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Abstract: Compared to the classical systemic administration, the local drug release has some
advantages, such as lack of systemic toxicity and associated side effects, increased patient compliance,
and a low rate of bacterial resistance. Biopolymers are widely used to design sustained drug delivery
systems and biomaterials for tissue engineering. Type II collagen is the indispensable component in
articular cartilage and plays a critical role in the growth and proliferation process of chondrocytes.
Thus, type II collagen has drawn more attention and interest in the treatment and research of
the cartilage regeneration. The aim of this study was to obtain, characterize, and optimize the
microcapsules formulation based on type II collagen, sodium alginate, and sodium carboxymethyl
cellulose loaded with doxycycline as an antibiotic model drug that could be incorporated further in
hydrogels to improve the localized therapy of septic arthritis. The new synthesized microcapsules were
assessed by spectral (FT-IR), morphological (optical microscopy), and biological analysis (enzymatic
biodegradation, antimicrobial activity). The size distribution of the obtained microcapsules was
determined using optical microscopy. The drug encapsulation efficiency was also determined.
To optimize the microcapsules’ composition, some physical-chemical and biological analyses were
subjected to an optimization technique based on experimental design, response surface methodology,
and the Taguchi technique, and the adequate formulations were selected. The results obtained
recommend these new microcapsules as promising drug systems to be further incorporated in type II
collagen hydrogels used for septic arthritis.

Keywords: microcapsules; type II collagen; arthritis; doxycycline; Taguchi design

1. Introduction

Septic arthritis (SA) represents an inflammatory disease of the joints which is most often caused
by an infectious agent. Usually, SA affects joints such as the knee or hip, but it can also involve
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another joint. The incidence of this pathology is higher for people under 15 and over 55 years old [1].
The most crucial risk factors for SA are rheumatoid arthritis and prosthetic joint surgery. For patients
who present these effects, the frequency of SA is increased [2]. Additionally, SA is commonly seen
as a resulting infection because the bacteria get away from the bloodstream and arrive in adjacent
tissues [3,4]. Several approaches such as endothelial attachment and bacterial passing by specialist
phagocytes have been defined as mechanisms that allow the infectious agent to spread from the
blood to the joint or further tissues [5-7]. The factors that facilitate bacterial growth are perceived
to be of pathogenic significance for SA [8]. The first step of the joint destruction is generally caused
through the cartilage-synovium friction, with inflammation development followed by cartilage and
bone damage [9]. The entire process may cause permanent damage to joint role and it correlated with
the creation of a large quantity of cytokines [10,11]. Rapid and precise therapy is critical in order to
obtain good results. The delay for only some days in the healing process might initiate definitive joint
destruction and an enhancement of the mortality percentage [12]. Commonly, the bacteria which cause
SA are Staphylococcus aureus (S. aureus) [13]. S. aureus is a Gram-positive bacteria [14], and it is the main
source of septic arthritis appearances in the majority of cases [15,16]. Other agents which can cause SA
are Streptococcus pneumoniae, Escherichia coli, and Salmonella [17]. Because the gravity of this pathology
involves rapid therapy, instead of the isolation of the infective agent the most useful thing in these
cases is the drug delivery system [18,19].

Natural polymers offer significant benefits in biomedical applications such as drug delivery and
tissue engineering due to properties such as biocompatibility, non-toxicity, and biodegradability [20].
Various drug encapsulation techniques using natural polymers have been developed over the years [21].

The widely preferred natural biopolymers for drug encapsulation applications are collagen,
alginate, chitosan, carrageenans, and cellulose [22]. Alginate represents a great material for drug
delivery systems. The usage of alginate is preferred because it is a cheap biomaterial and presents a
high biocompatibility [23,24].

Collagen has been perceived as the most representative protein existing in the extracellular matrix
of vertebrates and forms a considerable proportion of connective tissue [25].

Collagen is a natural polymer extensively used in tissue engineering due to its superior
properties such as biocompatibility; rate of biodegradation, correlated with the formation of the
new tissue; low antigenicity; and promoting extraordinary biological properties (cell viability and
proliferation) [26-28]. Type II collagen has been considered as an essential biomaterial to treat articular
cartilage damage due to its low antigenicity and great cell attachment properties [29]. Type II collagen
represents the main component of cartilage (more than 90% of the collagen produced by chondrocytes
in the extracellular matrix) and it helps proteoglycans to form fibrils. Additionally, type II collagen in a
mixture with other biomaterials has drawn more significance in the healing process of cartilage [30].

Sodium carboxymethylcellulose (NaCMC) is an important product obtained from cellulose
and presents excellent properties such as biocompatibility, non-toxicity, and great biodegradation
behavior [31].

Doxycycline is a representative of the tetracycline category of antibiotics used in the therapy of
infections produced by Gram-positive, Gram-negative, or specific organisms. Doxycycline has a huge
usage in the treatment of infectious diseases due to its broad-spectrum efficiency [32].

In the last few years, biodegradable polymeric microparticles used in medical applications for
drug release have been developed [33]. For example, Yadav et al. [34] reported microspheres based
on chitosan and alginate loaded with doxycycline and ornidazolfor chronic infections. Additionally,
Uyen et al. [33] synthesized curcumin-loaded alginate microspheres for drug delivery. Currently,
no report has been published on the fabrication of a formulation based on type II collagen, sodium
alginate, and sodium carboxymethyl cellulose loaded with doxycycline. Additionally, the presence of
the type II collagen plays a major role in SA treatment.

The aim of this study was to obtain, characterize, and optimize the microcapsule formulation based
on type II collagen, sodium alginate, and sodium carboxymethyl cellulose loaded with doxycycline
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as an antibiotic model drug that could be incorporated further in hydrogels to improve the localized
therapy of septic arthritis. The new synthesized microcapsules were assessed by spectral (FTIR),
morphological (optical microscopy), and biological analysis (enzymatic biodegradation, antimicrobial
activity). The size distribution of the obtained microcapsules was determined using optical microscopy.
The drug encapsulation efficiency was also determined. To optimize the microcapsule composition,
some physical-chemical and biological analyses were subjected to an optimization technique based on
experimental design, response surface methodology, and the Taguchi technique, and the adequate
formulations to be further incorporated in type II collagen hydrogels were selected.

2. Materials and Methods

2.1. Materials

Type Il fibrillar collagen gel with a concentration of 2.54% (w/w) was obtained from bovine cartilage
using a new technology for collagen extraction [35]. Sodium carboxymethyl cellulose (NaCMC) and
doxycycline hyclate (Doxy) were purchased from Fluka; sodium alginate (Alg) was purchased from
Sigma-Aldrich, Germany, and calcium chloride (CaCl,) was purchased from Merck.

2.2. Methods

2.2.1. Preparation of Microcapsules

Type Il collagen, sodium alginate, and NaCMC were solubilized in distilled water, and doxycycline
previously solubilized in distilled water was added and homogenized together, at 24 °C, to obtain
100 mL of gel for the microcapsule preparation in accordance with the composition given in Tables 1
and 2. The gel was dropped with a syringe in a 1 M CaCl, solution for crosslinking, and spherical
capsules were obtained.

2.2.2. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR measurements were achieved on a Vertex 70 Bruker FTIR spectrometer (Billerica, MA,
USA) using an attenuated total reflectance (ATR) accessory. For all formulations, the FTIR spectra
were registered in the ATR-FTIR mode (in triplicate) at a resolution of 4 cm™! in the 600-4000 cm™!
wavenumber region.

2.2.3. Antimicrobial Activity against Staphylococcus Aureus (S. aureus) Using “Agar Diffusion Method”

The control of the antimicrobial activity was tested against the S. aureus (gram positive) strain.
Firstly, the gel (Manitol Salt Agar) for the lower layer without bacteria was prepared. A total of 10 mL of
gel was placed into each sterilized Petri dish and allowed to solidify. Secondly, gel for the upper layer
was prepared and cooled down to 45 °C in a water bath. The inoculation of 150 mL of gelose with
1 mL of bacterial working solution ((1-5) x 10® ufc/mL) was performed. The samples were placed on
the surface of the nutrient medium and then incubated at 37 °C between 18 and 24 h. Bioactivity was
determined by determining the diameter of inhibition zones in mm. Each measurement was repeated
three times and the mean of the diameter of the inhibition areas was calculated.

2.2.4. Optical Microscopy Images

All the images were obtained with a Leica Stereomicroscope model S8AP0, with a 20x-160x
magnification capacity (Leica Microsistems, Wetzlar, Germany). For a superior evaluation of the
samples, a 100X magnification and incident external cold light were used. Each experiment was
performed in triplicate.
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2.2.5. Enzymatic Degradation

The enzymatic degradation of microcapsules was investigated by measuring the weight loss
depending on the contact time with the collagenase solution. At specific intervals, the swollen scaffold
was weighed. The percentage of scaffold degradation was determined by the relation (Equation (1)):
W; - W

—— 1% 100 (1)

% Weight Loss = W,

where W; is the initial weight and W; is the weight after time t. The experiments were carried out
in triplicate.

2.2.6. Drug Encapsulation Efficiency (EE)

The EE of doxycycline was determined by evaluating the amount of drug encapsulated in the
microcapsules by the UV-VIS spectrophotometer UV 3600 Shimadzu provided with a quartz cell with
a light path of 10 mm. The doxycycline assay was obtained using a calibration curve prepared with
standard samples with concentrations between 0.05 and 0.001 mg/mL. Three determinations were
performed for each sample, and the results were averaged.

The EE was calculated using the following equation (Equation (2)):

Loaded amount of doxycycline
EE (%) = - - x 100 2)
Theoretical doxycycline amount

2.2.7. Experimental Design and Optimization Technique

The obtaining of the microcapsules was carried out based on the 4-factor, 2-level Taguchi factorial
design (Tables 1 and 2). The formulation factors considered as independent variables were selected as
follows: collagen, NaCMC, sodium alginate, and doxycycline hyclate concentrations (g%) (Table 1).
The variation levels for the input parameters were coded 1 for the inferior and 2 for the superior
level, respectively. The physical-chemical and biological parameters affecting the drug delivery from
the designed microcapsules further incorporated in type II collagen hydrogels and considered as
dependent variables (system responses, Y;) were selected as follows: microcapsule diameter (um),
enzymatic degradation at 2 h, expressed as weight loss (%), and drug encapsulation efficiency (%).
The coded forms of the dependent parameters are given in Table 1 along with the specific constraints
imposed by the design of such formulations loaded in hydrogels that ensure an adequate drug delivery
for the localized therapy of septic arthritis. The statistical analysis used for the optimization of the
above independent variables was based on different routines of the Statistical Stat Soft Release software
package. The steps of this analysis were detailed in our previous works [36—40]. Briefly, a second-degree
polynomial equation was set for each dependent parameter using a stepwise regression analysis,
for which only the significant terms (p < 0.05) were kept. The adequacy of the reduced quadratic models
was determined based on the correlation (R) and determination (R?) coefficients, analysis of variance
(ANOVA), and residual analysis. To assess the influence of the input variables on the dependent
parameters, 3D response surface graphs were further drawn. As a final step of the optimization
technique, the Taguchi method through the performance indicator Signal/Noise ratio was applied.
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Table 1. Process variables and experimental conditions in the 2* Taguchi design.

Coded and Uncoded Variation Levels

Independent Variables*  Coded Symbol

Inferior (1) Superior (2)
Collagen (%) X1 0.2 0.4
NaCMC (%) X5 0.3 0.5
Alg (%) X3 0.6 0.8
Doxycycline hyclate (%) Xy 0.3 0.4
Dependent Variables Coded Symbol Constraints
Diameter (um) Yq Minimize
Enzymatic degradation—2 h (%) Y, Minimize
Drug encapsulation efficiency (%) Y3 Maximize

* The amounts are reported for 100 g of hydrogel.

Table 2. 2* Taguchi design: coded values for the independent variables.

Independent Variables (Coded Level)
Trials. No.  Exp. Name

Xq X, X; X,
1 Gl 1 1 1 1
2 G2 1 1 1 2
3 G3 1 2 2 1
4 G4 1 2 2 2
5 G5 2 1 2 1
6 G6 2 1 2 2
7 G7 2 2 1 1
8 G8 2 2 1 2

3. Results and Discussion

3.1. FTIR

The microcapsules prepared according to a Taguchi fractional factorial plan with four factors and
two levels were firstly spectrally analyzed. Thus, the comparison between the polymers and the drug
microcapsule formulations were determined by FT-IR studies (Figure 1). The FTIR investigations were
performed on the dried microcapsules.

The infrared frequencies were observed at 3424, 2876, 1655, 1599, 1423, 1381, and 1030 cm™l,
corresponding to the -NH;, -OH stretching, and carbonyl (C=0) stretching of the secondary amide
(amide I); the bending vibrations of the N-H (amide II); and the C-N stretching of the amide and
ether and N-H bonds (amide I band), respectively. The strong bands at 1030 cm™! are attributed
to the C-O-C stretching vibrations, which are considered as the fingerprinting area characterized
for the natural polysaccharides [41]. Having the same components with different concentrations,
the differences between the samples do not appear significant.

3.2. Antimicrobial Activity Against S. aureus Using the “Agar Diffusion Method”

The antimicrobial activity of the obtained microcapsules was evaluated after 24 h of incubation.
The results showed that all the tested samples exhibited a good antibacterial activity against S. aureus.
In all cases, a significant zone of inhibition was observed, confirming the antimicrobial potency of the
microspheres against S. aureus (Figure 2).
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Figure 1. FT-IR spectra of the obtained microcapsules.

Figure 2. Antimicrobial activity against S. aureus.

The highest inhibition area is shown by samples G2 and G4, which present a total inhibition.
No significant differences in the inhibition zone were obtained for the other formulas, as can be
observed in Table 3.

The inhibition zone produced by all the formulas, except G2 and G4, showed the size of the
inhibition zone ranging between 13 and 20 mm. Additionally, it can be observed that the largest areas
of inhibition were presented by the samples with the highest drug concentration.

The antimicrobial results highlight that all the microcapsules can be used successfully in systems
for the treatment of septic arthritis.
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Table 3. Evaluation of the antimicrobial activity of the microcapsules.

Sample Inhibition Area Bacterial Strain Evaluation SD (Standard Deviation)

Diameter (mm) for Three Determinations
Gl 16 Staphylococcus aureus  Satisfactory effect 0.1
G2 Total inhibition Staphylococcus aureus  Satisfactory effect 0
G3 17 Staphylococcus aureus ~ Satisfactory effect 0.4
G4 Total inhibition Staphylococcus aureus  Satisfactory effect 0
G5 15 Staphylococcus aureus  Satisfactory effect 0.3
Go6 20 Staphylococcus aureus  Satisfactory effect 0.4
G7 13 Staphylococcus aureus  Satisfactory effect 0.3
G8 18 Staphylococcus aureus ~ Satisfactory effect 0.3

3.3. Optical Microscopy Images

The surface morphology of the microcapsules was observed by optical microscopy (Figure 3).
As shown in Figure 3, the microcapsule that was prepared has a regular near-spherical shape, is uniform,
has an appropriate particle size, and has a good dispersibility.

Figure 3. Optical microscopy image of the obtained microcapsules (100x).

During optimization studies, the particle size of various microcapsule formulations was determined
also by optical microscopy. The average diameter for each microcapsule can be seen in Table 4.

Table 4. 2* Taguchi design: physical values for the independent variables; the observed and predictive
values for different microcapsules.

Independent Variables

(Coded Level/Physical Level) Dependent Variables
Trials.  Exp. Y; Y, Y3
No. Name X1 X X3 X (um) (%) (%)

g% (g% (g%  (g%)

Obs. Pred. Obs. Pred. Obs. Pred.

Gl 102 1(03) 1(06) 1(03) 3729 3758 6923 7003 7544 7555
G2 1(02) 1(03) 1(0.6) 2(04) 3562 3563 6321 6197 7925 7849
G3 1(02) 2(05) 2(0.8) 1(03) 4877 4956 6516 6630 7402 7621
G4 1(02) 2(05) 208 2(04) 47.09 4631 5296 5287 81.04  80.14
G5 2(04) 1(03) 2(0.8) 1(03) 4575 4609 8188 8210 7648  75.07
G6 2(04) 1(03) 2(0.8) 2(04) 4506 4415 7384 7404 7810  79.01
G7 204 205 1(06) 1(03) 5319 5242 7289 7112 6768  67.57
G8 2(04) 2(05) 1(0.6) 2(04) 4818 4917 5699 5769 7057  70.52

XU WN R~

It was found that the particle size distribution of each formulation was adequate (<1000 pm) for
drug delivery systems [42], with the mean particle size ranging between 35.62 and 53.19 um, depending
on their composition.
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3.4. Enzymatic Degradation

Biodegradability is extremely necessary for microcapsules used as drug delivery systems in
biomedical applications. The control of the biodegradation rate of the microspheres is a crucial
parameter, as the in vivo resorption affects the drug release and tissue regeneration ability. The collagen
structure can be destroyed only by collagenases, which are distinctive enzymes as they are able to
destroy the collagen triple helical region under the biological conditions of pH and temperature [43].
Alg, and NaCMC are also biodegradable polymers (Figure 4).

Enzimatic degradation
120

mGl1
uG2
uG3
uG4
mG5
uG6
nG7
nG8

Weight loss [%]

10 30 60 120 720 1440 2880
Time (min)

Figure 4. Enzymatic stability of the designed microcapsules; each value represents the mean + SD for
three determinations.

The enzymatic degradation was expressed as weight loss. The enzymatic degradation can be
observed for a period about 48 h. All the samples are stable for the first 2 h. After 24 h, a total
degradation was observed for samples G1, G2, G5, and G6.

During 48 h, the lowest mass lost was presented by sample G4, which is the most stable duo to the
high content of the alginate. Another sample which presents a good stability was G8, with a double
content of collagen, NaCMC, and doxycycline compared with G1. Even though both G1 and G8 had
the same amount of alginate, which is responsible for crosslinking, G8 is more stable than G1. This can
be explained by the inhibition of collagenase by doxycycline or the crosslinking between collagen
and doxyxycline.

3.5. Drug Encapsulation Efficiency

The capacity of the microcapsules to entrap the drug was to establish the factor for the selection
of the preparation method and composition. Accordingly, the effect of microcapsule composition on
the entrapment efficiency and drug content was investigated. Table 4 shows the results of the drug
encapsulation efficiency.

All the formulations exhibited good encapsulation efficiencies of 67.57% and 80.14%.

3.6. The Optimization Technique

In order to study the influence of the formulation factors on the above physical-chemical,
biological, and biopharmaceutical parameters (diameter, drug encapsulation efficiency andenzymatic
degradation at 2 h) involved in the drug delivery from the designed microcapsules and to optimize
the microcapsule composition to ensure an adequate drug release for the localized therapy of septic
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arthritis, the experiments resulting from the Taguchi factorial design were subjected to an optimization
technique based on experimental design, response surface methodology, and the Taguchi technique,
presented in our previous works [36—40]. In Taguchi fractional design, the number of experiments is
reduced from 16 (corresponding to the full factorial design) to 8, as summarized in Table 4.

The reduced quadratic models indicating the effect of the formulation factors (X;) and their
interactions on the dependent variables (Y;, Table 4) are illustrated in Equations (3)—(5), where only the
significant terms (p < 0.05) were considered.

Y1 = 28.10 + 85.28X1 X + 56.69X> X3 — 64.94X, Xy, 3)
Y, = 72.02 + 49.86X, + 60.31X; X3 — 268.58X5 X4, @)
Y3 = 70.14 — 56.98X1 X5 + 49.07X3 X4 (5)

From Equation (3), a positive impact on the Y7 response is noticed for the interaction between X,
and X4, while the interactions between X; and X», and also between X, and X3 negatively influence
this response.

Equation (4) shows a negative effect of X, (linear) and of the interaction between X; and X3 on Y>,
with this response being influenced in a positive manner by the interaction between X, and Xj.

For Y3, an antagonist effect of the interaction between X; and X, and a synergistic effect of the
interaction between X3 and X4 can be remarked from Equation (5).

The predictive power of the reduced second polynomial equations is well sustained through high
values of correlation, R (0.9920, 0.9942, 0.9672, respectively), and determination, R? coefficients (0.9842,
0.9884, 0.9355, respectively), as well as by the ANOVA results, summarized in Table 5.

Table 5. Analysis of variance (ANOVA) for reduced regressional polynomial models.

Sources of Sum of Mean
Responses Variation Squares df Squares F-Value p-Value
Regression 239.808 3 79936
Yy Residual 3.843 4 0 9 60 83.197 0.000464 < 0.01
Total 243.651 7 ’
Regrgssmn 615.758 3 205.252
Y, Residual 7.175 4 1.793 114.422 0.000248 < 0.01
Total 622.933 7 ’
Regression 130.864 2 65.432
Y3 Residual 9.009 5 5 1 30 36.31 0.001053 < 0.01
Total 139.873 7 ’

The results of the residual analysis, listed in Table 4, also indicated a good correlation between the
observed and predicted values.

To evaluate the influence of the formulation factors on the system responses, the 3D response
surface graphs were further plotted (Figures 5-7).

Figure 5a indicates that a small microcapsules diameter is obtained for the smallest concentrations
of collagen and carboxymethylcellulose, the maximum level of the two formulation factors leading
to an important increase of Y. Thus the microcapsules diameter increases with 42.64% (from 37.29
to 53.19 um) when X; and Xj; are varying from minimum to maximum level. A small microcapsules
diameter is also favored by small concentrations of collagen and sodium alginate (Figure 5b). A diameter
reduction from 53.19 to 45.75 pm (13.98%) is noticed for maximum collagen concentration and a variation
of the sodium alginate concentration from the minimum to maximum level. The collagen concentration
or glutaraldehyde concentration at the minimum level in combination with any amount of doxycycline
(Figure 5c,e) are leading to low Y7 values, this response having practically no variation in these cases.
Figure 5d, showing the dependance of the microcapsules diameter on the carboxymethylcellulose and
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sodium alginate concentrations, indicates that small concentrations of X, and X3 result in favorable
Y. Variation between the minimum and maximum level for carboxymethylcellulose when sodium
alginate concentration is kept at the minimum level is resulting in an important Y, increase, of 35.26%,
between 35.62 and 48.18 um.The interaction between sodium alginate and doxycycline is less affecting
Y1, the microcapsules diameter variation being reduced for the modification of X3 and X4 levels
(Figure 5f).

Figure 5. The 3D response surface and contour plot showing the effect of different formulation factors

on the microcapsule diameter (Y7): (a) collagen concentration (X;) and NaCMC concentration (Xj);
(b) collagen concentration (X;) and sodium alginate concentration (X3); (c) collagen concentration
(X1) and doxycycline concentration (X4); (d) NaCMC concentration (X;) and sodium alginate
concentration (X3); (€) NaCMC concentration (X;) and doxycycline concentration (X4); (f) sodium
alginate concentration (X3) and doxycycline concentration (X4).

Concerning the enzymatic degradation at 2 h, collagen and glutaraldehyde concentrations,
collagen and doxycycline concentrations respectively are determining similar variation patterns for
Y», as it results from Figure 6a,c. A small enzymatic degradation can be noticed for small amounts of
collagen, but high amounts of glutaraldehyde and doxycycline. An opposite behaviour of the enzymatic
degradation is observed for the minimum and maximum levels of collagen concentration when the
sodium alginate concentration is varying between the minimum and maximum levels (Figure 6b).
While for the minimum level of X; the enzymatic degradation decreases with X3 increase (from 63.21%
to 52.96%, so a 16.21% decrease, the maximum level of X; is determining a stronger increase of Y5 for
X3 variation between minimum and maximum levels (from 56.99% to 81.88%, i.e., a 43.67% increase).
According to Figure 6d, the glutaraldehyde concentration variation is not influencing the enzymatic
degradation for small concentrations of sodium alginate.In turn, for high values of X3, the X, variation
between minimum and maximum level is resulting in a strong reduction in the enzymatic degradation
(35.32%), from 81.88% to 52.96%.High concentrations of glutaraldehyde and doxycycline determine a
favorable enzymatic degradation (Figure 6e) with a linear evolution of Y; for X; and X4 between their
minimum and maximum levels. Y, evolution is less influenced by the variation of sodium alginate
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and doxycycline concentrations (Figure 6f). Thus, the enzymatic degradation sees a 10.98% decrease
(81.88% to 72.89% when the sodium alginate concentration is decreasing from maximum to minimum
level and the doxycycline concentrations is kept at the minimum level.

Figure 6. The 3D response surface and contour plot showing the effect of different formulation

factors on the microcapsule enzymatic degradation at 2 h (Y3): (a) collagen concentration (X;) and
NaCMC concentration (Xy); (b) collagen concentration (X;) and sodium alginate concentration (X3);
(c) collagen concentration (X;) and doxycycline concentration (X4); (d) NaCMC concentration (X5) and
sodium alginate concentration (X3); () NaCMC concentration (X;) and doxycycline concentration (Xy);
(f) sodium alginate concentration (X3) and doxycycline concentration (X4).

Figure 7a—c show that the collagen concentration at minimum level is determining the most
favorable drug encapsulation efficiency when glutaraldehyde concentration is at minimum level and
sodium alginate and doxycycline concentrations are kept at minimum levels. According to Figure 7d,
Y3 values are decreasing when glutaraldehyde concentration is varying from minimum to maximum
level and the sodium alginate is at minimum level (a decrease from 79.25% to 67.68%) and remains
at practically the same levels for the X, variation when X3 is at maximum level. Concerning the
interaction between the glutaraldehyde and doxycycline concentrations, Figure 7e indicates that
the best Y3 values are recorded for small amounts of X, and high amounts of X,, with an almost
linear evolution of drug encapsulation efficiency for glutaraldehyde and doxycycline concentrations
modification between minimum and maximum levels.High concentrations of sodium alginate and
doxycycline are determining the best drug encapsulation efficiency (81.04%), Y3 value decreasing to
67.68% (a 16.48%) decrease when X3 and X, are at minimum level, as resulting from Figure 7f.This is
due to the greater availability of active calcium binding sites in the polymeric chains and consequently
the greater degree of crosslinking.
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Figure 7. The 3D response surface and contour plot showing the effect of different formulation
factors on the microcapsule drug encapsulation efficiency (Y3): (a) collagen concentration (X;) and
NaCMC concentration (Xjp); (b) collagen concentration (X;) and sodium alginate concentration (X3);
(c) collagen concentration (X1) and doxycycline concentration (X4); (d) NaCMC concentration (X;) and
sodium alginate concentration (X3); () NaCMC concentration (X;) and doxycycline concentration (Xy);
(f) sodium alginate concentration (X3) and doxycycline concentration (X4).

To evaluate the microcapsule formulation determining the dependent parameters affected to
the minimum extent by the noise factors, the final step of the optimization technique consists of the
application of the performance indicator Signal/Noise ratio (5/N) introduced by Taguchi.

Depending on the constraints imposed on system responses (Table 1), the “larger-the-better”
criterion was applied for S5/N ratios related to drug entrapment efficiency, while the “smaller-the-better”
criterion was selected for the microcapsules diameters and enzymatic degradation at 2 h.

The influence of the control parameters (input variables X;—X3) on the S/N ratio for the system
responses resulting in the optimal combination of the microcapsule formulation factors is given in
Table 6 and Figure 8a—c.

Table 6. Optimal combinations of input variables coded levels, their effect size on the S/N ratio for the

system responses, the expected and observed S/N value.

Control Factors Y1 Y2 Ys
(Input Variables) “Smaller-the-Better” Ef.fect “Smaller-the-Better” Efifect “Larger-the-Better” Effect
Size Size Size
X1 1 0.596 1 0.552 1 0.248
X5 1 0.831 2 0.665 1 0.239
X3 1 0.358 1 0.149 2 0.246
Xy 2 0.212 2 0.703 2 0.220
S/N ratio -31.021 - -34.377 - 38.479

expected (dB)
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Figure 8. Control factors effects on S/N ratio for: (a) diameter (Y1), (b) enzymatic degradation at 2 h
(Y>3), (¢) drug entrapment efficiency (Y3).

The variation levels of the independent variables for all responses are illustrated in Figure 8.
From this figure, it can be remarked that all the formulation factors highly influence the drug
encapsulation efficiency.

The carboxymethylcellulose concentration has a primary influence on all responses, with the
optimum coded levels being 1 for Y1, 2 for Y, and 1 for Y.

A moderate influence of collagen concentration is noticed for the Y; and Y, responses, with a
primary influence on the Y3 response. The optimum coded levels for this formulation factor are 1 for
all responses.

The variation levels for the sodium alginate concentration indicate a small influence of this
formulation factor on the Y7 and Y, responses and a high influence on Y3. The optimum coded levels
of X3 leading to a reduction in the noise factors to the minimum extent are 1 for Y; and Y, and 2 for
Y3, respectively.

Where the doxycycline concentration is concerned, it has a small influence on Y; and a primary
influence on Y, and Y3, with the optimum coded level being 2 for all responses.

A similar influence of all formulation factors is remarked for the drug encapsulation efficiency,
with the effect size varying between 0.22 for X4 and 0.248 for X;.

The carboxymethylcellulose has also a strong influence on the diameter and enzymatic degradation.
The effect size for this formulation factor is about 1.4 times higher compared to X7, 2.3 times higher
compared to X3, and 4 times higher compared to X4 for the diameter.

The enzymatic degradation is influenced in a similar manner by X, and X4, with the highest
influence recorded for doxycycline concentration, the effect size of this formulation factor being
1.27 times higher than for the collagen concentration and 4.72 times higher in comparison with the
sodium alginate concentration.

Applying the Taguchi S/N performance indicator, three combinations of formulation factors
leading to the optimal microcapsule compositions that were the most stable, robust, and insensitive to
the noise factors responses were selected. Their compositions in a coded form is as follows: 1:1:1:2
was included in the 2* Taguchi fractional factorial design (Trial 2) leading to a microcapsule diameter
was affected to the minimum extent by the noise factors, while the other two combinations, 1:2:1:2
and 1:1:2:2, leading to enzymatic degradations expressed as weight loss and respective entrapment
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efficiency, were affected to the minimum extent by the noise factors and did not belong to the initial
experimental plan.

4. Conclusions

A new microcapsule formulation based on type II collagen, sodium alginate, and sodium
carboxymethyl cellulose loaded with doxycycline as an antibiotic model drug was obtained,
characterized, and optimized. The antimicrobial results suggested that all the microcapsules could
be used successfully in systems designed for the treatment of septic arthritis. The particle size for
each formulation varied between 35.62 and 53.19 um, depending on the composition. The obtained
microcapsules exhibited good encapsulation efficiencies of 67.57% and 80.14%. A modern optimization
technique was applied to reduce the experiment number and consequently the time and costs,
while maintaining the process quality and robustness, and three combinations of microcapsules were
finally selected. The results obtained recommend these new optimized microcapsules as promising
drug systems to be further incorporated in type II collagen hydrogels used for septic arthritis.
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