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Abstract

:

There is an urgent need to alleviate the symptoms of neurodegenerative diseases. The presented work includes the use of electrochemical polymerization (CV) to obtain active polypyrrole layers with incorporated molecules of a neurological drug substance—amantadine hydrochloride. The obtained films were characterized chemically, structurally, and functionally in terms of their use as a drug delivery systems which are neurologically active. FTIR spectra were recorded to identify the incorporation of drug substances into the matrix. The obtained results showed that amantadine and heparin were embedded to the polypyrrole matrix. Scanning electron microscopy (SEM) was used to examine the morphology of the films. The films deposited on the steel substrate showed a compact, smooth structure, where there was no visible organized structure. After release, the film became corrugated. Adhesive tests were conducted with the cross-cut Test Method B to determine the mechanical properties, and the results showed that amantadine improves adhesion for steel substrates. The films were potentially stimulated by chronoamperometry, and UV-Vis spectra were registered to calculate the concentration of AMA in the solution after release. The release curves indicate a 95% efficiency of AMA release over the studied time period and protocol. Later, antibacterial properties were tested. The proposed system was able to provide a daily dose of drugs that ensures a therapeutic effect. This is a significant step towards developing systems capable of delivering a wider range of doses, potentially in line with the full spectrum recommended for therapeutic efficacy. The antibacterial properties of the material allows it to be considered as a material with antibacterial potential in the presence of the Staphylococcus aureus (S. aureus) strain. The percentage reduction ratio indicates a 90–100% reduction of bacteria in the suspension.
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1. Introduction


Current demographic trends indicate that society is aging. Statistics from the World Health Organization (WHO) and the United Nations (UN) show that the population of people of elderly age affected by neurodegeneration diseases will increase from less than 1 million in 2020 to 2 million in 2050 [1,2]. Forecasts also indicate that the number of elderly people will be 1.5 billion in 2050, which is twice as many as in 2020 [3]. These changes also result in an increase in the incidence of dementia [4]. Dementia is a neurodegenerative disease that usually begins with a deterioration of cognitive functions—i.e., a deterioration of memory and thinking skills [5].



Neurodegenerative disorders are characterized by the progressive loss of selectively sensitive populations of neurons. The most common neurodegenerative disorders are amyloidoses (insoluble fibrous proteins that have specific structural features that allow them to bind to specific dyes such as Congo red [6,7]) and tauopathies (tau protein associated with microtubules). The protein abnormalities in these disorders have abnormal conformational structures. Although neurodegenerative diseases are usually defined by specific protein accumulations and anatomical sensitivity, there are many underlying processes involved in progressive neuronal dysfunction and death [8], such as oxidative stress, programmed cell death, and neuroinflammation.



Alzheimer’s disease is treated with two classes of drugs: cholinesterase inhibitors and glutamate regulators. Cholinesterase inhibitors work by inhibiting the breakdown of the neurotransmitter acetylcholine. Their side effects include vomiting, loss of appetite, nausea, and increased bowel movements. The only approved drug that regulates glutamate levels is the active substance memantine that is used to treat Alzheimer’s disease (AD), which is associated with memory and learning. The drug’s effectiveness is comparable to that of cholinesterase inhibitors, in that it works in about half of the people who take it and only for a short time [9]. Amantadine (AMA), an aminoadamantane long known for its moderate anti-Parkinsonian effects, has recently been shown to antagonize central N-methyl-D-aspartate (NMDA) receptors at therapeutically relevant concentrations.



A drug delivery system (DDS) is defined as a preparation or device that allows the introduction of a drug substance into the body and improves its efficacy and safety by controlling the rate, time, and location of drug release in the body. This process involves the administration of a drug product, the release of active ingredients by the product, and the subsequent transport of the active ingredients across biological membranes to the site of action. The term therapeutic substance also refers to an agent such as gene therapy that induces the production of an active therapeutic agent in vivo. A drug delivery system is the interface between a patient and a drug. It may be a form of drug to be administered for therapeutic purposes or a device used to administer the substance [10]. One of the most known materials used in DDS are conducting polymers.



Conducting polymers (CP) undergo a reversible redox reaction that causes ions to be transported into and out of the polymer. Typically, depending on the environmental conditions, a potential difference of less than 1 V must be applied to the electrode to release or capture ions. Conducting polymers can operate over a wide temperature range in a liquid electrolyte or in air using a polymer electrolyte [11]. It is assumed in the literature that polypyrrole (PPy), polythiophene (PTh), polyaniline (PANI), and their derivatives exhibit some biocompatibility with living tissues and body fluids. Long-term (90 days) in vitro and in vivo tests have shown little evidence of toxicity or immunological problems [12,13]. In the dedoped state, counterions are removed from the film and cause it to shrink. These properties can be exploited in drug delivery systems where drugs are incorporated into the polymer coating during oxidation and released during film reduction [14]. It is also possible to incorporate a cationic drug after the polymerization process, but the polymer must be doped with anions such as polystyrene sulfonate (PSS). During reduction of the polymer, the cationic drug is introduced to compensate for the negatively charged anions that cause the polymer to swell. During oxidation of the film, the cationic drug contained in it is released, and the film shrinks [15]. Cycles of film activation between redox states can cause cracks and discontinuities in the film, which can lead to an increased release rate of molecules [16]. Anionic drugs can also be introduced after the polymerization process by doping the polymer with a small anion, which can be the active form of the drug. Under these conditions, the coating oxidizes by incorporating anions and is reduced by releasing anions. In the case of introducing a relatively less mobile ion as a doping agent, both cationic and anionic drugs are simultaneously incorporated and removed [17].



PPy films loaded with anionic drugs (dexamethasone phosphate (DMP); meropenem (MER)) were deposited on the surface of indium tin oxide (ITO)-coated glass electrodes by electropolymerization by Shah et al. [18]. As a result of electrochemical oxidation (at a potential of 1 V) and polymerization of pyrrole on the anode, a layer was obtained. In the polypyrrole layer, the cationic charges were compensated with anionic dopants from the electrolyte (in this case, one of the anionic drugs—DMP or MER). The successful deposition of polypyrrole films on the surface of ITO electrodes was noticeable (i.e., the presence of a black film on the surface of the transparent and colorless ITO electrode). It was observed that the release of relevant drugs (DMP or MER) loaded into PPy films was enhanced upon the application of electrochemical stimulus, providing proof of concept that such materials can form a useful protective coating on the surface of implantable medical devices, potentially reducing adverse reactions to their implantation in vivo [19]. Among the conductive polymers, the self-healing hydrogels were revealed [20]. Electrical conductivity was achieved by the polypyrrole, free ions, and the synergistic effect between the PPy particles and the free ions. The resultant hydrogels have potential applications in electronic skin and biomedical implants. These hydrogels improve mechanical properties such as toughness and stretchability [21].



The presented work includes the use of electrochemical polymerization (using two synthetic protocols) to obtain active polypyrrole layers with incorporated molecules of a neurological drug substance—amantadine hydrochloride. To our knowledge and review of source materials in the literature, there is no yet known amantadine-loaded polypyrrole coating. The obtained layers will be characterized in terms of their use as drug delivery systems neurologically active which is used in medicine. The developed procedure for deposition of the amantadine-enriched coating allows for the control of the mass and morphology of the deposited polymer, which directly affects the amount of encapsulated drug. The proposed system can be prepared on various conductive substrates (e.g., medical steel, platinum), which expands the solution’s applicability. Optimal electrochemical synthesis conditions were developed to obtain coatings with high drug accumulation capacity and very good adhesion to the substrate (class 4B according to ASTM D3359-23, Standard Test Methods for Rating Adhesion by Tape Test, World Trade Organization Technical Barriers to Trade (TBT) Committee, New York, 2023). The process of amantadine release is confirmed and potential controlled, allowing for the control of the release rate.




2. Materials and Methods


2.1. Synthesis


The synthesis was performed in an aqueous medium containing the following ingredients: pyrrole (98%, Sigma Aldrich, Schnelldorf, Germany), amantadine hydrochloride AMA (>98% TLC, Sigma Aldrich, Schnelldorf, Germany), and necessary commercially available heparin sodium salt from porcine intestinal mucosa (HEP) (>180 USP units/mg, Sigma Aldrich, Schnelldorf, Germany) and sodium dodecyl sulphate (>99% Sigma Aldrich, Schnelldorf, Germany). Prior to synthesis, pyrrole was pre-distilled for purification, resulting in a transparent pale yellow liquid, which was then stored in a freezer. The electrolyte solution was prepared by dissolving SDS in distilled water to achieve a concentration of 0.1 M, surpassing the critical micelle concentration of 0.008 M [22]. The monomer solution was prepared at a concentration of 0.2 M with the molar ratio of the components AMA:HEP:Py set at 1:0.005:2. To avoid inhomogeneities, the synthetic solution was freshly prepared just before the experiment. The stainless steel substrate (316L (Stalglass)) was used due to its relevance for biomedical applications (composition: Cr 16%, Ni 10%, Mo 2%, C 0.08%, P 0.045%, S 0.03%, Si 0.75%, N 0.1%). Stainless steel (square, 8 mm × 8 mm) was used as a working electrode (WE) prepared by polishing with sandpaper (ranging from grit 300 to 600 Klingspor, Bielsko Biała, Poland) and washed with distilled water to remove any powder impurities. Subsequently, the substrate was immediately immersed in a 60% ethanol solution for 24 h to prevent the formation of an oxide layer. All measurements were conducted at room temperature. Indium tin oxide-coated PET (60 Ω/sq, 5 mil) (Sigma Aldrich, Schnelldorf, Germany) was immersed in distilled water and acetone before usage.




2.2. Polymerization of AMA/HEP/Py via CV and CR Methods: Procedures Used to Stimulate the Release of Entrapped AMA and HEP


The measurements were carried out in an electrochemical cell containing a reference Ag/AgCl electrode, a counter electrode (platinum spiral), and a 316 L steel plate or ITO as a working electrode. Cyclic voltammetry (CV) was employed for the synthesis and characterization of the deposited polymeric films. The CV analysis was performed using an Autolab PGSTAT12 potentiostat, and the results were analyzed with Autolab software (version 4.9). During the synthesis, two maximum potentials were applied, E = 0.70 V and E = 0.85 V, with different numbers of cycles (20 cycles and 30 cycles) to detect their influence on the deposition process as well as on drug immobilization efficiency. To stimulate the release of the drug substance, chronoamperometry was used with a potential set at either 0.5 or 0.7 V, held for 150 s, and in long term release for 48 h. The scheme of the releasing procedure is shown in Figure 1.




2.3. Characterization of AMA/HEP/PPy Films


Scanning electron microscopy (SEM) was carried out using a Hitachi S4100 microscope equipped with an energy-dispersive X-ray spectrometer (EDS) with an acceleration voltage of 15 keV. For these analyses, the samples were firmly fixed onto a steel sample holder using adhesive carbon tape (SEM Conductive Double sided Carbon Tape, Extra Pure, width: 5 mm, micro-shop). Additionally, the surface of the PPy film was coated with an additional layer of carbon powder using an EMITECH K950X carbon coater to guarantee a conducting surface for the analysis.



The UV-Vis measurements were carried out using a quartz cuvette (Bionovo, Chorzów, Poland) in a Biowave II UV-vis spectrometer (WPA, Biochron, Surrey, UK). For the release stage, the coated samples were fully immersed in a 0.9% NaCl solution and placed along the side wall of the cuvette to allow the diffusion of drug molecules into the bulk of the solution. Aliquots of the solution were taken with a pipette (2.5 mL) and then poured into a measuring cuvette and placed in the UV-Visspectrometer. The solution was then led back to the measuring cell, allowing simultaneous mixing of the solution. The absorption band of AMA was located at 237 nm [23], while the HEP absorption band was observed at 213 nm [24]. The spectra were recorded in real time with readings taken every 15 s, while a constant potential was applied using the AUTOLAB PGSTAT12 potentiostat. The chosen potentials values were based on the respective potentials observed in the CV doping/dedoping cycles. The system worked in air-conditioned room temperature.




2.4. Antimicrobial Activity of AMA/HEP/PPy Films


The biological properties of AMA/HEP/PPy film were tested on the basis of the PN-EN ISO 22196:2007 standard (Measurement of antibacterial activity on plastics and other non-porous surfaces, Technical Committee ISO/TC 61, Plastics, Subcommittee SC 6, Ageing, chemical and environmental resistance, UK, 2011).



Preparation of strains Escherichia coli ATCC 8739 and Staphylococcus aureus ATCC 6538P: bacterial cultures were refreshed twice before analysis by sieving onto slants with nutrient agar and incubated for 24 h at 35 °C ± 1 °C.



Preparing materials for tests: The test and control materials were sterilized with 70% ethyl alcohol in an ultrasonic bath.



Inoculation: Microbial cells were suspended in a sterile nutrient broth with an amount of ~105 cells/mL. The prepared test and control materials were placed in sterile Petri dishes. A dose of inoculum was applied to the surface of each plant and placed in a culture well.



Incubation: Sterile bags containing inoculated test materials and control materials were incubated for 24 h at 35 °C ± 0.1 °C.



According to the standard PN-EN ISO 22196:2007, the crucial R parameter can be calculated according to the Equation (1). The results give information on whether a material shows microbiological activity.


  R =     U   t   −   U   0     −     A   t   −   U   0     =   U   t   −   A   t    



(1)




where:




	
R—value of antimicrobial activity,



	
U0—average of the decimal logarithm of the number of live bacterial cells on control samples immediately after inoculation,



	
Ut—average of the decimal logarithm of the number of live bacterial cells on control samples after 24 h of incubation,



	
At—the average of the decimal logarithm of the number of live bacterial cells on samples tested after 24 h of incubation.








In turn, the percentage value of antimicrobial activity is expressed as Equation (2):


  R [ % ] =    A − B   A    · 100  



(2)




where:




	
R—percentage of antimicrobial activity,



	
A—initial number of bacteria in the suspension contacted with the tested materials, CFU,



	
B—number of bacteria after 24 h of contact between bacteria and the tested material, CFU.










3. Results


3.1. Synthesis and Electrochemical Characterization of AMA/HEP/PPy


PPy was synthesized in the presence of amantadine (AMA) and heparin (HEP) using cyclic voltammetry in a sodium dodecyl sulfate solution. The aim of this study is to prepare a system with a portion of AMA enclosed in the polymer structure. The incorporation of saccharide-type HEP is dictated by its anionic character, which allowed it to serve as a polymeric counterion, balancing the positive charge generated during the growth of PPy chains. At the same time, large HEP molecules can be incorporated into the PPy matrix, interacting with AMA molecules (AMA is a cationic drug). Electropolymerization at a molar ratio of AMA/HEP/PPy 0.1:0.002:0.1 M was induced by cyclic voltammetry in a specify potential range. Two values of maximum potentials were defined: E1 = 0.70 V and E2 = 0.85 V. The process parameters are shown in the table below (Table 1). The samples were numbered, taking into account the process parameters and the used substrate.



An example of the cyclic voltammogram of AMA/HEP/PPy is shown in the figure (Figure 2). In order to characterize the deposition process of the AMA/HEP/PPy system, the CV cyclic voltammetry technique was used in the potential range from −0.45 to 0.85 V and from −0.35 to 0.70 V with respect to the Ag/AgCl electrode.



The CV curves during the synthesis (Figure 1) of the AMA/HEP/PPy system recorded at a potential of 0.85 V were significantly different in shape from the curves obtained at 0.7 V (Figure S1). The curves of the films on the ITO substrate showed a higher current amplitude. The CV curve corresponding to the polymerization process on the steel substrate showed higher current values by two orders of magnitude for f7 and by one order of magnitude for f8 compared to f5 and f6. Oxidation peaks were visible at a potential of 0.05 V and reduction at −0.35 V for f7 and f8. The electropolymerization process was more balanced for the films on the ITO substrate. The process proceeded according to the scheme of pyrrole polymerization, where the monomer was oxidized, cation-radical coupling occurred, and less soluble chains were formed and grew, which adsorbed on the electrode surface. The electrochemical synthesis process on a steel substrate was less effective, but it produced a more electrochemically active film (doping and dedoping peaks were visible). The higher applied potentials led to intensive oxidation of the monomer, which did not undergo further effective polymerization. Hysteresis appeared on the CV with each subsequent cycle (the cathodic current intensity was higher than the anodic current), which may indicate changes in the nature of the substrate during the process.



The ITO and steel electrodes were fully coated with AMA/HEP/PPy layers prepared according to the given procedures. To characterize the polypyrrole films, cyclic voltammograms of the obtained films were recorded in the SDS environment.



The CV curves of f5 and f6 films (Figure S2) do not overlap, and after each cycle, the curves change, which indicates low electrochemical stability. On the surface of the working electrode, intensive ion exchange occurs in the electrolyte solution [25]. The electrolyte solution became colored and turned turbid, which was caused by dissolution of oligomers and migration to the film, which can be observed as a decrease in current intensity. The CV curves (Figure 3) showed higher values of current intensity for all films, compared to the curves in the Figure S2. The widest amplitudes of the curves were visible for the films on the steel substrate, which indicates their charge storage ability. The curves for f7 and f8 overlap, indicating better electrochemical stability compared to f5 and f6. The table (Table 2) summarizes the values of electrochemical stability and film thickness calculated according to the Equations (3) and (4).


  S =      Q   10   +       Q   2   +      · 100 %  



(3)




where:




	
    Q   10   +    —the charge of the last doping half cycle [C],



	
    Q   2   +    —the charge of the second doping half cycle [C].










  g =      q   p o l ·   M   m o n       n · F ·   A   w   · ρ     



(4)




where:




	
g—the thickness of the dry polymer film formed in the electropolymerization process, [cm],



	
    q   p o l    —the total charge of the polymerization process, expressed as the charge of the last polymerization cycle,



	
    M   m o n    —molar mass of monomer [g·mol−l],



	
n—the number of electrons involved in the oxidation of one monomer unit, (2.3 for pyrrole [23],



	
F—Faraday’s constant, (96.48 C·mol−1);



	
Aw—the surface of the working electrode covered with a polymer film, (cm2),



	
ρ—approx. film density (1.48 g·cm−3) [26].








The increase in the potential window during synthesis and the number of cycles influenced the increase in the film thickness, especially for f4 by about 50%. Increasing the potential window during synthesis influenced as well the electrochemical stability of the obtained films on both substrates. Increasing the number of cycles for coatings on ITO substrate at the applied lower potential of 0.7 V resulted in a decrease in the value of film stability. In the case of coatings obtained at 0.85 V, the stability of the coatings increased. Compared to coatings obtained on ITO, on steel, an increase in the number of potential cycles resulted in a decrease in the stability of coatings for E = 0.7 V and an increase in the stability of coatings at E = 0.85 V. In the polymer formation process, both anions and electrons moved through the film. In the subsequent reduction, the electroneutrality was restored by pushing out anions or by incorporating cations from the electrolyte solution. After applying a positive potential, the neutral film was oxidized and anions were absorbed or cations were rejected. The redox activity of the polymer was regulated by the electron transfer reaction and mass transport process. The decrease in stability values upon potential reduction was related to the difficulty of mass transport or electron transfer.




3.2. Morphology of AMA/HEP/PPy Films by SEM


Scanning electron microscopy was used to analyze the morphology of the deposited AMA/HEP/PPy films in pristine post-synthetic form and after the release event (results reported in the following section).



The films deposited on the steel substrate (Figure 4) showed a compact, smooth structure, where there was no visible organized structure. After release, the film became corrugated. Due to the potential release, the HEP molecules with high mass and AMA surface-bonded to PPy came out of the coating, hence the release voids were visible in the SEM image (marked with circles in Figure 3). Due to electrical stimulation, the drug substances bound by electrostatic interactions to oxidized PPy were released. In the case of the f7 film, after release, clusters were visible revealing a cauliflower-like structure (Figure S3), typical for PPy. The microstructures of the films on the steel substrate were different. During the synthesis, the micelle adsorption was less efficient, hence only trace amounts of the scaffold are visible, changing the structure to a more typical one (cauliflower-like).




3.3. Adhesion Tests of AMA/HEP/PPy Films


Adhesion tests were performed according to the ASTM D3359-23 standard. The investigation included Test Method B—cross-cut tape test. The test results of the obtained films were classified according to the requirements of the standard. The results are shown in the table (Table 3) and in the figure (Figure S4).



Based on the results, it is evidenced that AMA-added coatings improved the adhesion of the coating to the ITO substrate. The f3 film flaked along the edges of the cuts, the damaged area was within 60%, and the f2 coating was damaged within 35% of the grid. The results showed significantly better adhesion for the films on the steel substrate. The f7 film showed the best adhesion, with only small flakes peeling off at the line intersections (less than 5% of the area). The f5 coating peeled off within 15% of the cut grid area, and the f6 coating peeled off within 3%.




3.4. Short-Term Release of AMA and HEP from AMA/HEP/PPy Films


UV-Vis spectra (Figure 5) of solutions were recorded during the release of medicinal substances from AMA/HEP/PPy films. The initial spectrum was marked in blue, and then the next ones were recorded every 15 s. The spectrum after 150 s was marked in red.



Each spectrum showed characteristic bands corresponding to AMA λ = 269 nm [26,27] and HEP λ = 213 nm [28], and the absorbance values were converted to concentrations using absorption coefficients ε = 3.9∙104 cm−1  ·  M−1 [29] for AMA and ε = 5500 cm−1  ·  M−1 for HEP and are listed in the table below (Table 4). The absorbance value in the range of 200–220 nm is related to π-π* electron transitions in C=C bonds or n-π* from nitrogen atoms in amine groups. The highest concentrations of AMA were visible for solutions taken during desorption from the cell, in which the film was placed on a steel substrate. The HEP concentration values were six orders of magnitude lower compared to the AMA concentrations due to its lower molar fraction in the monomer solution and its high molecular weight.



The highest value of AMA concentration in solution was visible after the procedure of 0.7 V release from f7 film and the lowest for the procedure of diffusion release. It was observed that drug molecules were detached from the matrix more efficiently under the influence of higher potential. Drug concentration in solution after diffusion release showed one order of magnitude lower values compared to potential release. At the structural level, it could be concluded that during the oxidation reaction, the volume of the PPy matrix increased, which led to the release of the cationic drug (AMA) in a process called “cation-driven activation”. The expansion and increase in the volume of the polymer was controlled by changing the applied voltage. A higher value of the applied voltage caused intensification of the oxidation process, allowing for control over the release of drug molecules. This proved that the prepared AMA/HEP/PPy coatings were useful for the construction of drug delivery systems.



Based on the obtained data from UV-Vis spectra, the release efficiency of the active substance (RE) was calculated. RE was calculated as the ratio of c3 to c1, where c3 was the concentration of the substance in the solution after release, and c1 is the concentration of the active substance introduced into the matrix during synthesis. The value of c1 was calculated from the difference between the initial concentration of the active substance in the solution (c0) and its concentration after synthesis (c2). The values were converted to percentages. The table below (Table 5) also included the AMA encapsulation efficiency in polypyrrole films with the uncertainty calculated using the total differential, calculated on the basis of UV-Vis spectra data and Equation (5).


  E E =      d r u g   c o n c e n t r a t i o n   i n   t h e   p o l y m e r   f i l m   d r u g   c o n c e n t r a t i o n   i n   t h e   s o l u t i o n   d u r i n g   s y n t h e s i s      · 100 %  



(5)







The entrapment percentage for AMA was the highest for f7 (39.5%) and for f3 (31.5%) (Table 5), which was related to the higher roughness of the layers. The EE of AMA ranged from 17 to 39.5%. This system helped to accumulate high AMA values. Direct comparison with the literature data is impossible due to the novel nature of the proposed system. However, in the literature data, the EE in PLA nanospheres ranged from 19 to 30%, depending on the particle size (81 to 113 nm) [30]. The active substance release efficiency for both AMA and HEP showed high values reaching up to 47%. These values were much higher than those of the literature data, which allowed us to conclude that the proposed AMA/HEP/PPy system can be used for further studies in order to use it as a drug delivery system.




3.5. FTIR Analysis of AMA/HEP/PPy Films Before and After Release of AMA and HEP from the Polypyrrole Matrix


FTIR studies were performed to confirm the incorporation of AMA and HEP into the PPy matrix and after the desorption process, to determine the loss after the release process (Figure 6).



The results are shown in Figure 5. PPy-related bands were identified at 1313 cm−1, corresponding to the C-H in-plane deformation of PPy and N-H bending. Bands at 1074 cm−1, 1047 cm−1, 1012 cm−1, and 811 cm−1, attributed to the C-H wagging mode, along with a signal at 727 cm−1 were also detected. Bands at 1546 and 1452 cm−1 are associated with the fundamental vibration of the pyrrole ring, while the in-plane vibration of =C–H was observed at 1298 and 1039 cm−1. The vibration of the C–N bond corresponded to the band occurring at around 1196 cm−1. This analysis suggests a successful polymerization process resulting in PPy formation. Bands associated with HEP were detected at the following positions: 1487 cm−1, assigned to C=C stretching; 1430 cm−1, to the symmetric stretching of the carboxy group; and 932 cm−1, assigned to C-O-S stretching and C-O-C glycosidic bonds. The bands belonging to AMA were as follows: 1455 cm−1—band related to bending vibrations of N-H groups; 1354 cm−1—stretching vibrations of C-N bonds; 1110 cm−1; 974 cm−1 stretching vibrations of C-C bonds in the cycloalkyl ring [31]. The transmittance intensities of the 1455 cm−1 band corresponding to AMA were compared for AMA/HEP/PPy coatings before and after the desorption process. These values are estimated and exemplary, and they refer to the spectrum recorded in the middle part of the sample. The band intensity is the highest for the synthesized films, and the lowest after release at 0.7 V. The changes in the band intensity are visible after the release of AMA and HEP from the polypyrrole matrix. The largest difference in transmittance before desorption to the band after release was detected for the band 1455 cm−1 for f4 and f7 after stimulation with a potential of 0.7 V.




3.6. Long-Term Release of AMA and HEP from AMA/HEP/PPy Films


For the most promising systems, long-term release studies of drug substances were conducted (time scale of experiment: 48 h). The selection criterion was based on the possibility and effectiveness of providing a daily therapeutic dose, standardly used in the treatment of Alzheimer’s disease. The studies were carried out according to the procedure described in Section 2.2. UV-Vis spectra of solutions during the release of drug substances from the films were recorded at a frequency of every 15 min for the first hour, every 20 min for the second hour, every 30 min during the third hour, every 60 min during 12 h, and every 240 min for the rest of the time. The spectra are presented in the figures below (Figure 7). Then, the cumulative release curves (CR—cumulative release) were prepared by plotting the relationship between the concentration of the drug released at time t and the total concentration of the solute (this value corresponds to the maximum concentration achieved during the release procedure from the matrix):          M   t       M   ∞          = f(t). Selected mathematical models were fitted to the curves based on experimental data, which allowed for the description of the kinetics of the release of substances from the polymer network, including thin polymer films [32]. The mathematical models are summarized and briefly characterized in the table below (Table 6).



The first example of a mathematical model aimed to describe drug release from a matrix system was proposed by Higuchi [33]. Initially conceived for planar systems, it was then extended to different geometrics and porous systems [34]. The Avrami model was originally constructed to describe crystallization kinetics [35], but over time, it was adapted to simulate drug release from matrices. The value of n exponent estimates the type of release mechanism: a diffusion-controlled process for n between 0.5 and 1 with higher values indicating mechanisms involving swelling or degradation. Hence, it can provide insight into a mechanism of release process. The Avrami model is applicable for drug release simulation from a thin polymer matrix [36], especially for longer deposition times [37].



The UV-Vis spectra obtained for the f7 film were compared, and the concentration dependence curves for the active substance were plotted, on the basis of which analogous mathematical modeling was performed, which was the basis for the kinetic description of AMA and HEP from the AMA/HEP/PPy system (Figure 5).



AMA and HEP bands were identified, and absorbance values were recorded for the given wavelengths (Figure 7a). The release curves of AMA (Figure 7b). and HEP (Figure 7c). were plotted, for which 90% CR was achieved for AMA after 48 h, while for HEP, it was after 40 h. The best fit to the release curves was provided by the Avrami model. The calculated parameters of the tested models are listed in the table below (Table 7).



The parameters’ n values indicate that the release processes for both molecules are described by first-order kinetics. The minor differences between the k and n parameters were obtained for applied fitting models depending on substrate, and still higher values were noted for the f3 film on a steel substrate than that for the ITO one. It indicates a slightly more restricted release of molecules from the matrix of the samples deposited on the steel substrate. According to the literature, to obtain a therapeutic effect during the use of the drug, patients usually have to take AMA in daily doses of about 274 mg with the possibility of increasing to 400 mg [38,39]. The proposed systems could provide a dosage of 281 mg per day (calculated based on 1 cm3 of the deposited sample), covering part of the range of concentrations necessary to obtain therapeutic effects.




3.7. Microbiological Tests


In order to verify the possibility of using drug dosing systems in medical applications, the antibacterial activity of the steel plate surface was measured based on PN-EN ISO 22196:2007. The designations of the samples subjected to microbiological analysis are presented in the table below (Table 8).



A slight reduction of microorganisms around the materials contacted with the Gram-negative strain occurs in the area of the BBT4 material (marked as 4). However, due to the lack of a homogeneous area, no growth inhibition zone was determined for it. The material (BBT3) contacted with the Gram-positive strain Staphylococcus aureus (S. aureus) shows a growth inhibition zone after 24 h of incubation. The size of the inhibition zones is presented in the figure (Figure 8), and it was equal to 7 mm according to S. aureus.



Antimicrobial activity for S. aureus: The degree of reduction was determined for the BBT3 material. The obtained results indicate that the materials have a biocidal effect. The reference material (B) did not show any biocidal properties. The data obtained during the experiment are summarized in Figure 9.



The degrees of reduction of S. aureus and E. coli bacteria after 24 h of contact of the tested materials with microorganisms were equal to 71.42% (reduction log 1.48) for E. coli and 93.94% (reduction log 4.13) for S. aureus.



The antibacterial properties of the BBT3 material allows it to be considered as a material with antibacterial potential in the presence of the S. aureus strain, with reduction ratio indices above 2 (BBT3). The percentage reduction ratio indicates a 90–100% reduction of bacteria in the suspension.





4. Discussion


The increase of the potential window during synthesis and the number of cycles influenced the increase of the layer thickness. The most effective polymerization process and electrochemical stability of the coatings were visible for f7. Increasing the potential window during synthesis influenced the increase of the process and electrochemical stability of the obtained coatings on both substrates. After the release of AMA and HEP, single globular structures with a diameter of 0.05 µm were visible. AMA increased the adhesion of the coating to the ITO substrate. The results indicate a significantly better adhesion for the films on the steel substrate. The f7 film showed the best adhesion, as only small flakes of the coating were detached at the intersections of the lines (less than 5% of the area). The f5 coating detached in 15% of the area of the incision grid and f6 from the area of 30%. The release efficiency of the active substance for both AMA and HEP showed high values reaching even 47%. These values were much higher than those of the literature data, which allowed us to conclude that the proposed AMA/HEP/PPy system can be used for further studies on its use as a drug delivery system.




5. Conclusions


AMA and HEP were successfully incorporated into the PPy matrix. The films deposited on the steel substrate showed a compact, smooth structure, where there were no visible organized structures. After release, the film became corrugated. AMA-added films improved the adhesion of the coating to the ITO substrate. The f7 film showed the best adhesion, with only small flakes peeling off at the line intersections (less than 5% of the area). The short-term release of AMA and HEP showed promising results for film f7. Based on short-term results, long-term tests were conducted. For the AMA/HEP/PPy system, the most effective film in terms of drug release from the matrix (based on short-term release studies) was selected for the steel and ITO substrates, and release curves were plotted. The best fit of the experimental curves was obtained using the Avrami model. The curves showed an n-factor above 0.54, indicating first-order release kinetics with a significant matrix effect on this process. DDS released the drug at a constant rate, thus maintaining the drug concentration in the therapeutic window for a longer period. The release curves indicate a 95% efficiency of AMA release over the studied time period and protocol. The proposed system was able to provide a daily dose that ensures a therapeutic effect. This was a significant step towards developing systems capable of delivering a wider range of doses, potentially in line with the full spectrum recommended for therapeutic efficacy. The antibacterial properties of the material can be considered as a composite with antibacterial potential in the presence of the S. aureus strain. The percentage reduction ratio indicates a 90–100% reduction of bacteria in the suspension.




6. Patents


Research based on the databases developed from the patent application: Kulik S., Golba S., Stodolak Zych E., Kurpanik R., Polymer composite based on polypyrrole, implant with a coating of a polymer composite based on polypyrrole and a method of manufacturing an implant with a coating of a polymer composite based on polypyrrole. Application data: 17 September 2024. Confirmed number: P.449842.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/coatings14111389/s1, Figure S1: Synthesis of AMA/HEP/PPy in 0.1 M SDS: (a) f1; (b) f5; (c) f2; (d) f6. Figure S2: Cyclic voltammogram of AMA/HEP/PPy films in doping/dedoping state of: (a) f1; (b) f5; (c) f2; (d) f6. Figure S3: SEM images of the film f7 AMA/HEP/PPy on steel substrate: (a,c) before AMA and HEP release; (b,d) after 0.7 V potential release of AMA and HEP. Figure S4: Adhesion test of AMA/HEP/PPy films before and after the adhesion test: on ITO substrate (a) f1; (b) f2; (c) f3; (d) f4; (e) f5; (f) f6; (g) f7; (h) f8.
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Figure 1. Scheme of potential release of AMA and HEP from PPy matrix. 
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Figure 2. Cyclic voltammograms during synthesis of AMA/HEP/PPy films: (a) f3; (b) f7; (c) f4; (d) f8 (abbreviation explained in Table 1). 
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Figure 3. Cyclic voltammograms of AMA/HEP/PPy films: (a) f3; (b) f7; (c) f4; (d) f8 (abbreviation explained in Table 1). 
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Figure 4. SEM images of the film f5 AMA/HEP/PPy on steel substrate: (a,c) before AMA and HEP release; (b,d) after 0.7 V potential release of AMA and HEP (voids after release of AMA and HEPmarked with yellow circles). 
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Figure 5. UV-Vis spectra during the release of AMA and HEP from the f7 AMA/HEP/PPY film: (a) at a constant potential of 0.5 V; (b) at a constant potential of 0.7 V; (c) diffuse. 
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Figure 6. FTIR spectra of AMA/HEP/PPy films synthesized on ITO substrate: (a) Reference samples—blue line for pyrrole, green for amantadine, red for heparin, and black for sodium dodecyl sulfate; (b) film f3; (c) f4; (d) f7, where (red line—synthesized film, black—film after 0.7 V release, blue—film after 0.5 V release, green—film after diffusion release) yellow dot—AMA, red—HEP, and black—PPy. 
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Figure 7. (a) UV-Vis spectrum of the solution during the release of AMA and HEP from the f7 film and the kinetic curves of the release of (b) AMA and (c) HEP with the simulation curve fitted by the Avrami model. 
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Figure 8. Growth inhibition zone visible around the tested materials on agar media (MHA) after 24 h of bacterial culturing with Escherichia coli (E. coli EC) and S. aureus (SA). 
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Figure 9. Inoculation of S.aureus on PCA medium; reading 24 h after inoculation on the tested material BBT3. 
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Table 1. Electrochemical synthesis parameters of AMA/HEP/Py.
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Potential

	
No Scan

	
Film

	
Substrate






	
E1max = 0.70 V

	
20

	
f1

	
ITO




	
30

	
f2




	
E2max = 0.85 V

	
20

	
f3




	
30

	
f4




	
E1max = 0.70 V

	
20

	
f5

	
Steel




	
30

	
f6




	
E2max = 0.85 V

	
20

	
f7




	
30

	
f8











 





Table 2. Electrochemical stability and thickness of AMA/HEP/PPy film deposited on ITO and steel substrates.
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E = 0.70 V, c = 20

	
E = 0.70 V, c = 30




	
Substrate

	
S [%]

	
g [µm]

	
Substrate

	
S [%]

	
g [µm]






	
ITO f1

	
94.94

	
0.017

	
ITO f2

	
75.84

	
0.019




	
Steel f5

	
73.29

	
0.011

	
Steel f6

	
61.41

	
0.12




	
E = 0.85 V, c = 20

	
E = 0.85 V, c = 30




	
Substrate

	
S [%]

	
g [µm]

	
Substrate

	
S [%]

	
g [µm]




	
ITO f3

	
71.70

	
0.036

	
ITO f4

	
83.63

	
0.078




	
Steel f7

	
93.80

	
0.13

	
Steel f8

	
112.56

	
0.14











 





Table 3. Classification of AMA/HEP/PPy film adhesion test results according to ASTM D3359-23 standard (Standard Test Methods for Rating Adhesion by Tape Test, World Trade Organization Technical Barriers to Trade (TBT) Committee, New York, 2023).
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	Process Parameters
	N° Scan
	Film
	Substate
	Classification





	E1max = 0.70V
	20
	f1
	ITO
	0B



	E1max = 0.70V
	30
	f2
	ITO
	2B



	E2max = 0.85V
	20
	f3
	ITO
	1B



	E2max = 0.85V
	30
	f4
	ITO
	0B



	E1max = 0.70V
	20
	f5
	Steel
	3B



	E1max = 0.70V
	30
	f6
	Steel
	2B



	E2max = 0.85V
	20
	f7
	Steel
	4B



	E2max = 0.85V
	30
	f8
	Steel
	1B










 





Table 4. List of concentrations of AMA and HEP after release from PPy matrix obtained from UV-Vis spectra.
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Film

	
C for 0.5 V release [M]

	
C for 0.7 V release [M]

	
C for diffusion release [M]




	
HEP

	
AMA

	
HEP

	
AMA

	
HEP

	
AMA






	
f1

	
9.09 × 10−6

	
8.46 × 10−1

	
1.82 × 10−6

	
1.77 × 10−1

	
3.64 × 10−6

	
6.15 × 10−1




	
f2

	
3.27 × 10−5

	
1.62 × 101

	
5.82 × 10−5

	
2.23 × 101

	
7.27 × 10−6

	
3.85 × 10−1




	
f3

	
9.09 × 10−5

	
1.92 × 101

	
7.09 × 10−5

	
3.15 × 101

	
1.09 × 10−5

	
6.92 × 10−1




	
f4

	
9.09 × 10−6

	
8.46 × 10−1

	
1.82 × 10−5

	
1.77 × 101

	
3.64 × 10−6

	
6.15 × 10−1




	
f5

	
7.27 × 10−5

	
2.92 × 101

	
6.55 × 10−6

	
7.69 × 10−1

	
1.09 × 10−5

	
1.54 × 10−1




	
f6

	
2.73 × 10−5

	
1.00 × 101

	
8.36 × 10−5

	
1.85 × 101

	
1.82 × 10−5

	
4.62 × 10−1




	
f7

	
2.36 × 10−5

	
2.00 × 101

	
4.91 × 10−5

	
3.85 × 101

	
1.64 × 10−5

	
8.46 × 10−1




	
f8

	
5.45 × 10−5

	
1.38 × 101

	
5.82 × 10−5

	
2.77 × 101

	
9.09 × 10−6

	
6.92 × 10−1











 





Table 6. Mathematical models describing controlled release kinetics.
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	Model
	Analytical Relations
	Description





	Korsmeyer–Peppas (Power)
	        M   t       M   ∞      =   k   p   ·   t     n   p       
	       M   t       M   ∞           is   the   fraction   of   drug   released   over   time   t ,     k   p        is   the   Power   release   rate   constant ,   and     n   p     is the Power release exponent

  The   value   of   n   characterizes   the   drug   release   mechanism .   To   find   the   exponent   n ,   only   part   of   the   release   curve   was   used ,   where        M   t       M   ∞          < 0.6. If n = 0.5, the release process is described as diffusion controlled, and if n = 1, the process is non-Fick diffusion, and other controlling factors are present (e.g., swelling)



	Avrami
	       M   t       M   ∞      = 1 − e x p ⁡ ( −   k   A   ·   t     n   A      )
	       M   t       M   ∞           is   the   fraction   of   drug   released   over   time   t ,    n A    is   an   Avrami   parameter ,   and     k   A     is the Avrami release rate constant. The value n = 1 indicates a first-order kinetic process (perturbed diffusion), and n = 0.54 corresponds to diffusive release kinetics










 





Table 7. Fitting parameters of AMA release kinetics curves obtained from mathematical simulations using the Avrami and Korsmeyer–Peppas models.
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System

	
Film

	
Drug

	
Model

	
Avrami Fitted Parameters




	
R2 (Avrami)

	
R2 (K-P)

	
k

	
n






	
AMA/HEP/PPy (steel)

	
f3

	
AMA

	
0.970

	
0.922

	
0.019 ± 0.036

	
0.973 ± 0.057




	
HEP

	
0.981

	
0.969

	
0.025 ± 0.048

	
0.969 ± 0.071




	
AMA/HEP/PPy (ITO)

	
f7

	
AMA

	
0.961

	
0.911

	
0.017 ± 0.029

	
0.961 ± 0.054




	
HEP

	
0.975

	
0.911

	
0.018 ± 0.039

	
0.953 ± 0.069











 





Table 8. Designations of coatings used in microbiological tests.
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Name

	
System

	
Parameter of Synthesis






	
BBT3 (f7)

	
AMA/HEP/PPy

	
E = 0.85 V, 20 c




	
BBT4 (f7)

	
AMA/HEP/PPy




	
A control

	
steel substrate 316l

	
-




	
B control

	
steel substrate 316l

	
-











 





Table 5. Release efficiency (RE) of AMA and HEP and encapsulation efficiency (EE) of AMA in polypyrrole films.






Table 5. Release efficiency (RE) of AMA and HEP and encapsulation efficiency (EE) of AMA in polypyrrole films.





	Film
	AMA RE [%]
	HEP RE [%]
	AMA EE [%]
	m AMA Released [mg·cm−3]





	f1
	19.10 ± 0.25
	8.90 ± 0.25
	1.77 ± 0.11
	1.79 ± 0.12



	f2
	28.44 ± 0.35
	24.04 ± 0.32
	22.30 ± 0.23
	2.26 ± 0.16



	f3
	34.61 ± 0.41
	33.96 ± 0.51
	31.50 ± 0.28
	3.19 ± 0.20



	f4
	30.12 ± 0.32
	26.87 ± 0.28
	17.70 ± 0.12
	1.79 ± 0.17



	f5
	17.02 ± 0.32
	12.08 ± 0.23
	7.69 ± 0.0