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Article 

Investigation of Polyelectrolyte Multilayers 
Deposited on Biodegradable Corona Charged 
Substrates Used as Drug Delivery Systems 
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and Temenuzhka Yovcheva 

University of Plovdiv “Paisii Hilendarski”, 24 Tzar Assen str., Plovdiv, Bulgaria 

* Correspondence: asia83@abv.bg; Tel.: +359 32 261256 

Abstract: Polyelectrolyte multilayers (PEMs) deposited on porous composite polylactic acid/poly(ε-

caprolactone) substrates were studied. The substrates were previously charged in a corona 

discharge. Time dependences of the normalized surface potential for positively and negatively 

charged electrets were investigated. The morphology of the obtained porous substrates was 

examined by means of scanning electron microscopy (SEM). The chitosan and the casein 

polyelectrolytes were deposited on the substrates using the layer-by-layer (LbL) technique. A drug 

loading efficiency and the release kinetics were determined spectrophotometrically. 

Keywords: porous composites; corona treatment; polyelectrolyte multilayers; drug delivery 

systems 

 

1. Introduction 

The rapid development of the polymer industry and the increasing demand for biodegradable 

alternatives of the most commonly used polymer products has led to more and more research being 

focused on the creation and characterization of such biodegradable and biocompatible products [1,2]. 

One major drawback of the implementation of most of the commonly used biopolymers is their poor 

mechanical properties, which in turn limits their wider applications. A common method for 

overcoming this drawback is the combination of different biopolymers with the aim of creating 

composite materials that possess more desirable properties, while maintaining most of the beneficial 

properties of each of the base polymer components. Composite biopolymers find applications in 

many fields, such as their biomedical application for the creation of drug carrying multilayers [3,4]. 

Amongst the most widely used biopolymers in the modern industry are poly-lactic acid (PLA), 

poly (ε-caprolactone) (PCL) and polyethylene glycol (PEG). These three biopolymers each possess 

desirable properties and can be used for a variety of products, however each of them also present a 

number of drawbacks that limits their wider applications. 

Poly-lactic acid (PLA) is thermoplastic aliphatic polyester, that has become one of the most 

popular biopolymer for the synthesis of biodegradable products [5,6]. As a material PLA possesses a 

number of beneficial properties, such as good hydrophilicity, cell affinity and biodegradability. 

Additionally, PLA is often utilized as a base material for the creation of copolymers with a number 

of other biodegradable polymers. 

Poly (ε-caprolactone) (PCL) is another biodegradable polymer that is often utilized for a number 

of biomedical and environmental applications. Due to its semicrystalline structure and lower 

degradation rate, when compared to PLA, poly (ε-caprolactone) is often used for the creation of long-

term drug delivery applications and tissue engineering. However, its lack of chiral atoms makes it 

impossible to modify its properties by changing its stereochemistry, which limits its applicability [7]. 

For that reason, PCL is often copolymerized with PLA in order to tailor its properties [8]. 

With its high biocompatibility, polyethylene glycol (PEG) has found an increasing number of 

applications in the field of biomedicine [9]. The covalent grafting of PEG and its derivatives into 
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molecules has been shown to improve the biocompatibility and water solubility of said molecules, 

and is especially useful for the development of different drug delivery mechanisms [10]. PEG can 

also be used for surface modification, where it produces a biocompatible surface coating [11]. 

Additionally, PEG can also be used in combination with other polymers for the creation of composites 

with tailored properties [12]. 

Polymer blending is a proven and easy method of creation of composite structures with tailored 

properties. The most commonly used method for the creation of these composites is the 

copolymerization of two or more biopolymers, which yields a copolymer structure, whose properties 

can be adjusted by changing the ratio of each base polymer and their copolymerization conditions 

[13–15]. Another popular method for the creation of composite biopolymers is the use of different 

mechanical techniques, such as injection molding, extrusion or electrospinning [16–18]. All of those 

methods allow for the modification of the properties of the resulting composites to a certain degree. 

They can also be combined with different surface modification methods (such as plasma treatment) 

in order to further improve and modify their properties and create better biomaterials [19]. 

All of the described above methods aim to create a more biocompatible structure with desirable 

properties, which can later be used for numerous biomedical applications. One such application is 

controlled and targeted drug delivery with the use of biodegradable multilayers, created on the 

surface of the previously described composite biopolymers [20]. Often these multilayers are created 

with the use of a Layer-by-layer (LbL) deposition technique. This technique allows for the creation of 

thin multilayers with controlled properties, which can be loaded with a number of active 

biomolecules, such as different drugs [21], enzymes [22], nanoparticles, etc. 

In our research paper we aim to investigate the influence of different ratios of the two chosen 

polymers (poly (D-lactic acid) and poly (ε-caprolactone)) on the drug loading and delivery properties 

of porous composite films. 

2. Materials and Methods 

2.1. Materials 

Poly (ε-caprolactone) (PEC) was purchased from Lactel Absorbable Polymers (USA). Poly (D-

lactic acid) (PDLA), polyethylene glycol (PEG), chitosan (high molecular mass, degree of 

deacetylation > 75%), sodium caseinate (casein sodium salt from bovine milk) and benzydamine 

hydrochloride were delivered from Sigma-Aldrich and were used without further purification. All 

other chemicals were with analytical grade. 

2.2. Composite film creation 

The porous composite films were created by first dissolving 4 % w/v PDLA and PEC in 

dichloromethane (DMC) on a magnetic stirrer at room temperature. Set amounts of the resulting 

solutions were then mixed to create three different PDLA/PEC mixtures with ratios 25/75, 50/50 and 

75/25. Two additional pure solutions of PDLA and PEC were also prepared. Polyethylene glycol 

(PEG) was mixed into all five of the prepared solutions at a concentration of 150 % w/v and was 

stirred until a homogenous mixture was achieved.  All solutions were then poured into glass plates, 

placed on a leveled surface and kept at a room temperature until the complete evaporation of the 

solvent. After that the resulting composite porous films were kept in an incubator for 24 hours at 35 

° C to ensure that any remaining moisture is removed from their surface. 

2.3. Corona charging 

The created porous composite films were cut into 2x2 cm samples and charged under corona 

discharge in normal atmospheric conditions. The setup used for the charging consisted of a needle 

electrode and a grounded plate, with a steel mesh placed between the two. For the charging process, 

5 kV of set polarity was supplied to the needle electrode and 1 kV of the same polarity was supplied 

to the grid. This was done to ensure uniform distribution of the resulting charge on the surface of the 
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charged samples. All films were charged for 1 minute, with half of the samples being charged under 

positive corona and the other half under negative corona. 

2.4. Surface charge distribution measurement 

The surface charge potential of the charged samples was measured by the vibrating electrode 

method with compensation. This method consists of an electrode, placed above the charged surface, 

which is vibrated at a set frequency. The vibrating motion of the electrode within the electric field of 

the charged surface induces an alternating electric current within the electrode. This current can be 

compensated by applying an appropriate amount of outside voltage to the system, which cancels out 

the electric field of the sample and reduces the induced current to zero. By measuring the amount 

and polarity of the voltage, required for this compensation, one can determine the amount and 

polarity of the effective surface charge distribution, with the use of the following equation: 

σ = (ε0ε/L)Uk, (1)

Where Uk is the compensation voltage, ε is the relative dielectric permittivity of the sample, ε0 is the 

dielectric permittivity of vacuum (8,85 x 10-12 F/m) and L is the sample thickness. 

2.5. Layer-by-layer deposition 

For the creation of the polyelectrolyte multilayers (PEMs), the prepared charged samples were 

attached on sample holders and placed in the deposition apparatus. Two different polyelectrolyte 

solutions were prepared for the dipping process: 300 ml of 0.1% w/v chitosan solution in acetate 

buffer (pH 5, 100 mM) and 300 ml 1% w/v casein solution in phosphate buffer (pH 8, 100 mM). The 

model drug Benzydamine Hydrochloride was dissolved in the chitosan solution at a concentration 

of 1g/ml. Deposition was carried out in a MSM SLEE Carousel Slide Stainer, using the following 

automated dipping program: 

• Dipping in first polyelectrolyte solution for 15 minutes. 

• Washing in deionized water for 5 minutes. 

• Dipping in second polyelectrolyte solution for 15 minutes. 

• Washing in deionized water for 5 minutes. 

The order of the polyelectrolyte solutions was determined by the charge of the samples, with 

positive samples starting in the casein solution. The dipping process was carried out until the 

deposition of 4 bilayers on the surface of the sample. 

2.6. Differential scanning calorimetry (DSC) 

The phase state of the substrates was analyzed using the DSC 204F1 Phoenix instrument 

manufactured by Netzsch Gerӓtebau GmbH, Germany. Calibration of the instrument was carried out 

using an indium standard (Tm=156.6 °C, ΔHm=28.5 J/g) for both heat flow and temperature. Films 

were measured in hermetically sealed aluminum pans, with an empty pan serving as a reference. The 

measurements were conducted under an argon atmosphere, following the steps: 

• Cooling down from 25 °C to -70 °C with cooling rate 2 K/min 

• Isothermal step at -70 °C for 15 min 

• Heating from -70 ° up to 300 ° with heating rate 10 K/min. 

The melting temperature (Tm) and melting enthalpy (ΔHm) of the samples were determined 

using Netzsch Proteus – Thermal Analysis software. The percentage of crystallinity of PEC in the 

samples was calculated based on the determined melting enthalpy. Equation (2) was used for this 

calculation: 

௉ா஼ = ∆𝐻௠∆𝐻௠଴ ∙ 𝜔௉ா஼ ∙ 100 (2)
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where 𝑷𝑬𝑪 is the percentage of crystallinity of PEC; ∆𝑯𝒎 is the specific melting enthalpy [J.g−1]; ∆𝑯𝒎𝟎  is the melting enthalpy of 100% crystalline polymer (∆𝑯𝒎𝟎 = 𝟏𝟑𝟗. 𝟑 𝐉. 𝐠ି𝟏 for PEC [23] and 𝝎𝑷𝑬𝑪 

is the mass fraction of PEC. 

The crystallinity of PDLA was determined from the melting enthalpy and cold crystallization 

enthalpy using equation (3): 

௉஽௅஺ = ∆𝐻௠∆𝐻௠଴ ∙ 𝜔௉஽௅஺ ∙ 100 (3)

where 𝑷𝑫𝑳𝑨 is the percentage of crystallinity of PDLA; ∆𝑯𝒎 is the melting enthalpy and of PDLA 

[J.g−1]; ∆𝑯𝒎𝟎  is the melting enthalpy of 100% crystalline polymer (∆𝑯𝒎𝟎 = 𝟏𝟎𝟔. 𝟎 𝐉. 𝐠ି𝟏 [24] and 𝝎𝑷𝑫𝑳𝑨 

is the mass fraction of PDLA. 

2.7. Scanning electron microscopy (SEM) 

The examination of the morphology of the created PEMs was carried out with the use of 

scanning electron microscopy (SEM) (Prisma E SEM, Thermo Scientific, Waltham, MA, USA). Two 

milligrams of each of the tested samples were attached onto an aluminium holder and subsequently 

coated with carbon and gold, using a vacuum evaporator Quorum Q150T Plus (Quorum 

Technologies, West Sussex, UK). The resulting images were captured using a back-scattered electron 

detector (Prisma E SEM, Thermo Scientific, Waltham, MA, USA) at an accelerating voltage of 15 kV 

at different levels of magnification. 

2.8. Water Contact angle Measurement 

Water contact angle measurements were carried out under standard atmospheric conditions (at 

room temperature and normal air pressure). Five measurements for each type of modification were 

performed on different parts of the surface of the substrates. The collected measurements were 

averaged and used for the determination of the hydrophobicity of each type of samples. 2 μl droplets 

were used in order to decrease the impact of the surface roughness on the water contact angle 

measurements. The drops were carefully placed on the surface with the use of a 10 μl glass 

microsyringe (Innovative Labor System GmbH, Germany). The contact angles were determined by 

measuring the tangent of the drop profile from images, captured with a high resolution camera. The 

image processing was performed with the use of public domain ImageJ software (ImageJ v1.51k 

software). 

2.9. Benzydamine hydrochloride (BH) drug release 

Phosphate buffer saline (PBS) buffer with pH 7,4 and ionic strength of 100 mM was used for the 

determination of the drug release rate. Twenty milliliters of the buffer were placed in glass beakers 

and kept in a water bath at 37 ° C for the duration of the experiment. Three samples of each type of 

the multilayer films were placed in the beakers and stirred at 150 rpm for 8 hours. At set time 

intervals, 3 ml samples of the buffer were taken out and replaced with equal amounts of fresh buffer. 

The collected buffer samples were filtered through a 0.45 μm syringe filter and their absorption was 

measured at 306 nm with the use of a spectrophotometer. These results were used to for the 

determination of the time rate of the drug release. 

2.10. Benzydamine hydrochloride (BH) drug content 

Benzydamine hydrochloride loaded films were placed into 20 mL phosphate buffer saline (pH 

7.4) and stirred continuously for 72 h on a magnetic stirrer. Then, the samples were sonicated for 5 

minutes and filtered using ChromafilVR syringe filter (0.45 mm). Three samples of each type were 

measured during the test. The amount of BH was determined using UV/Vis spectrophotometer 

monitoring the band at a wavelength of 306 nm. The drug concentration was calculated from a 

standard calibration curve of BH in phosphate buffer saline (pH 7.4). 
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3. Results and discussion 

3.1. Electret properties – time storage influence 

The electret properties of the obtained porous composite substrates were investigated. Time 

dependences of the normalized surface potential for positively and negatively charged PDLA, PEC 

and PDLA/PEC electrets were studied for 6 hours. The surface potential was measured once every 5 

minutes for the first 30 minutes, during which period the charge was rapidly decaying. After this, the 

surface potential was measured at longer intervals, due to the steady state values of the normalized 

surface potential stabilizing for all of the investigated electrets. The results for the steady state values 

of the surface potential for all investigated samples are presented in Figure 1. 

 

Figure 1. The steady state values of the normalized surface potential at the 6th hour for all investigated 

electrets. 

The experimental results presented in Figure 1 demonstrate that the steady state values of the 

normalized surface potential for samples charged in a positive corona are higher than those charged 

in a negative corona for all investigated samples. 

It was established in [25,26] that during the corona discharge in air, at atmospheric pressure, 

different types of ions are deposited on the sample, since the charging in a corona discharge depends 

on the corona polarity. In the case of a positive corona the ions are mainly H+(H2O)n and the ones for 

a negative corona - CO3-. These ions are bound in traps of various depths and their release depends 

on the surrounding conditions. 

It was also established, that the values of the normalized surface potential are the highest for 

pure PEC electrets and decrease when the content of PDLA increases. This is probably due to the 

very high degree of crystallinity, determined by the DSC method. 

3.2. Phase state of polylactic acid / poly(ε-caprolactone) films 

DSC analysis was conducted to ascertain the degrees of crystallinity in the examined samples. 

The heating curves obtained from this analysis are illustrated in Figure 2. 
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a) 

 
b) 

 
c) 

Figure 2. DSC curves of PDLA/PEC porous composite substrates: a)PEC; b)PDLA; c)50:50. 
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All thermograms clearly show the endothermic melting peak of polyethylene glycol, which 

occurs at a temperature of (7-10) °C. Its presence is proof of the presence of polyethylene glycol in the 

studied structures.  

The glass transition temperature of PEC (Tg ≈ -63 °C) was not detected probably because of the 

very high degree of crystallinity. 

The Tg of PDLA was determined to be 50 °C, which is lower than cited in the literature [27]. This 

fact is probably due to the plasticizing effect of polyethylene glycol. 

The melting phenomena of PEC is realized at lower temperature in comperison with a system 

without adding PEG. A possible reason could be an increase in the free volume in the polymer 

solution and the occurrence of additional interactions with the polyethylene glycol molecules that 

prevent the formation of larger and more stable crystallites. 

The melting transitions in the PDLA/PEC blends were not affected by the blend composition, 

indicating their immiscibility at molecular level. Similar results are reported by other authors [28].  

3.3. PEMs morphology 

The PEMs morphology was investigated using Scanning electron microscopy (SEM). – Figure 3. 

 
PDLA 75/25 

  
50/50 25/75 

 
PEC 

Figure 3. SEM images of PDLA/PEC porous composite substrates. 

The pore sizes were calculated and the results are listed in Table 1. The presented values are 

average ones along with their standard deviations. 
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Table 1. Pore sizes based on measurement of randomly selected pores. 

Sample Pore size diameter, µm 

PDLA 5.74 ± 1.42 

75/25 18.76 ± 1.32 

50/50 23.07 ± 1.87 

25/75 24.59 ± 3.30 

PEC 31.93 ± 2.87 

The demand for the production of biocompatible porous materials in a single step process 

without harsh chemical modification continuously grows. Typical protocols of preparation are the 

salt leaching method, embedment of nano- or microparticles or usage of unfavorable types of solvents 

for the polymer [29–31]. A more suitable approach is the application of such types of liquid matterials, 

that will form stable solutions with minimal coalescence of drops to ensure homogenous pore 

formation. Since PEG 400 is both water-soluble and with low molecular weight, and exists in liquid 

form, it turns out to be a proper candidate for the preparation of microporous structures out of water 

insoluble polymers such as PDLA, PEC and their blends [32]. The results for the pore sizes for each 5 

substrates are presented in Table 1. As it can be seen, pure PDLA substrate possess the smallest pore 

size diameter. Similar pore distribution and mean diameter were reported by Phaechamud and co-

author [33]. Wang et al. (2019) suggest that the mechanism of void formation in PDLA is due to its 

plastic deformation in water conditions [34]. With the addition of PEC in sample 25:75, their size 

increased nearly 3 times. A trend of enlarging void diameters with the increase of the PEC 

concentration is observed and the largest pore diameter is reported for pure PEC samples. Same type 

of behavior reported Tsuji et al. (2006) [35]. Pore formation process is caused by the phase separation 

of the immiscible solvents, namely PEG 400 and chloroform and it takes place during the solvent 

evaporation phase. It was suggested that up to a certain polymer concentration, PDLA chains have 

better mobility, due to partial miscibility with PEG, leading to smaller voids. While in presence of 

PEC, PEG formed bigger particles, and subsequently pores, in the matrix, by diminishing the surface 

energy on the interface between them [36]. 

3.4. Water contact angle measurements 

The wettability and the hydrophilicity of the investigated porous composite substrates was 

measured using static water contact angle method. The values of the water contact angle 

measurements obtained are presented in Figure 4. 

 

Figure 4. Water contact angle of all investigated samples. 

The final value of the contact angle is the mean value of the 6 measurements. The estimated error 

was less than 5 %. The results presented in Figure 4 show that the PDLA had the largest contact angle 

(70°), indicating that it was the most hydrophobic material [37]. It was established that an increase in 

the surface wettability was observed with creating of composites. Upon addition of PEC into PDLA 

at different ratio, the contact angle decreased from 70° (pure PDLA) to 52° (75/25). A gradual increase 
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in the contact angle was observed with the increase of PEC content and reached 59° for 25/75 

composites. This increase in the contact angle with increase of the PEC content is likely due to the 

increase of the pore sizes, shown in the surface morphology measurements (see SEM morphology) 

[38]. 

Following the theory of Owens and Wendt [39], the total surface free energy of all investigated 

samples was calculated. The results obtained are presented in Table 2. 

Table 2. Surface free energy of all investigated samples. 

Sample Surface energy, mJ/m2 

PDLA 46.39 

75/25 55.65 

50/50 54.79 

25/75 51.83 

PEC 49.87 

It was established that the surface free energy of PDLA/PEC composite substrates showed an 

increase when compared to the pure PDLA and PEC. The values of the surface free energy 

significantly increased for the modified films compared to base PDLA and PEC. In other words, the 

modified substrates were more hydrophilic than the original films [40]. 

3.5. Benzydamine hydrochloride (BH) drug content 

Benzydamine hydrochloride was loaded in the chitosan/casein films deposited on composite 

substrates.  

The drug amount, which was loaded to one PEM unit (2 x 2 cm) is presented in Figure 5.  

 

Figure 5. Benzydamine hydrochloride content in one PEM unit. 

The data indicate a substantial impact of substrate composition on the loading efficiency of the 

PEMs. The quantity of loaded Benzydamine hydrochloride fluctuates between (50 ± 5) μg and (346 ± 

0.3) μg, with an upward trend when PEC predominates in the substrate. The loading is most 

pronounced in PEMs constructed on PEC substrates. This observation aligns with the elevated values 

of the normalized surface potential of the PEC films, suggesting a potentially more stable structure 

for the PEMs under these conditions.  

There is also a tendency for the amount of incorporated benzydamine to be greater in the 

structures deposited on positively charged substrates. Again, this dependence could be attributed to 

the more stable positive charge of the substrate. 
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3.6. Benzydamine hydrochloride (BH) release 

The release kinetics of BH from PEMs assembled at different PDLA/PEC substrates is presented 

in Figure 6. 

 
a) Positive corona 

 
b) Negative corona 

Figure 6. Benzydamine hydrochloride release from PEMs built-up on positive (a) and negative (b) 

corona charged substates. 

The cumulative BH release was between 40 % – 75 % during the first hour and above 95 % during 

the first 8 hours. Therefore, it can be concluded that there is complete drug release within 8 hours. 

The release kinetics greatly depend on the substrates composition. The observed results indicate 

the existence of a burst effect in case of of substrates with a predominant PEC content (neat PEC film 

and composite film 25:75), likely attributable to the porous nature of the films and a larger diffusion 

coefficient compared to structures without pores. Since the pores of PEC are larger, the tendency is 

the most pronounced. Benzydamine incorporated into polyelectrolyte structures built on PDLA-

dominated substrates is fluent due to the smaller pore sizes and lower diffusion coefficient. 

For better characterization of the release, the experimental results were subjected to 

mathematical processing according to the Weibull model (equation 4) [41]: 
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𝑀 = 𝑀଴ ൥1 − 𝑒𝑥𝑝 ቆ− ሺ𝑡 − 𝑇ሻτ ቇఉ൩ (4)

where 𝑀 is the amount of dissolved drug as a function of time; 𝑀଴ – the total amount of released 

drug; 𝑡  – time; 𝑇  – lag time caused by dissolution process; 𝜏  – scale parameter of the time 

dependence, and 𝛽 – shape of the dissolution curve progression. In our case “T” parameter is zero, 

because there is no lag time, and “M0” parameter is 100 %. 

The values of the Weibull model parameters for the measured release of BH are presented in 

Table 3. 

Table 3. Weibull model parameters for BH release. 

Sample 
Positive corona Negative corona 𝛕 𝜷 R2 𝛕 𝜷 R2 

PDLA 153.1 1.10 0.991 163.4 1.42 0.991 

75;25 120.3 1.07 0.998 150.1 1.74 0.979 

50:50 99.1 1.08 0.981 89.5 1.32 0.986 

25:75 68.95 1.03 0.996 66.0 1.37 0.996 

PEC 68.0 1.07 0.997 57.2 1.32 0.991 

The calculated values for 𝜏 exhibit an increase as the PDLA content in the substrates rises, 

indicating a prolonged release.  

The value of 𝛽 for the positive corona charged substrate are close to 1, suggesting a combined 

release mechanism involving both Fick diffusion and swelling-controlled transport [42]. In this case 

the layers are tightly bount to the surface and do not dissolve. 

For the negative corona charged samples, values of  𝛽 exceeding 1 signify a complex release 

mechanism: the release rate initially increases non-linearly up to the inflection point and then 

decreases asymptotically [43]. This behavior is indicative of drug molecules bound with varying 

degrees of tightness within the structure. A portion of the drug from the outer layers is released 

relatively easily and quickly, while the rest, bound more securely within the deeper layers, undergoes 

a slower and more challenging release, resulting in a decreased overall release rate. 

Based on the results from the release kinetics, one may suggests that the drug release could be 

successfully controlled by changing the corona polarity and substrate content. 

5. Conclusions 

In this paper the BH release from PEMs, assembled on different porous composite PDLA / PEC 

substrates, was investigated. It was established that the steady state values of the normalized surface 

potential for PEC electrets are the highest compared to other investigated samples. This may be due 

to the highest value of the degree of crystallinity and the biggest pore sizes. The loading is most 

pronounced in PEMs constructed on PEC substrates. This observation aligns with the elevated values 

of the normalized surface potential of the PEC substrates, suggesting a potentially more stable 

structure for the PEMs under these conditions. The cumulative BH release was between 40 % – 75 % 

during the first hour and above 95 % during the first 8 hours. Therefore, it can be concluded that there 

is complete drug release within 8 hours. 
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