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Abstract: Adsorption and desorption properties of nano-hydroxyapatite (HAP) and silicon-modified
hydroxyapatite (Si–HAP) were investigated with 4-aminopyridine (fampridine-4AP). The novelty
of this research is the investigation of the suitability of the previously mentioned carriers for drug-
delivery of 4AP. UV-VIS spectrophotometric results showed that the presence of silicon in the carrier
did not significantly affect its adsorption capacity. The success of the adsorption was confirmed by
thermal analysis (TG/DTA), scanning electron microscopy (SEM)/energy dispersive X-ray (EDX),
Fourier transform infrared (FTIR) spectroscopy, and X-ray powder diffraction (XRPD). Drug release
experiments, performed in simulated body fluid (SBF), revealed a drug release from Si–HAP that
was five times slower than HAP, explained by the good chemical bonding between the silanol groups
of the carrier and the 4AP functional groups. The electrochemical measurements showed a value
of the polarization resistance of the charge transfer (Rct) more than five times smaller in the case of
Si–HAP coating loaded with 4AP, so the charge transfer process was hindered. The electrochemical
impedance results revealed that electron transfer was inhibited in the presence of 4AP, in concordance
with the previously mentioned strong bonds. The silicon substitution in HAP leads to good chemical
bonding with the drug and a slow release, respectively.

Keywords: 4-aminopyridine; hydroxyapatite; drug adsorption; electrochemistry

1. Introduction

Various drugs can be easily introduced into the human body using nanotechnology
and nanomaterials. The real effects of nanotechnologies in the field of human medicine
remain limited, as many of the key properties of these materials remain unknown [1].
However, the closer we get to the knowledge of diseases at the molecular level, the easier
it will be to apply nanotechnologies in the future. Hydroxyapatite (HAP) is one of the
few nanomaterials that are able to deliver drugs to the body without interfering with
physiological processes [2].

HAP is a calcium phosphate with a high specific surface area, low water solubility,
corrosion resistance and ion exchange capacity. HAP has mainly been used in dentistry
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and implantology [3–6], but at the same time as the development of nano-HAP, its study as
a drug carrier [7,8] has come to the forefront of research.

In our previous researches, we already investigated the sorption properties of HAP and
various HAP-based composites with different adsorbates [9–13]. The additives, structural
modifications and the adsorption efficiency were greatly influenced by the nature of the
adsorbent. Synthetic and natural active substances showed different release profiles of
the same carrier [9]. Functionalized coated HAP nanoparticles were used by others for
sustained release of amoxicillin which was confirmed on animal experiments and was
assigned to the antibacterial and bioactive properties of the used nanostructures [14].

Generally, the presence of the appropriate amount of silica in the HAP structure
increases the adsorption efficiency [11,15] because of the increased possibility of interactions
with specific molecules [16]. Many researchers have conducted significant efforts to study
the synthesis of silicon-substituted hydroxyapatite, with the result indicating that SiO4

4−

ion substituted PO4
3− group site in apatite structure [17,18]. Mostafa et al. showed

that silicate substitution was dominated by two charge compensation mechanisms acting
simultaneously: firstly, SiO4

4− and CO3
2− groups were substituted for two PO4

3− groups,
and secondly, the SiO4

4− group was substituted for one PO4
3− group, and a vacancy was

formed in the OH− site. Moreover, the imperfections introduced by silicon substitution
may play an important role in enhancing bioactivity [18]. Although studies on the drug-
binding properties of silica-modified hydroxyapatite (Si–HAP) composites are incomplete
in the literature, the mesoporous silica and mesoporous silica-HAP composites are a highly
researched field because of their excellent adsorption capacity. Particle structure, pore
size, and pore length also play important roles in the drug binding process [19]. Research
with ibuprofen (IBU) has shown that hydrogen bonds between silanol (Si–O–H) groups
and carboxyl (–COOH) or hydroxyl (–OH) groups of IBU play a significant role in the
process [16]. Similarly, in the case of mesoporous silica-HAP composites, the mesoporous
silica can also be attributed to the electrostatic bonds formed between Ca2+ cations and the
carboxyl group of the IBU molecule [20].

The decrease of the released amount of a drug depends on the drug–HAP interaction
between the groups [21] and on the pore length of the carrier material [17]. Rafaela C. R. dos
Apostolos et al. prepared mesoporous silica-HAP composites containing methacrylic acid and
copper, which are suitable for the incorporation and regular release of methotrexate (anticancer
drug) [22]. Due to the forming interactions, the release kinetics of atenolol from HAP-
containing composites was optimal and the effect of the pore size was less significant [23].

As can be seen from the above, in addition to the use of HAP and HAP composites
as drug carriers for antibacterial and anti-inflammatory agents, it is also suitable for the
binding of other diseases’ active substances.

Fampridine (4AP), chemically known as 4-aminopyridine, is currently the only phar-
maceutical ingredient that is approved by the major regulatory bodies (U.S. Food and Drug
Administration—FDA, European Medicines Agency—EMA) for the improvement of walking
in patients with multiple sclerosis (MS) [24]. Nowadays, more than 2 million people suf-
fer from MS, which is the most common cause of disability in the juvenile population [25].
Fampridine is available as 10 mg prolonged-release film-coated tablets, in the form of an
HPMC matrix formulation, with a general posology schedule of two times per day [26]. The
active substance is freely soluble in water and purified, being classified as a class I substance
according to the Biopharmaceutical Classification System, meaning that its permeability is
complete at the site of administration [27]. Its mechanism of action lies in its potential to
block the voltage-dependent potassium channels (Kv1), contributing to the improvement
of the action potential propagation in demyelinated axons [28,29]. The extensive literature
survey concerning the analytical methods that have been developed so far for the analysis
of 4AP implies the use of HPLC methods [30–34], LC-MS techniques [35–37], as well as
simple UV-spectroscopic determinations [38,39]. A reference method for the in vitro release
kinetics of the active substance has been disclosed by the FDA, which uses the paddle
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method, at 50 rpm, in 900 mL phosphate buffer solution at pH = 6.8, with specific sampling
time points of 0.5, 1, 2, 4, 6, 8, 10, and 12 h [40].

Nowadays, the study of the adsorption of 4AP on bio-carriers is a less common
research theme. Quantum chemical calculations (DFT) showed that 4AP was able to bind
covalently through nitrogen with fullerene-like nanostructures. Secondary interaction
could occur between the potassium atom of the “cage” and the hydrogen atom of the 4AP
amine group [41]. Empirical experiments investigated the adsorption of 4AP on loughlinite
(Na2Mg3Si6O16·8H2O) using infrared spectrophotometry. It was demonstrated that the
surface silanol groups played an important role in the adsorption process [42].

HAP and its modified composites are mainly studied in the literature for use in
implantology. These biomaterials have proven to be successful drug carriers for both
anti-inflammatory and antibiotic drugs. The aim of the present study was to investigate
the before-mentioned bioceramics, with biocompatibility and excellent adsorption prop-
erties, as drug carriers for fampridine. This study is of primary importance as the proper
functioning of the immune system is very important in patients with multiple sclerosis.
HAP can be an excellent drug carrier, even in patients with such a disease, as it elicits a
minimal immune response in the human body through its biocompatibility [43–46].

2. Materials and Methods

Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, purity ≥ 99%), diammonium hydrogen
phosphate ((NH4)2HPO4, purity ≥ 98.0%), sodium silicate (Na2SiO3·5H2O) and ammonia
solution (25%) were purchased from Carl Roth GmbH (Germany) and were used as starting
materials for the preparation of HAP and Si–HAP. Fampridine was obtained from Procos
S.p.A. (Cameri, Italy).

The salts used to prepare simulated body fluid (SBF), and the electron transfer agents
for electrochemical measurements (K3[Fe(CN)]6/K4[Fe(CN)]6), were supplied from Sigma
Aldrich (Burlington, MA, USA). The chitosan solution was obtained by dissolving 10 mg
chitosan (Sigma Aldrich, from crab shells) to 10 mL of 0.1 M acetic acid, followed by a
sonication step, for 30 min.

All reagents were of analytical degree and were used without further purification.
Distilled water was used for preparing aqueous solutions of different concentrations by
dissolving the appropriate weights of salts.

2.1. Characterization

A Jasco V-650 UV-VIS double-beam spectrophotometer (Tokyo, Japan) was used for
adsorption (in the liquid phase) and desorption measurements. Fourier transform infrared
(FTIR) measurements were performed using a Bruker VECTOR 22 spectrophotometer
(Reston, VA, USA). The samples were measured in the solid phase using KBr pellets. In
order to investigate the crystallinity of the prepared materials, powder X-ray diffraction
(XRPD) was carried out with a Bruker D8 Advance diffractometer (Berlin, Germany), using
CuKα radiation at 40 KV, 40 mA, and λ = 1.54060 Å.

Scanning electron microscopy (SEM) images were obtained with a CFEG SEM Hitachi
SU8230 microscope (Japan) connected to an AZtec 80 X-Max Oxford Instruments EDX
detector (Oxford, UK).

Thermogravimetry (TG) and differential thermal analysis (DTA) investigations of the
samples were measured with TA Instruments SDT Q600 equipment (New Castle, DE, USA),
under nitrogen atmosphere between 30 ◦C and 1000 ◦C, at a heating rate of 10 ◦/min. The
amount of 4AP bound to the carriers’ surface and the amount of 4AP in the pores were
calculated by the following equations [47]:

l4AP,s =
[Wcls − Wc]30–225

mc

l4AP,p =
[Wcls − Wc]225–1000

mc
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where l4AP,s—the amount of 4AP bound to the surface (g 4AP/g carrier); l4AP,p—the
amount of 4AP in the pores (g 4AP/g carrier); mc—the amount of carrier (g); W—the
weight loss calculated from the TG curve (g); Wcls—the weight loss of the drug-loaded
carriers between 30–225 ◦C and 225–1000 ◦C; Wc—the weight loss of the carrier also in
these temperature ranges.

Electrochemical measurements were performed with an AutoLab potentiostat (PG-
STAT302N EcoChemie, Utrecht, Netherlands) controlled by FRA 2.1 software for impedance
measurements. The experimental impedance data were fitted using ZSimpWin 3.21 soft-
ware and an appropriate equivalent electric circuit in order to correlate the values of circuit
components with the processes occurring in the electrochemical cell. The pH measurements
were made using a glass electrode connected to a Pracitronic pH meter (Dresden, Germany).

2.2. Preparation of HAP and Si–HAP

HAP was prepared by precipitation method as previously described [12]. Briefly, the
0.15 M Ca(NO3)2·4H2O solution was added to the 0.09 M (NH4)2HPO4 solution under
vigorous stirring, and ammonia solution (25%) was used to adjust the pH to 11. The Si–
HAP, with 10 mass % of silica, was prepared by mixing firstly 0.0032 M Na2SiO3 with
the Ca2+ precursor, and then the 0.09 M (NH4)2HPO4 solution was added to the resulting
solution. Both mixtures were stirred at room temperature for 24 h and then washed three
times with distilled water. The white precipitate was dried for 24 h at 105 ◦C.

2.3. Adsorption of 4AP on HAP and Si–HAP Carriers

The following procedure was used to prepare HAP-4AP and Si–HAP–4AP drug-
loaded carriers. Different concentrations (5, 10, 15, 17, 20, 25 wt %) of 4AP solutions were
prepared by dissolving appropriate amounts of 4AP powder in distilled water. The drug
solutions were mixed with the 0.1 g of dried powder carriers (HAP or Si–HAP) and the
mixture was stirred for 24 h with vigorous, constant stirring. After the adsorption time, the
suspension was centrifuged (5500 rpm, 16 min). The solid phase was dried for 24 h at 40 ◦C,
while the concentration of the aqueous phases was measured spectrophotometrically at
262 nm. The series of experiments was repeated three times, the main values being reported.

2.4. Electrochemical Measurements

For electrochemical measurements, a conventional three-electrode cell, equipped
with a working electrode of Ti electrode, an Ag/AgCl, KClsat reference electrode, and
a platinum wire auxiliary electrode, was used to investigate the drug release properties
by ion leaching from HAP and Si–HAP coatings containing 4AP (HAP_4AP_25 and Si-
HAP_4AP_25 samples). Impedance spectra for Ti electrode were recorded at the OCP
value (obtained after 10 min), by using an AC signal with an amplitude of ±10 mV and a
frequency interval from 10 kHz down to 0.01 Hz. EIS data were plotted as Nyquist and
Bode diagrams. The working Ti electrode was prepared as follows. Before use, the Ti
surface was polished on alumina slurry (of successive gradations: 500, 1000, and 4000) and
then thoroughly washed with distilled water. Then, 1 mg of the composite was dispersed
in 1 mL of chitosan solution prepared with 0.1 M acetic acid and was sonicated for 2 h. By
the drop-casting method, a volume of 6 µL was deposited on the Ti surface and kept at
room temperature for drying, until the solvent evaporated.

2.5. Desorption of 4AP from HAP Composites

Composites containing 4AP were compressed using a manual Specac Atlas 15T hy-
draulic press (Fort Washington, MD, USA). The tablets were soaked in 20 mL of SBF. The
release of the drug was examined with spectrophotometer measurements, at 262 nm, at
defined time intervals (15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180, 240, 300, 360, 420,
480 min). After each measurement, the sample solution was replaced with fresh SBF.
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3. Results and Discussion
3.1. UV-VIS Spectrophotometric Study of Adsorption

Figure 1 shows the average adsorption capacity of the carriers as a function of different
concentrations of initial 4AP solutions. There was no significant difference between the
values of the individual measurements, and the standard deviation between experimental
replicates is in the range of 0.7–4.2 %. The average adsorption efficiency was 95–98%. The
highest adsorption capacity was achieved for both carriers with the 25 g/L 4AP solution
(1231.1 mg/g and 1243.84 mg/g for HAP and Si–HAP carriers).
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The adsorption capacity is influenced not only by the nature of the carrier but also by
the concentration of the adsorbed drug [48]. In the present study, the initial concentration
of 4AP is the main parameter because the loading of the carriers increases proportionally
with the increase of the initial 4AP concentration.

The increase of the adsorption capacity could be explained by the physical sorp-
tion process [49], during which selective bonds are formed between the pyridine ring
nitrogen lone pairs of 4AP drug and the surface functional groups (–OH, –Si–OH) of the
carrier’s matrix [42].

Moreover, in the case of the Si–HAP carrier, a competition between water and drug
molecules may occur during the adsorption of 4AP on the –Si–OH group. The presence of
water molecules reduces the number of free silanol groups; consequently, the binding of
the active substance from an aqueous solution cannot be maximized [49].

3.2. Thermal Analyses

The results of thermogravimetry (TG) and differential thermal analysis (DTA) of
carriers (HAP, Si–HAP), drug-loaded carriers (HAP_4AP_25 and Si–HAP_4AP_25), and
drugs (4AP) are illustrated in Figure 2, and the most representative data are shown in
Table 1. The decomposition mechanisms of 4AP and HAP have been interpreted based on
the literature data [50–52].
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In the case of 4AP, no modification in mass was observed up to 120 ◦C, and the melting
processes started between 120–180 ◦C [50]. By increasing the temperature, the sample
decomposed completely within a small temperature range (180–225 ◦C).

The weight losses of the HAP_4AP sample were caused by similar processes as in
the case of HAP. However, the presence of 4AP as an additive led to a change in the
decomposition mechanism. The mass loss in HAP_4AP was higher (5.11%) compared
to the one in HAP, in the range of 150–315 ◦C, which was probably the result of the
decomposition of 4AP in the sample.

During the thermal analysis of Si–HAP, more than 91% of the sample did not de-
compose at 1000 ◦C; this value was similar to that of the HAP sample (91.6%). The
decomposition processes were similar to those described for HAP (Table 1); however, in
the range of 400–600 ◦C, the decomposition of Si–HAP was associated with greater weight
loss (0.55% and 1.09% for HAP and Si–HAP, respectively). This phenomenon could be
attributed to the water-binding effect of SiO2 [11].
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Table 1. Weight loss (wt %) of HAP, 4AP, and HAP_4AP_25, and occurring processes during the thermal analysis.

Processes
HAP 4AP HAP_4AP_25

T (◦C) Weight Loss (wt %) T (◦C) Weight Loss (wt %) T (◦C) Weight Loss (wt %)

Dehydration and dehydroxylation 30–190 3.51 - - 30–150 2.78
Melting of 4AP - - 120–180 11.79 - -

Elimination of 4AP - - 180–225 87.85 - -
CO3

2− elimination 200–400 2.1 - - 150–315 5.11
Elimination of H2O from the pores 390–500 0.55 - - 315–540 3.14

Decomposition of
Cax(PO4)y(OH)z

Reaction of P2O7
4− and OH−

500–1000 1.47 - - 540–1000 1.39

The values of the adsorption capacity obtained from the UV-VIS spectrophotometric
measurements were compared with those calculated using the TG curves. The calculations
were performed according to the procedure used in others’ study [47]. Based on the UV-VIS
analysis, the HAP_4AP_25 sample contained 1.231 g 4AP/g HAP active substance, while
the Si–HAP_4AP_25 contained 1.243 g 4AP/g Si–HAP.

Based on the TG curve, 4AP decomposed almost 100% at 225 ◦C. The content of 4AP
was calculated in two intervals: 30–225 ◦C (surface) and 225–1000 ◦C (pores).

The calculated amount of 4AP bound on the surface and pores, using the equations
from Section 2 (Materials and Methods), is further discussed. Accordingly, the amount
of 4AP bound on the surface of HAP was l4AP,s = 0.6446 (g 4AP/g HAP), and it could
not be precisely determined in the pores because the carbonate content of the sample was
probably too high [11].

Similarly, in the case of the Si–HAP carrier, the amount of 4AP bound on the surface
and pores was l4AP,s = 0.22 g 4AP/g Si–HAP and l4AP,p = 1.063 g 4AP/g Si–HAP, respec-
tively. Thus, it was clear that the total 4AP content of the sample according to the TG
analysis was 1.283 g 4AP/g Si–HAP, a value that was very close to the estimated amount
obtained by the UV-VIS spectrophotometric analysis (1.243 g 4AP/g Si–HAP).

3.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR spectra of the HAP and Si–HAP samples loaded with a 25 g/L 4AP ini-
tial solution is shown in Figure 3. The vibration spectra of 4AP and the carriers were
given as references. There was no significant difference between the spectra of HAP and
HAP_4AP_25. Specific vibrations of HAP appeared in both cases. The O–P–O vibration
appeared at the lowest wavenumber (634.6 cm−1). The less intense, symmetrical vibrations
of P–O gave a signal at 960.5 cm−1. The highest intensity signals in the spectrum confirmed
the presence of the phosphate ion (1024.2–1097.4 cm−1). The group of the CO3

2− was
observed at 1409.9, 1448.5, 1529.5, and 1658.7 cm−1 [53].

In the spectrum of Si–HAP, the stretching vibrations of Si–O–Si resulted in distorting
the most intense peak. Thus, the peak distortion caused by Si–O–Si is most significant in
the range of 1006–1118 cm−1; however, the peaks cannot be clearly identified due to the
presence of the phosphate groups [11].

Identification of drug presence in the HAP_4AP_25 and Si–HAP_4AP_25 spectra
was not clear, because the intensity of the 4AP peaks was less than the intensity of the
peaks of HAP and Si–HAP. The given signal of 829.4 cm−1 (see supplementary materials),
which refers to the C–H bond, has proven the presence of 4AP in the HAP_4AP_25 and
Si–HAP_4AP_25 samples, with a very low signal. Similarly, the vibration belonging to the
NH2 group of 4AP was detected around the 3074.4–3186.3 cm−1 wavenumber.
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Figure 3. FTIR spectra of (a) HAP, (b) 4AP, (c) HAP_4AP_25, (d) Si–HAP, and (e) Si–
HAP_4AP_25 samples.

3.4. Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray (EDX)

The morphology of the carriers and drug-loaded carriers were examined using SEM
coupled to an EDX detector (Figure 4). No significant differences were observed between
pure carriers and samples containing the active substances. The particles were concisely
arranged and were elongated and rounded in shape. This property is characteristic of
HAP-based materials prepared by the precipitation method [51]. No increase in particle
size was observed after 4AP adsorption, and the main diameter values were similar for
HAP and HAP_4AP_25 and Si–HAP_4AP_25, respectively.
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EDX analyses were performed to detect chemical elemental composition on the surface
of the samples. The results of EDX analysis highlight the simultaneous presence of the Ca,
P, Si. Na, C and O elements, and no others were systematically detected. EDX analysis
confirmed the success of Na2SiO3-modified HAP production because the silicon content of
the sample was detectable. EDX analysis was able to detect the presence of 4AP bound
on the surface of the carriers by detecting the nitrogen atom. In samples HAP_4AP_25
and Si–HAP_4AP_25, the wt % of the nitrogen is similar, which also justifies the UV-
VIS spectrophotometric measurements (Figure 1). Similarly, the C atom appeared in the
analysis, but this not only referred to the molecules that formed the framework of the 4AP
ring but also confirmed the presence of carbonate ions in the HAP and Si–HAP samples,
which had already been identified in the FTIR spectra (Figure 3).

3.5. X-ray Powder Diffraction (XRPD)

Figure 5 shows the XRPD diffractograms of the investigated samples. As a reference,
the crystallinity of 4AP was also analyzed. The degree of crystallinity was estimated
as the ratio between the area of all diffraction peaks and the total area of diffraction
peaks and amorphous halo. The diffractograms of carriers and the drug-loaded carriers
were identified based on the database: JSPDC No. 009-0432 (HAP) and JSPDC No. 030-
1518 (4AP) cards. The diffractogram of 4AP showed sharp peaks at 2θ equal to 20.07◦,
21.39◦, 24.33◦, 29.22◦, and 30.17◦, respectively. Both HAP and Si-HAP-based samples were
observed to have the characteristic peaks of HAP (25.87◦, 28.96◦, 32.90◦, 34.05◦, 39.81◦,
46.71◦, 49.46◦, and 53.14◦). The maximum intensity peak was identifiable at 2θ~31.77◦,
and the values were similar to those reported in the literature [54]. The Miller indices
for the corresponding peaks were also presented in Figure 5. Signs of by-products or
other unwanted products were not observed in the diffractogram. In the diffractogram of
the HAP_4AP_25 sample, the intensive peak of 4AP was identified at 2θ~21.39◦, which
demonstrated the presence of the active substance.
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The adsorption of 4AP resulted in a decrease in the degree of crystallinity for both
carriers. This phenomenon was also observed during the adsorption of IBU on meso-
porous silica-HAP, and it was explained by the inhibition of the recrystallization of drug
molecules because the pore size of the carrier was 20 times larger than the length of the
drug molecule [16].
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In our case, after drug adsorption, the crystallinity of the HAP carrier decreased from
59.4 to 41.7%, while in the case of the Si–HAP carrier, crystallinity decreased from 81.3% to
53.38%, respectively.

3.6. Electrochemical Impedance Spectroscopy Measurements

In order to assess the electrical properties of coatings based on HAP and modified HAP
on titanium-based support as well as the beneficial presence of 4AP in HAP and Si-HAP
coating, electrochemical impedance spectroscopy (EIS) measurements were performed.
This investigation method is a complex and useful one, generally applied to evaluate
the behavior of an electrochemical system by modeling the real system in terms of an
equivalent electric circuit.

Impedance spectra were recorded after a stabilization time period of 10 min when the
open-circuit potential considered to be optimal for reaching a quasi-equilibrium state at
the electrode/solution interface was established. The obtained impedance data plotted as
Nyquist and Bode diagrams (Figure 6) were fitted using a non-linear regression method,
and the values of the parameters of the equivalent electrical circuit model (i.e., Rs(Qcoat
Rcoat) (Qct Rct)) [55] were summarized in Table 2.

It must be highlighted that for all-coated surfaces, Qcoat and Rcoat represent the con-
stant phase element and polarization resistance of the composite coating, Qct and Rct
represent the constant phase element and polarization resistance of the charge transfer,
and Rsol value represents the solution resistance. The value of the roughness factor n for
these layers represents their ability to have a behavior close to an ideal capacitor when n is
close to 1 [56,57]. All studied composites have the same behavior either in a standard redox
probe (5 mM K3[Fe(CN)]6/K4[Fe(CN)]6 + 0.1 M KCl) or in an SBF at pH 7. The Nyquist
spectra show a decreased diameter of the semicircle at high frequencies, which is typical
behavior for a porous coating on a metallic substrate [58,59].
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Figure 6. Nyquist (a,c) and Bode (b,d) impedance spectra recorded for HAP-Chit/Ti
(�), HAP_4AP_25-Chit/Ti (3), and Si–HAP_4AP_25-Chit/Ti (µ) coatings exposed to 5 mM
K3[Fe(CN)]6/K4[Fe(CN)]6 + 0.1 M KCl (a,b) and SBF (c,d) solutions of pH 7. The line is the fitting
curve of the experimental data using the electric equivalent circuit model Rs(Qcoat Rcoat) (Qct Rct).
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Table 2. EIS parameters of HAP-Chit/Ti, HAP_4AP_25-Chit/Ti, and Si–HAP_4AP_25-Chit/Ti coatings.

Circuit
Parameters

5 mM K3[Fe(CN)]6/K4[Fe(CN)]6 +
0.1 M KCl Solution, pH 7 SBF Solution, pH 7

HAP HAP_
4AP_25

Si–HAP_
4AP_25 HAP HAP_

4AP_25
Si–HAP_
4AP_25

Rsol/
ohm·m2

12.54
±5.15

12.38
±4.05

6.26
±4.92

11.83
±2.93

14.68
±4.01

8.07
±5.58

Qcoat/
S·sn/cm2

4.36 × 10−5

±5.02
3.01 × 10−5

±21.62
3.17 × 10−5

±31.3
4.2 × 10−5

±2.44
2.81 × 10−5

±9.97
2.52 × 10−5

±33.79

n 0.8430 0.9177 0.9745 0.8405 0.9065 1

Rcoat/
ohm·cm2

3.99 × 105

±10.41
4534
±7.17

3003
±32.8

7.79 ×105

±10.39
4186
±6.42

3130
±30.31

Qct/
S·sn/cm2

1.55 × 10−5

±23.44
5.38 × 10−5

±13.24
4.88 × 10−5

±5.26
2.64 × 10−5

±15.17
4.89 × 10−5

±8.69
4.60 × 10−5

±6.37

n 1 0.8631 0.8483 0.9673 0.8719 0.8421

Rct/
ohm·cm2

3.8 × 103

±19.8
1.04 × 105

±5.64
1.88 × 105

±4.45
2.16 × 103

±23.56
1.26 × 105

±6.36
6.78 × 105

±20.02

Ccoat/F·cm−2 7.41 × 10−5 2.51 × 10−5 2.98 × 10−5 8.13 × 10−5 2.25 × 10−5 2.53 × 10−5

χ2 9.25 × 10−3 4.14 × 10−3 5.22 × 10−3 2.87 × 10−3 5.71 × 10−3 8.06 × 10−3

Values ± represent relative standard errors (RSD) expressed in percent (%).

The Rct is a quantitative parameter, which indicates the hindering of the electron
transfer process through the composite matrix [59].

As it can be seen in Table 2, in the case of HAP-Chit coating, Rcoat has high values
(3.99 × 105 and 7.79 × 105 ohm·cm2) and Rct has low values (3.8 × 103 or 2.16 × 103 ohm·cm2),
which demonstrates that the electrolyte could not traverse the coating to arrive at the
electrode/coating interface, and a very thin passive oxide layer has probably formed on
the Ti [60]. This behavior may be explained by the structural arrangement of the non-
conductive calcium phosphate component of the HAP-Chit coating, but because the layer
is quite thin, the entering of an aggressive ion such as Cl− from both tested electrolytes
gives rise to a charge transfer process [6]. However, the presence of 4AP, which has a
certain dimension and 3D structure, contributes to enlarging the porosity of either the
HAP or Si–HAP composites or that of the polymer (chitosan), or it contributes to reducing
surface defects [6] by a leveling effect (a hypothesis confirmed by the increase of n values),
leading to a decrease of the Rcoat (~ 103 ohm·cm2) and an approximately 100 time increase
of the Rct values (to ~ 105 ohm·cm2), compared to the simple HAP coatings. Moreover,
the Rct values are pronounced higher in the case of 4AP adsorbed on Si–HAP composite
than on simple HAP. This behavior points out the role of 4AP in the composite coating
in order to hinder the electron transfer occurring at the electrode interface. This distinct
behavior of Si-HAP_4AP_25-Chit coating can be explained as follows: despite the fact
that strong adsorption of 4AP takes place due to the existence of a hydrogen-bonding
interaction between the surface silanol groups and the pyridine ring nitrogen lone pairs of
4AP [42], a large porosity of the composite matrix is maintained. The coating capacities C
(in F/cm2) can be used as a measure of the permeability [61] of the composite matrix, and
their values increase in the following order: HAP_4AP_25 < Si–HAP_4AP_25. These values
can be correlated with the increase in the thickness of the passive oxide layer on Ti/coating
interface, which leads to the increase of the Rct in the same order: HAP_4AP_25 < Si–
HAP_4AP_25; in these conditions, the charge transfer process is hindered in the case of the
Si-HAP coating.

The Bode plots, regardless of the coating type, show a slope of the |Z| versus log f
diagram in the frequency range 10−3–103 Hz of around −0.8 and a phase angle between
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70–80◦ at a high frequency range, which are characteristic values for the high capacitance
of the coatings [56].

The values obtained by applying the Chi-square distribution test for all the estimated
parameters of the equivalent circuits are within a range of between 10−3 and 10−2, and
the relatively low values of the relative standard errors (RSD) expressed in percentage (%)
indicate a good agreement between experimental and fitted data and a good choice of the
electrical equivalent circuit components.

3.7. Investigation of Drug Release

After successfully binding 4AP to sample surfaces and sample pores, the possibility
of using the biomaterials as drug carriers were investigated. The release profiles in time
(Figure 7a,b) showed a reduced and irregular dissolution of 4AP in SBF for both HAP and
Si–HAP carriers, regardless of the amount of adsorbed 4AP.
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The HAP_4AP_5 and Si–HAP_4AP_5 samples showed the most irregular behavior,
especially in the first two hours of the experiment. The amount of released drug from
HAP increased with the investigation time, an exception being recorded in the case of
the HAP_4AP_25 sample, where the released cumulative 4AP decreased after 24 h. This
phenomenon could be observed for all Si–HAP_4AP samples. It is worth mentioning that
in the case of the HAP carrier, the released 4AP amount was of one order of magnitude
greater than in the case of Si-containing carriers. On the one hand, this could be explained
by the excellent retard property of the silica-containing samples [13], and on the other hand,
by the fact that less 4AP was bound to the surface in the case of the Si–HAP sample than
in the case of HAP (see Section 3.2). Probably due to the absence of agitation during the
measurement in SBF (in order to eliminate degradation of the tablets to be analyzed), the
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amount of released drug was only the result of the dissolution of 4AP bound to the surface.
The maximum dissolution of 4AP did not exceed 16% for HAP-based samples in any case,
while it hardly reached 3% for Si–HAP-based carriers after 24 h of experiment.

It is known that the amount of drug released in the absence of mixing is a function
of bonds. Electrochemical measurements prove that the presence of Si in the carrier may
provide stronger interactions between the carrier and the drug (Rct values- see Section 3.6).
This phenomenon may also explain the retard effect of the Si-containing carrier.

In the case of both carriers, it could be observed that the release was more regular for
samples with an increased amount of drug, following a similar mechanism. At low con-
centrations, instrumental errors also interfere; thus, additional measurements are required
for accuracy. It is equally important to observe that none of the release profiles has shown
predictive behavior.

4. Conclusions

Adsorption and desorption measurements were performed for hydroxyapatite (HAP)
and silicon-modified hydroxyapatite (Si–HAP) with fampridine (4AP), followed by their
characterization using various techniques. In this study, the use of materials and science
methods typical for drug delivery was supplemented with electrochemical measurements.

Drug release experiments, performed in simulated body fluid (SBF), revealed that the
drug release from Si–HAP was five times slower than from HAP, a phenomenon which
could be explained by the good chemical bonding between the silanol groups of the carrier
and the 4AP functional groups. Electrochemical measurements showed that in the case
of Si–HAP coating loaded with 4AP, the value of the polarization resistance of the charge
transfer (Rct) was more than five times smaller than in the case of HAP coating loaded
with 4AP, so the charge transfer process was hindered. Moreover, the electrochemical
impedance results showed that electron transfer was inhibited in the presence of 4AP,
which was in concordance with the previously mentioned strong bonds. The findings of
this study conclude that the silicon substitution in HAP leads to good chemical bonding
with the drug, and a slow release, respectively. This fact is of great importance in the
biomedical field when slow drug release with a sustained duration of therapeutic activity
is required.

This research with 4AP is new and it is the first step in a much more complex process
in which we try to prove that HAP can be a perfect drug carrier that can maintain the
physiological function of the human body while delivering key drugs to the body.
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