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Abstract: Implants are readily applied as a convenient method of therapy. There is great interest
in the prolonged release of active substances from implants. The objective of this work was to
evaluate the dissolution kinetics of steroidal anti-inflammatory preparation (SAP) released from
novel implants, and to test the influence of the technology on SAP release kinetics. The proposed
long-acting preparations may overcome difficulties resulting from repeated injections and often visits
to ambulatory clinic, as the stabilizing function of the artificial ligament would be enriched with
pharmacological activity. The potential advantages provided by the new coatings of knee implants
include the continuous, sustained, and prolonged release of an active substance. The study was
carried out using a modified United States Pharmacopoeia (USP) apparatus 4. The amount of SAP
was measured spectroscopically. It was revealed that the transport of the drug was mainly a diffusion
process. The drug release kinetics was analyzed using zero-, first-, and second-order kinetics as well
as Korsmeyer-Peppas, Higuchi, and Hixon-Crowell models. The highest values of the release rate
constants were k0 = (7.49 ± 0.05) × 10−5 mg ×min−1, k1 = (6.93 ± 0.05) × 10−6 min−1, and k2 = (7.70 ±
0.05) × 10−7 mg−1

×min−1 as calculated according to zero-, first-, and second-order kinetics equations,
respectively. The values of the rate constants obtained for the slowest process were k0 = (3.63 ± 0.06)
× 10−5 mg × min−1, k1 = (2.50 ± 0.03) × 10−6 min−1, and k2 = (2.80 ± 0.03) × 10−7 mg−1

× min−1.
They may suggest the possibility of sustained release of betamethasone from the system. Due to the
statistical analysis, differences were observed between most of the studied implants. Incubation,
temperature, time of stabilization of layers, and the method of SAP deposition on the matrix affected
the drug release.

Keywords: betamethasone; implants; ligaments; drug release; kinetics

1. Introduction

The optimal mechanical properties of musculoskeletal joints are ensured by cartilage and synovial
fluid. The failure of these tissues as a result of various arthritis forms leads to the development
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of diseases [1,2]. For the treatment of osteoarthritis (OA), non-steroidal and anti-inflammatory
drugs (NSAIDs) are most commonly used [3,4]. However, the long-term use of painkillers and
anti-inflammatory drugs can reduce the symptoms of illness but at the same time can accelerate the
destruction of joints. Moreover, it was found that patients receiving NSAIDs may encounter upper
gastrointestinal side effects [5,6]. Treating the disease itself, and not just its symptoms, increases
the recovery chance. Pentosan polysulfate and polysulfated glycosaminoglycan seem to act on the
pathologies responsible for its primary causes [7–13]. Corticosteroid medications are used to treat
OA as well [14]. For example, the intra-articular administration of betamethasone is effective in
controlling OA symptoms [15,16]. However, these injections may result in joint infections and are
not recommended for patients with diabetes mellitus [16]. Another type of OA therapy are invasive
interventions, e.g., intra-articular injections and surgical treatments [17].

The strategy for the management of joint pain promotes the formation of artificial ligaments
with biocompatible or bioactive coatings [18]. Müller et al. [19] proposed a polypropylene mesh as a
substitute for the ligament. These implants enabled early recovery and limb mobility. The accurate
strength of the implant resulted in minimalization of external immobilization.

Conventional pharmacological agents have relatively short durations of action, what results in
vulnerability to non-adherence. To overcome these difficulties, long-acting preparations have been
proposed such as long-term implants with active substances. The benefits of such products include
prolonged effect obtained by a drug reservoir and the continuous, sustained release of an active
substance [20]. Long-acting therapy can replace practices based on drug injections or recipience of
oral forms [21]. It provides a clinically attractive option for long-term therapy in patients seeking
fewer office visits and fewer repeated injections [22]. The study of risperidone subcutaneous implants
indicated that this type of delivery system provides consistent therapeutic blood levels. Moreover,
benefits include improved medication adherence, the ability to withdraw the medication if needed due
to treatment-emergent adverse effects, fewer relapses, and improved efficacy [23]. Zhang et al. [24]
used a long-acting intravitreal implant containing ligustrazine for the treatment of proliferative
vitreoretinopathy. The above presented study found that the in vitro drug release from the system fits
to zero-order kinetics. Application of the evaluated implants significantly reduced the development of
the disease. Jinagal et al. [25] studied the safety and advantages of intravitreal implants containing
dexamethasone in patients with juvenile idiopathic arthritis associated uveitis. Children were observed
for a period of 6 months., Ocular inflammation, intraocular pressure, best-corrected visual acuity,
and worsening of uveitis were assessed. No changes were noticed at various follow-up visits. It was
concluded that this therapy is safe and useful in preventing and treatment of the postoperative
inflammation in children. Bishop et al. [26] proposed vancomycin as an additive to orthopedic bone
cement in treatment of infections after total hip or knee arthroplasty. The drug can play a role a medium
against infection. The antibiotic was incorporated into bone cement to ensure the drug distribution
at the implant site. It can elute out of the cement at a controlled concentration that is active against
common organisms. It was revealed that vancomycin was released for 8 days from the cement at
therapeutic levels. This period was sufficient to eliminate S. aureus; however the applied dose of the
drug was insufficient against S. epidermidis.

The aim of this work was evaluation of the kinetics of the release of a steroidal anti-inflammatory
preparation (SAP) from implants that are replacing the cruciate ligaments of the knee. The influence
of a deposition technique on the kinetic parameters of the drug release from the polymeric system
was studied.

The research of the drug release kinetics from a preparation may elucidate molecular patterns of
dissolution of the active ingredient, and refine its stability properties. The parameters obtained by
fitting various kinetic models to the experimental data play a significant role in understanding the
release mechanism.
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2. Materials and Methods

Implants were obtained from Wroclaw University of Science and Technology. In brief, SAP was
applied directly to a polyester cord with a length of 5 cm or incorporated into a silica layer, which was
then applied to the polymer. The procedure for the synthesis of samples was as follows. The substrates
used for coating applications were polyester cords (PC), applied for the surgical replacement of knee
ligaments. These prostheses were made of the polyester yarn DALLOS produced by Tricomed, ódź,
Poland. Silica coatings (SiO2) were synthesized by the sol-gel method, which was based on the
hydrolysis and condensation reaction of an oxide precursor [27]. In our experiment, reactions used
tetraethoxysilane and diethoxydimethylsilane as precursors and ethanol as a solvent. Sol-gel synthesis
was based on acid hydrolysis. The coating on the polyester substrate was obtained using an
ultrasonic bath. For sample activation, we used a 1 mL suspension of SAP that contained 6.43 mg
betamethasone dipropionate and 2.63 mg betamethasone sodium phosphate under the commercialized
name Diprophos (Schering-Plough Labo N.V., Heist-op-den-Berg, Belgium). Samples were activated
according to the methods presented in Table 1. The activation of the considered samples differed in
the manner of betamethasone interaction with the SiO2 matrix and in the temperature of stabilization.
By functionalization at the synthesis stage, the entire volume of coatings was activated, whereas
by incubation.

Table 1. Conditions of the preparation of evaluated implants.

Implant
Type

SAP Activation Procedure
Temperature and
Time of Coating

Stabilization
Polymer

Substrate Coating
Implementation of

SAP during Synthesis
of the Coating

Implementation
of SAP to Final

Material

A Polyester - - SAP 35 ◦C; 10 h
B Polyester - - SAP 125 ◦C; 5 h
C Polyester SiO2 - SAP 125 ◦C;5 h
D Polyester SiO2 SAP - 35 ◦C; 10 h
E Polyester SiO2 SAP - 125 ◦C; 5 h
F Polyester SiO2 SAP SAP 35 ◦C; 10 h
G Polyester SiO2 SAP SAP 125 ◦C; 5 h

SAP—steroidal anti-inflammatory preparation with betamethasone.

Sodium hydroxide and anhydrous potassium dihydrogen phosphate were delivered from
Chempur (Poland, Piekary Śląskie, Poland). All chemicals were pharmaceutical grade and used
without further purification. Phosphate buffer solution, pH 7.4, was prepared according to the
European Pharmacopoeia [28]. SAP was diluted in phosphate buffer solution and effected in the
concentration of the drug ca. 0.03624 mg/mL. The UV-Vis spectrum (Jasco V-530, Tokyo, Japan)
of the substance was recorded from 200 to 900 nm, with a scanning speed of 500 nm per min at
room temperature. The characteristic absorption band was observed at 240 nm. At this wavelength,
the absorbance of 5 various concentrations of SAP ranging from 0.00604–0.01812 mg/mL were read to
prepare the calibration curve. The composition of SAP was: betamethasone sodium phosphate and
betamethasone dipropionate, disodium phosphate dehydrate, disodium phosphate anhydrous, sodium
chloride, disodium edetate, polysorbate 80, benzyl alcohol, methyl parahydroxybenzoate, propyl
parahydroxybenzoate, sodium carboxymethylcellulose, macrogol, hydrochloric acid. The measured
spectrum of SAP is presented in Graphical abstract. Based on literature data the observed band at 240 nm
has been assigned to both betamethasone sodium phosphate and betamethasone dipropionate [28–30].
No additional peaks in the wavelength range 200–900 nm at the used conditions were observed.
This observation suggested that excipients do not present signal in the above-mentioned region.
The spectrum of the same mixture stored for 24 h was the same as the spectrum of fresh mixture. It
indicated the lack of disturbances from any decomposition products. Unlike conventional dosage
forms, there is a lack of standard pharmacopoeial or other regulatory tests dedicated for parenteral,
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controlled-release drug products in the form of implanted ligaments. In particular, a method for the
in vitro release of a drug from implants was not found. Burgess et al. [31], and Siewert et al. [32]
proposed combined methods or their modification for the study of the in vitro dissolution of a drug
from novel or special formulations. The validation of USP apparatus 4 used for the in vitro drug
release study from microspheres revealed that the dissolution of the drug was not affected by the flow
rate in the assessed flow range, the number of microspheres, or the cell size. However, slight changes
in the temperature affected the differences in drug dissolution profiles [33].

In the present work, the release study was carried out using a modified USP apparatus 4—the
flow-through cell equipment (Laboratory Glass Apparatus, Inc., Berkeley, CA, USA). The acceptor
fluid used in the experiment was phosphate buffer solution, pH 7.4 (USP 32), at temperature of 37 ◦C.
The temperature was controlled using a thermostat (Prüfgeräte-Werk, B2 E10, Medingen, Germany).
The drug content in the samples was determined by UV measurements (JASCO V-530, Tokyo, Japan),
reading the absorbance every 2 min at a wavelength of 240 nm. A flow rate of 5 mL/min was established
by employing a peristaltic pump (PS-16 Sipper Pump, PG Instruments Limited, Leicestershire, UK),
and the rotation speed of the fluid was 100 rpm (magnetic stirrer, 2 mag magnetic emotion, Munich,
Germany). Each experiment was conducted in triplicate. The schematic representation for the release
apparatus is presented in Figure 1.
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Figure 1. A schematic representation for the release apparatus.

It was found that the drug release from implants depends on the test method as well as the media
used in the experiment. Differences between the release profiles obtained using various dissolution
tests were observed. These results suggest the necessity of knowledge about the underlying in vivo
processes and the need to translate this research to the in vitro test systems [34].

The obtained release profiles were analyzed with zero-, first-, and second-order kinetics as well as
Korsmeyer-Peppas [35,36] Higuchi [37] and Hixon-Crowell models [38].

The zero-order kinetics model is as follows:

mt = mb + k0t (1)

where mt is the amount of the drug released over time t, mb is the amount of the drug in solution
before release (usually it is 0), and k0 is the zero-order release rate constant.

The first-order kinetics model is as follows:

ln(m0 −mt) = ln(m0) − k1t (2)

where m0 is the amount of the drug in the formulation before dissolution, and k1 is the first-order
release rate constant.
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The second-order kinetics model is as follows:

1
(m0 −mt)

=
1

m0
− k2t (3)

where k2 is the second-order rate constant.
The Korsmeyer-Peppas model [35,36,39] is as follows:

log
( mt

m∞

)
= log kK–P + n log t (4)

where m∞ is the amount of the drug released after an infinitive time (in this research after 24 h), kK–P is
the Korsmeyer-Peppas rate constant, and n is the parameter indicative of the drug release mechanism.

The Higuchi model [37] is as follows:

mt = kHt0.5 (5)

where kH is the Higuchi rate constant.
The Hixon-Crowell model [38] is as follows:

m0
1/3
−mleft

1/3 = kH–Ct (6)

where mleft is the amount of drug left in the formulation over time t, and kH–C is the Hixon-Crowell
rate constant.

Moreover, the difference factor, f1, was calculated to compare the dissolution profiles [40,41]:

f1 =

∑n
t=1|Rt − Tt|∑n

t=1 Rt
× 100 (7)

where n is the number of time points, Rt is the dissolution value of the reference batch at a given time
(t), and Tt is the dissolution value of the test batch at time t.

Linear regression analysis based on the least-squares regression method was employed to study
the linearity of the kinetic models. Comparing the standard deviation (SD) and the correlation
coefficient, R2, allowed us to choose the kinetic model that describes the observed processes well.
Statistical analysis using analysis of variance (ANOVA) with Tukey’s test and Student’s t-test were
used to assess the differences between the obtained release profiles. A statistically significant difference
was indicated when p < 0.05 [42].

3. Results and Discussion

3.1. Mechanism of the Drug Release

The transport of drugs from pharmaceutical systems involves various physical and chemical
rules, what results in difficulties in ascribing proper mathematical model to the occurring processes.
Zero-order kinetics may be used if the pharmaceutical dosage form does not disaggregate and release
the drug slowly. First-order model may describe the early stage of dissolution of a poorly water-soluble
drug embedded in water-soluble matrix. Higuchi equation is based on several assumptions: the initial
concentration of the drug in the formulation is higher than the drug solubility; the drug spreads only
in one dimension; the substance particle are smaller than the size of a carrier; swelling of the system
and its dissolution is insignificant; the drug diffusivity does not change; sink condition are achieved.
Hixon-Crowell model may be applied when the drug is released on parallel planes of the drug form
surface, e.g., in the case of tablet, when the size reduces proportionally and the geometrical shape stay
constant [43,44]. Siepmann and Peppas [39] observed that the geometry of the system, the amount
of the drug as well as water-solubility of the drug can exclude some of the models. In the present
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work several equations were used to fit the experimental data to the theoretical curve. Zero-, first-,
and second-order kinetics were employed to describe the release of SAP from all implants studied
and the results are listed in Table 2. However, in the case of implants E, F, and G, it was hard to fit
the release data to the Higuchi model. The Korsmeyer-Peppas model was unsuitable for describing
the release of the drug from implant F, and the Hixon-Crowell model was inappropriate to reflect
the dissolution of SAP from implants A and C. The values of the correlation coefficient R2 indicate
which kinetic model is appropriate for the release of the drug. Gouda et al. [43] obtained the value of
R2 between 0.933 and 0.9157, and discussed that the release kinetics do not perfectly follow the used
model, although it is gently approaching. This observation suggests that the drug was transported from
the studied systems in various ways. A regression coefficient value, R2, close to 1 indicated the model
fitting the release mechanism. For implants A–D, the best kinetic model was the Higuchi equation,
as the plots showed high linearity, with R2 values in the range 0.9872–0.9962, suggesting mainly the
diffusion process [45]. These results were consistent with results obtained from Korsmeyer-Peppas
model analysis for systems A and C. According to this model, the drug was transported via Fickian
diffusion when the value of the parameter n was below or equal to 0.5, while the n value between 0.5
and 1.0 indicated anomalous transport [35,39]. In the case of implants B and D, the n values were
slightly above 0.5, namely, 0.582 ± 0.004 and 0.579 ± 0.005, suggesting a coupling of diffusion and
erosion mechanisms, anomalous diffusion, and may indicate that betamethasone release from implants
B and D was controlled by more than one process. However, Antesh et al. [46] obtained n values
between 0.4225 and 0.7309 in their study and interpreted the observed transport of the active substance
was controlled by diffusion. In the present work, fitting the data to the Higuchi equation together
with n values slightly above 0.5, may suggest diffusion-controlled drug release. In the case of implant
E, the n value was 0.46 ± 0.01, suggesting diffusion of the drug. However, the regression coefficient,
R2, of implant E in the Korsmeyer-Peppas model has the lowest value (0.8113) in comparison to the
R2 value obtained for the rest of implants. The highest R2 value in this kinetic model (0.9722) was
obtained for the G system and corresponded to the highest n value (0.75 ± 0.01) among all implants
studied. This value of n above 0.5, together with the non-adherence of the experimental data to the
Higuchi model, may be regarded as an indicator of the anomalous transport of the drug. The data
derived from the dissolution of betamethasone from implants F were unsuitable for analysis with the
Higuchi and Korsmeyer-Peppas models.

The dissolution data were also plotted according to the Hixon-Crowell model. The possibility
of describing the release of betamethasone from implants B and D–G using this model may indicate
that the change in the surface area and in the diameter of particles during the dissolution process
affected the drug release. The difficulties with describing the dissolution process of betamethasone
from implants A and C, using the Hixon-Crowell equation, may indicate that changes of surface area
and of diameter slightly influenced the release.

It could be concluded that diffusion was the dominant mechanism of betamethasone release from
implants A–E. The temperature and time of stabilization of layers and the incubation of implants did not
influence the mechanism of betamethasone transport. These results contrasted with results obtained
for implants F–G. The release of the drug from these implants was best expressed by first-order kinetics,
and betamethasone was transported via non-Fickian diffusion. This could be a result of more silica
layers that contained the drug applied on polyester than in implants A–E (Table 1). SAP molecules
must overcome the silica layers to reach the surface of the implant. This process was not simple
diffusion, which was confirmed by the value of parameter n above 0.5 in the case of the G system.
The release of betamethasone from implants B and D–G was connected to the change in the surface
area and diameter of particles along with the progressive dissolution process.
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Table 2. The obtained kinetic parameters.

Kinetic Model Kinetic Parameters A B C D E F G

Z–O
k0 × 105/mg min−1 7.1 ± 0.1 6.01 ± 0.05 3.63 ± 0.06 4.49 ± 0.05 5.49 ± 0.09 7.49 ± 0.05 5.26 ± 0.03

R2 0.9451 0.9830 0.9568 0.9771 0.9614 0.9880 0.9978
t0.5/min 69,088 ± 1136 89,563 ± 949 133,064 ± 1881 101,189 ± 1142 91,966 ± 1571 61,461 ± 433 92,293 ± 438

F–O
k1 × 106/min−1 4.8 ± 0.1 5.55 ± 0.04 2.5 ± 0.03 3.74 ± 0.04 3.8 ± 0.05 6.93 ± 0.05 5.4 ± 0.02

R2 0.9216 0.9841 0.9802 0.9799 0.9419 0.9896 0.9986
t0.5/min 154,398 ± 2836 161,737 ± 1708 275,687 ± 2926 185,248 ± 1920 184,738 ± 3086 102,166 ± 763 135,310 ± 456

S–O
k2 × 107/mg−1 min−1 5.3 ± 0.1 6.16 ± 0.04 2.8 ± 0.03 4.15 ± 0.04 4.3 ± 0.06 7.70 ± 0.05 5.99 ± 0.02

R2 0.9218 0.9842 0.9802 0.9801 0.9420 0.9895 0.9981
t0.5/min 221,412 ± 4063 232,403 ± 2445 396,449 ± 4212 266,269 ± 2746 265,355 ± 4425 146,461 ± 1099 194,543 ± 654

H
kH × 103/mg ×min−1/2 2.27 ± 0.02 1.87 ± 0.02 1.15 ± 0.009 1.406 ± 0.006 - - ——

R2 0.9872 0.9898 0.9878 0.9962 - - ——
t0.5/min 334 ± 3 438 ± 3 648.3 ± 5.5 495 ± 2 - - ——

K–P

kK–P × 103/min−n 68.7 ± 3.7 18.2 ± 1.2 71.0 ± 4.0 16.6 ± 0.7 56.2 ± 4.5 - 4.6 ± 0.3
n 0.368 ± 0.006 0.582 ± 0.004 0.351 ± 0.007 0.579 ± 0.005 0.46 ± 0.01 - 0.75 ± 0.01

R2 0.8967 0.9508 0.8744 0.9667 0.8113 - 0.9722
t0.5/min 332.0 ± 58.6 493 ± 47 394 ± 77 461 ± 41 399 ± 57 - 564 ± 49

H–C
kH–C × 106/mg1/3min−1 - 4.63 ± 0.04 - 3.58 ± 0.04 3.8 ± 0.05 6.07 ± 0.04 3.25 ± 0.01

R2 - 0.9831 - 0.9743 0.9615 0.9922 0.9989
t0.5/min - 110,648 ± 1170 - 120,126 ± 1448 54,503 ± 720 71,870 ± 460 132,865 ± 372

Best fit H H H H H–C, Z–O F–O F–O

Z–O—zero order; F–O—first order; S–O—second order; H—Higuchi model; K–P—Korsmeyer-Peppas model. H–C—Hixon-Crowell model.
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3.2. Dissolution Study

The kinetic release parameters and regression coefficients calculated from various kinetic models,
such as zero-, first-, and second-order kinetics, as well as the Higuchi [37], Korsmeyer-Peppas [35,36,39]
and Hixon-Crowell [38] models, are listed in Table 2. Exemplary fitting of release models to experimental
data obtained from the dissolution of SAP from implant B is shown in Figure 2. In Figure 2a, the application
of zero-order kinetics is presented. This model describes the drug release rate from pharmaceutical dosage
forms independent of the drug concentration in contrast to the first-order kinetics, where the rate was
concentration dependent, meaning the greater the concentration, the faster the process. The first-order
model is illustrated in Figure 2b. The second-order kinetics, when the rate depends on the concentration
of the drug in the second power, is presented in Figure 2c. The comparison of the rate constants derived
employing zero-order, first-order, and second-order kinetics for all implants studied is attached in Figure 3.
It should be noted that the highest value of the rate constant was achieved for implant F, and the lowest
value was obtained for implant C, reflecting the release rates for F and C, respectively. According to these
observations, implant C was able to prolong and control betamethasone release. Based on zero-order
kinetics that describe the release of SAP from implant C well, the half-release time is 133,064 ± 1881 min,
which corresponds to a period of approximately three months (92 days).
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The half- release time in implant F, calculated using first-order kinetics, which expressed the
release of SAP well, was 102,166 ± 763 min, corresponding to a period of approximately 72 days. It is
worth mentioning that both implants C and F were incubated, suggesting that this process does not
influence the kinetics of SAP release from these implants. The difference in kinetic parameters may be
attributed to the temperature and time of the silica layer stabilization. Moreover, these discrepancies
may occur due to the methods of SAP application on the polymeric system. Comparing the kinetic
parameters obtained from tested models (Table 2, Figure 3), the values were different for each implant.

For the evaluation of in vitro release differences, a simple model-independent approach, based
on the calculation of a difference factor f1 [41,42], was employed. The results of the calculations are
listed in Table 3. The differences in the release studies of the drug were noticed in each instance,
with f1 values below 15. These results demonstrated the inconsistency in the release of SAP from all
implants studied, except for comparisons of systems: E and D, B and G, A and F. In these comparisons,
the differences were not observed.
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In general, it could be concluded that the incubation, the method of SAP deposition and the
temperature and time of silica layer stabilization influence the kinetics of drug release.

Table 3. The obtained values of the difference factor f1.

Implant A B C D E F

A - - - - - -
B 27 - - - - -
C 50 37 - - - -
D 40 23 22.5 - - -
E 32 17 37 13 - -
F 14 24 49 38.5 31 -
G 31 12 47 22 18 29

3.3. Statistical Analysis

To confirm the differences in the release of SAP from the implants tested, statistical analysis by
ANOVA, together with Tukey’s test, was performed [41]. The obtained value of F was 245 and was
higher than the critical value of F = 2.22. The SAP dissolution profiles were significantly different.
All possible pairs of SAP dissolution profiles were compared using Tukey’s test to determine exactly
where are the differences, which indicated that specific groups compared with each other were different.
The calculated value of the honest significant difference was 0.032. The data coming from comparisons
of the individual groups were collected in Table 4 and were predominantly higher than 0.032.

Table 4. The values of near-infrared (NIR)-test Tukey.

Implant A B C D E F

A - - - - - -
B 0.139 - - - - -
C 0.325 0.186 - - - -
D 0.259 0.120 0.066 - - -
E 0.207 0.068 0.118 0.052 - -
F 0.017 0.122 0.308 0.242 0.190 -
G 0.199 0.061 0.125 0.059 0.007 0.183

There were significant differences between the SAP dissolution profiles from all implants tested,
apart from E and G, as well as A and F. Only in these two cases the value of NIR was below 0.032.
These results are consistent with the results obtained from Student’s t-test analysis. According to the
data presented in Table 5, differences in dissolution profiles exist between all dissolution profiles of
SAP, except two pairs: E and G, as well as A and F. In these cases, the value of t is lower than the
critical value of 1.96, reflecting statistical similarity of the release profiles.

Table 5. The calculated values of statistic t.

Implant A B C D E F

A - - - - - -
B 12.21 - - - - -
C 37.95 19.36 - - - -
D 27.22 11.42 9.23 - - -
E 21.51 6.35 16.26 6.25 - -
F 1.19 8.98 26.81 19.83 15.47 -
G 16.75 4.71 12.44 5.45 0.65 12.93
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4. Conclusions

In conclusion, diffusion was the dominant mechanism of betamethasone release from implants
A–E. The temperature and time of stabilization of the layers as well as incubation of implants did
not change the transport mechanism of betamethasone. In the case of implants F–G, the drug
dissolution was expressed by first-order kinetics, and betamethasone was transported via non-Fickian
diffusion. The dissolution of the drug from the assessed implants could be described by zero-, first-,
and second-order kinetic equations. The release rate constants obtained from these models had the
highest value for implants F and the lowest value for implants C. This model-independent analysis
confirmed the variability of the release of the drug in most cases between the different implants.

Author Contributions: Conceptualization, D.W.-P., B.O. and W.M.; methodology, D.W.-P., J.K., B.O. and W.M.;
formal analysis, D.W.-P. and W.M.; investigation, D.W.-P., J.K., B.M., R.B.; resources, D.W.-P., J.K., B.O. and W.M.;
data curation, D.W.-P., B.M. and W.M.; writing—original draft preparation, D.W.-P. and W.M.; writing—review
and editing, D.W.-P., J.K., B.O. and W.M.; visualization, D.W.-P. and W.M.; supervision, W.M. and D.W.-P.; project
administration, D.W.-P. and W.M.; funding acquisition, W.M.

Funding: This research was funded by Wroclaw Medical University and Ministry of Science and Higher Education
number ST.D060.18.015 and partially supported by the National Science Centre, grant number 2016/22/E/ST5/00530.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Mathiessen, A.; Conaghan, P.G. Synovitis in osteoarthritis: Current understanding with therapeutic
implications. Arthritis Res. Ther. 2017, 19, 1–9. [CrossRef] [PubMed]

2. Scanzello, C.R.; Steven, G.R. The Role of Synovitis in Osteoarthritis pathogenesis. Bone 2013, 51, 249–257.
[CrossRef]

3. Pavelka, K. A comparison of the therapeutic efficacy of diclofenac in osteoarthritis: A systematic review of
randomised controlled trials. Curr. Med. Res. Opin. 2012, 28, 163–178. [CrossRef] [PubMed]

4. Bjordal, J.M. Non-steroidal anti-inflammatory drugs, including cyclo-oxygenase-2 inhibitors, in osteoarthritic
knee pain: Meta-analysis of randomised placebo controlled trials. BMJ 2004, 329, 1317–1323. [CrossRef]

5. Rychel, J.K. Diagnosis and Treatment of Osteoarthritis. Top. Companion Anim. Med. 2010, 25, 20–25.
[CrossRef]

6. McLaughlin, R. Management of Chronic Osteoarthritic Pain. Vet. Clin. N. Am. Small Anim. Pract. 2000, 30,
933–949. [CrossRef]

7. Kalbhen, D. Experimental osteoarthrosis for pharmacological anti-arthrotic compounds.
Naunyn. Schmiedebergs. Arch. Pharmacol. 1978, 302, 191.

8. Ghosh, P. The pathobiology of osteoarthritis and the rationale for the use of pentosan polysulfate for its
treatment. Semin. Arthritis Rheum. 1999, 28, 211–267. [CrossRef]

9. Read, R.; Cullis-Hill, D.; Jones, M. Systemic use of pentosan polysulphate in the treatment of osteoarthritis.
J. Small Anim. Pract. 1996, 37, 108–114. [CrossRef]

10. Kumagai, K.; Shirabe, S.; Miyata, N.; Murata, M.; Yamauchi, A.; Kataoka, Y.; Niwa, M.
Sodium pentosan polysulfate resulted in cartilage improvement in knee osteoarthritis—An open clinical
trial. BMC Clin. Pharmacol. 2010, 10, 1–9. [CrossRef]

11. De Haan, J.; Goring, R.; Beale, B. Evaluation of Polysulfated Glycosaminoglycan for the Treatment of Hip
Dysplasia in Dogs. Vet. Surg. 1994, 23, 177–178. [CrossRef] [PubMed]

12. Trotter, G.W.; Yovich, J.V.; McIlwraith, C.W.; Norrdin, R.W. Effects of intramuscular polysulfated
glycosaminoglycan on chemical and physical defects in equine articular cartilage. Can. J. Vet. Res.
1989, 53, 224–230.

13. Sun, F.; Zhang, Y.; Li, Q. Therapeutic mechanisms of ibuprofen, prednisone and betamethasone in
osteoarthritis. Mol. Med. Rep. 2017, 15, 981–987. [CrossRef]

http://dx.doi.org/10.1186/s13075-017-1229-9
http://www.ncbi.nlm.nih.gov/pubmed/28148295
http://dx.doi.org/10.1016/j.bone.2012.02.012
http://dx.doi.org/10.1185/03007995.2011.649848
http://www.ncbi.nlm.nih.gov/pubmed/22168216
http://dx.doi.org/10.1136/bmj.38273.626655.63
http://dx.doi.org/10.1053/j.tcam.2009.10.005
http://dx.doi.org/10.1016/S0195-5616(08)70016-0
http://dx.doi.org/10.1016/S0049-0172(99)80021-3
http://dx.doi.org/10.1111/j.1748-5827.1996.tb02355.x
http://dx.doi.org/10.1186/1472-6904-10-7
http://dx.doi.org/10.1111/j.1532-950X.1994.tb00468.x
http://www.ncbi.nlm.nih.gov/pubmed/8066981
http://dx.doi.org/10.3892/mmr.2016.6068


Materials 2019, 12, 1202 12 of 13

14. Davalillo, T.C.; Vasavilbaso, T.C.; Alvarez, N.J.M.; Granado, C.M.P.; Jimenez, G.O.; del Sol, G.M.; Orbezo, G.F.
Clinical efficacy of intra-articular injections in knee osteoarthritis: A prospective randomized study comparing
hyaluronic acid and betamethasone. Open Access Rheumatol. Res. Rev. 2015, 2015, 9–18. [CrossRef]

15. Ribel-Madsen, S.; Bartels, E.M.; Stockmarr, A.; Borgwardt, A.; Cornett, C.; Danneskiold-Samsøe, B.; Bliddal, H.
A Synoviocyte Model for Osteoarthritis and Rheumatoid Arthritis: Response to Ibuprofen, Betamethasone,
and Ginger Extract—A Cross-Sectional In Vitro Study. Arthritis 2012, 2012, 1–9. [CrossRef] [PubMed]

16. Jones, T.M.D.; Kelsberg, G.M.D. Intra-articular Corticosteroid Injections for Osteoarthritis of the Knee.
Am. Fam. Physician 2014, 90, 115–116.

17. Zhang, W.; Nuki, G.; Moskowitz, R.W.; Abramson, S.; Altman, R.D.; Arden, N.K.; Bierma-Zeinstra, S.;
Brandt, K.D.; Croft, P.; Doherty, M.; et al. OARSI recommendations for the management of hip and knee
osteoarthritis. Part III: Changes in evidence following systematic cumulative update of research published
through January 2009. Osteoarthr. Cartil. 2010, 18, 476–499. [CrossRef]

18. Li, H.; Chen, S. Biomedical coatings on polyethylene terephthalate artificial ligaments. J. Biomed. Mater. Res.
Part A 2015, 103, 839–845. [CrossRef]

19. Müller, D.C.M.; Pippi, N.L.; Basso, P.C.; Schossler, J.E.W.; da Rosa, M.B.; Serafin, G.M.C. Implante sintético
como estabilizador articular, após desmotomia dos ligamentos cruzados de cães: Proposição de técnica.
Cienc. Rural 2010, 40, 1327–1334. [CrossRef]

20. Benagiano, G.; Gabelnick, H.; Brosens, I. Long-acting hormonal contraception. Woman’s Heal. 2015, 11,
749–757. [CrossRef]

21. De Tolla, L.; Sanchez, R.; Khan, E.; Tyler, B.; Guarnieri, M. Subcutaneous Implants of
Buprenorphine-Cholesterol-Triglyceride Powder in Mice. J. Vet. Med. 2014, 2014, 1–8. [CrossRef]

22. Shore, N.; Cookson, M.S.; Gittelman, M.C. Long-term efficacy and tolerability of once-yearly histrelin acetate
subcutaneous implant in patients with advanced prostate cancer. BJU Int. 2012, 109, 226–232. [CrossRef]

23. Dammerman, R.; Kim, S.; Adera, M.; Schwarz, A. Pharmacokinetics and Safety of Risperidone Subcutaneous
Implants in Stable Patients with Schizophrenia. Clin. Pharmacol. Drug Dev. 2017, 7, 298–310. [CrossRef]

24. Zhang, X.; Wei, J.; Ma, P.; Mu, H.; Wang, A.; Zhang, L.; Wu, Z.; Sun, K. Preparation and evaluation of a novel
biodegradable long-acting intravitreal implant containing ligustrazine for the treatment of proliferative
vitreoretinopathy. J. Pharm. Pharmacol. 2015, 67, 160–169. [CrossRef]

25. Jinagal, J.; Gupta, G.; Agarwal, A.; Aggarwal, K.; Akella, M.; Gupta, V.; Suril, D.; Gupta, A.; Singh, S.;
Ram, J. Safety and efficacy of dexamethasone implant along with phacoemulsification and intraocular lens
implantation in children with juvenile idiopathic arthritis associated uveitis. Indian J. Ophthalmol. 2019, 67,
69–74. [CrossRef]

26. Bishop, A.R.; Kim, S.; Squire, M.W.; Rose, W.E.; Ploeg, H.L. Vancomycin elution, activity and impact on
mechanical properties when added to orthopedic bone cement. J. Mech. Behav. Biomed. Mater. 2018, 87,
80–86. [CrossRef]

27. Sieminska, L.; Ferguson, M.; Zerda, T.W.; Couch, E. Diffusion of Steroids in Porous Sol-Gel Glass: Application
in Slow Drug Delivery. J. Sol-Gel Sci. Technol. 1997, 8, 1105–1109. [CrossRef]

28. European Pharmacopoeia, 9th ed.; Council of Europe: Strasbourg, France, 2017.
29. Johnston, S.E.; Gil, N.L.; Wei, Y.-C.; Markovich, R.; Rustum, A.M. Development and Validation of a

Stability-Indicating RP-HPLC Method for Simultaneous Assay of Betamethasone Dipropionate, Chlorocresol,
and for the Estimation of Betamethasone Dipropionate related Compounds in a Pharmaceutical Cream and
Ointment. J. Chromat. Sci. 2010, 48, 733–741. [CrossRef]

30. Darwish, H.W.; Elzanfaly, E.S.; Saad, A.S.; Abdelaleem, A.E.B. Full spectrum and selected spectrum
based multivariate calibration methods for simultaneous determination of betamethasone dipropionate,
clotrimazole and benzyl alcohol: Development, validation and application on commercial dosage form.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2016, 169, 50–57. [CrossRef]

31. Burgess, D.J.; Crommelin, D.J.A.; Hussain, A.S.; Chen, M.-L. Assuring Quality and Performance of Sustained
and Controlled Release Parenterals: EUFEPS Workshop Report. AAPS PharmSci. 2004, 6, 1–12. [CrossRef]

32. Siewert, M.; Dressman, J.; Brown, C.; Shah, V.; Robinson, J.; Shah, V.; Uppoor, R.; Williams, R. FIP/AAPS
Guidelines for Dissolution/In Vitro Release Testing of Novel/Special Dosage Forms. AAPS PharmSciTech.
2003, 4, 1–10. [CrossRef]

33. Rawat, A.; Stippler, E.; Shah, V.P.; Burgess, D.J. Validation of USP apparatus 4 method for microsphere
in vitro release testing. Int. J. Pharm. 2011, 420, 198–205. [CrossRef]

http://dx.doi.org/10.2147/OARRR.S74553
http://dx.doi.org/10.1155/2012/505842
http://www.ncbi.nlm.nih.gov/pubmed/23365744
http://dx.doi.org/10.1016/j.joca.2010.01.013
http://dx.doi.org/10.1002/jbm.a.35218
http://dx.doi.org/10.1590/S0103-84782010000600014
http://dx.doi.org/10.2217/whe.15.68
http://dx.doi.org/10.1155/2014/365673
http://dx.doi.org/10.1111/j.1464-410X.2011.10370.x
http://dx.doi.org/10.1002/cpdd.428
http://dx.doi.org/10.1111/jphp.12327
http://dx.doi.org/10.4103/ijo.IJO_713_18
http://dx.doi.org/10.1016/j.jmbbm.2018.06.033
http://dx.doi.org/10.1007/BF02436991
http://dx.doi.org/10.1093/chromsci/48.9.733
http://dx.doi.org/10.1016/j.saa.2016.06.001
http://dx.doi.org/10.1208/ps060111
http://dx.doi.org/10.1208/pt040107
http://dx.doi.org/10.1016/j.ijpharm.2011.08.035


Materials 2019, 12, 1202 13 of 13

34. Stein, S.; Auel, T.; Kempin, W.; Bogdahn, M.; Weitschies, W.; Seidlitz, A. Influence of the test method on
in vitro drug release from intravitreal model implants containing dexamethasone or fl uorescein sodium in
poly (D,L-lactide-co-glycolide) or polycaprolactone. Eur. J. Pharm. Biopharm. 2018, 127, 270–278. [CrossRef]

35. Korsmeyer, R.W.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of solute release from porous
hydrophilic polymers. Int. J. Pharm. 1983, 15, 25–35. [CrossRef]

36. Peppas, N.A. Analysis of Fickian and non-Fickian drug release from polymers. Pharm. Acta Helv. 1985, 60,
110–111.

37. Siepmann, J.; Peppas, N.A. Higuchi equation: Derivation, applications, use and misuse. Int. J. Pharm. 2011,
418, 6–12. [CrossRef]

38. Hixon, A.W.; Crowell, J.H. Dependence of Reaction Velocity upon Surface and Agitation. Ind. Eng. Chem.
1931, 23, 923–931. [CrossRef]

39. Siepmann, J.; Peppas, N.A. Modeling of drug release from delivery systems based on hydroxypropyl
methylcellulose (HPMC). Adv. Drug Deliv. Rev. 2001, 48, 139–157. [CrossRef]

40. Moore, J.W.; Flanner, H.H. Mathematical Comparison of Dissolution Profiles. Pharm. Technol. 1996, 20, 64–74.
41. US Department of Health and Human Services Food and Drug Administration Center for Drug Evaluation

and Research. Guidance for Industry. Dissolution Testing of Immediate Release Solid Oral Dosage Forms.
Evaluation 1997, 4, 15–22.

42. Costa, P.; Lobo, J.M.S. Modeling and comparison of dissolution profiles. Eur. J. Pharm. Sci. 2001, 13, 123–133.
[CrossRef]

43. Gouda, R.; Baishya, H.; Qing, Z. Application of Mathematical Models in Drug Release Kinetics of Carbidopa
and Levodopa ER Tablets. J. Dev. Drugs 2017, 6, 1–8. [CrossRef]

44. Ramteke, K.H.; Dighe, P.A.; Kharat, A.R.; Patil, S.V. Kant’s biological conception of history. Sch. Acad.
J. Pharm. 2014, 3, 388–396.

45. Vummaneni, V.; Nagpal, D.; Surapaneni, S. Formulation and optimization of famotidine floating tablets
using 23 factorial design. J. Pharm. Res. 2012, 5, 5280–5284.

46. Antesh, J.K.; Bhattacharya, A.; Verma, P. Formulation and in vitro evaluation of sustained release matrix
tablets of metoprolol succinate using hydrophilic polymers. Int. J. Pharm. Tech. Res. 2009, 1, 972–977.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ejpb.2018.02.034
http://dx.doi.org/10.1016/0378-5173(83)90064-9
http://dx.doi.org/10.1016/j.ijpharm.2011.03.051
http://dx.doi.org/10.1021/ie50260a018
http://dx.doi.org/10.1016/S0169-409X(01)00112-0
http://dx.doi.org/10.1016/S0928-0987(01)00095-1
http://dx.doi.org/10.4172/2329-6631.1000171
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Mechanism of the Drug Release 
	Dissolution Study 
	Statistical Analysis 

	Conclusions 
	References

