism of drug release in both systems is 

mainly governed by the degradation of the PLGA-PEG-NH2 copolymer by hydrolysis as compared to 

the non-PEGylated analogs. 

 

4. Conclusions 

Two multicomponent and multifunctional drug delivery systems based on PLGA-PEG-NH2 copolymer 

were developed and compared in terms of drug release kinetics and magnetic properties. Two 

approaches based on the assembly of drug loaded PEGylated PLGA NPs and IO NPs were employed for 

their preparation. In the first approach, preparation of nanoclusters was performed by self-assembly 

of oppositely charged drug loaded PEGylated-PLGA and IO-PAA NPs, while in the second one IO-OA 

NPs and a model drug were incorporated inside PEGylated PLGA NPs by single emulsion method. The 

formed nanoclusters displayed a mean diameter of 350 ± 71 nm and a zeta potential of —18 ± 4 mV. 

They are formed via a mechanism of adsorption of IO-PAA NPs on the surface of PEGylated PLGA NPs. 

The multi-component PEGylated PLGA NPs prepared by single emulsion exhibited a mean diameter of 

238 ± 88 nm, and a zeta potential of —10 ± 6 mV. 

Dissolution tests demonstrated a quasi-superimposed drug release behavior of both delivery systems. 

Correlation between the drug release profiles, and physico-chemical analysis of the delivery systems 

before and after dissolution tests (FTIR, TGA and SEC analysis) allowed to identify the effect of 



PEGylation and the addition of IO NPs on the mechanism of drug release. They suggest that both 

delivery systems undergo the same mechanism of drug release via degradation by hydrolysis of PLGA-

PEG-NH2 chains, which is accelerated by the hydrophilic nature of PEG and by the catalytic effect of 

the IO NPs. In fact, in drug delivery systems based on biodegradable aliphatic polyesters, the 

mechanism of drug release is governed by the degradation of the polymer mainly by bulk erosion, in 

which the chains are cleaved by hydrolysis of the ester bonds [64]. These results show that the location 

of IO in the multicomponent delivery system does not affect this mechanism. 

The magnetic properties of the multicomponent delivery systems were maintained after dissolution 

tests though a decrease in the saturation magnetization was observed. This suggests that both delivery 

systems can be used for magnetically mediated hyperthermia. 

Finally, overall this study shows clearly that the location of IO NPs in the drug delivery system, the 

nature of its coating agent (e.g. PAA, OA) and the method of preparation of the multicomponent 

delivery system do not affect drug release performance of the material. The drug release mechanism 

is rather dictated by the chemical composition and the molar mass of the polymeric part of the delivery 

system. 

Both developed multicomponent delivery systems should give the possibility of providing a functional 

site for surface conjugation of targeting agent and for surface properties improvement, which would 

enhance their functionalities. 
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